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ABSTRACT

This work examines three aspects of modeling the
dynamic behavior of an atmospheric aerosol distribution.

First, a steady state, three-dimensional solution of the
atmospheric diffusion equation including settling, deposition,

and first order removal is presented. The solution is applied

to the prediction of airborne concentrations of gaseous and
particulate pollutants in the case in which gases are converted

to secondary particulate matter. The conversion of sulfur
dioxide, nitrogen oxides, and hydrocarbons to particulate sulfate,
nitrate, and organics in the Los Angeles atmosphere and urban
plume is analyzed.

Second, the dynamic behavior of aerosol size distribu-
tions under the influence of coagulation and growth by hetero-
geneous condensation of gaseocus species is studied. Analytical
solutions are obtained to the integro-differential equation
governing the aerosol size distribution density function. Two
modes of coagulation (constant and linear coagulationkemm1s)
and two modes of condensation (growth independent of particle
volume and linearly dependent on particle volume) are considered.
Also included are simplified mechanisms for nucleation and re-
moval of aerosol particles. The interaction of these mechanisms

on aerosol size distributions is elucidated.



iv
Finally, a detailed study of heterogeneous condensation
on and reaction within an aerosol particle is undertaken. All
important mechanisms governing the transfer of pollutants from
the gas to the particulate phase are discussed, and the general
framework for describing heterogeneous reaction within the
particle is constructed. The model is then used to describe

growth and composition change of a marine aerosol exposed to

SO NH_ and HZSO

2? 3 4°
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CHAPTER I
INTRODUCTION



Atmospheric pollutants in an urban airshed exist in
both gaseous and particulate phases. In addition to direct
emissions of both phases of pollutants (primary pollutants),
there exist transformation processes from one gaseous pollutant
to another and from gaseous to particulate pollutants (secondary
pollutants). Considerable work has been done on the develop-
ment of mathematical models describing the rélationship between
sources and ambient levels of gaseous pollutants, including the
complex chemistry describing the formation of secondary gaseous
pollutants. The development of models describing the evolution
of atmospheric aerosols is the next step in the Process of
attempting to understand the physics and chemistry of the
polluted atmosphere.

In this Introduction we present the dynamic equation
governing aerosol behavior, with emphasis on application to an
urban airshed, and discuss the mechanism that each term rep-
resents. In so doing, the work that has been undertaken and
described in this thesis can be put in proper perspective in
relation to a full dynamic model governing the entire system.

The derivation of the general dynamic equation has
been presented elsewhere (Chu and Seinfeld, 1975) and shall not
be repeated here. The general dynamic equation governs the
size-composition distribution function for the atmospheric

aerosol. Since there exist no experimental means for measuring
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this distribution function, the equation governing an integral
moment of the general equation, the particle size distribution
function, will be presented and discussed here.

1f n(Dp,;,t) is the distribution of particles by
particle diameter (um-lcm_s), then the general dynamic equation

governing ﬁ(Dp,;,t), the mean size distribution function®, is

ot i1 arl 3 5 8r3
1/3
Dp/2
3 - f P 3 3,1/3 « .
d K.. an + Rmd.° -D 7, D
e A N
i=1 i : |
2
3. %3.1/3 _ ] - .~ D
D D . dD
nﬁ D p) ,r,EJ n(Dp,r,t) i > p
3~
D _~-D
( p Dp )
- B, B, Azt A, B, ¢ 5,0, + 50,10
0o
(Eq. 1)
where
_ . - . .th .. . 2 =1
Ky = Turbulent diffusivity in i direction, cm”sec
Io = Rate of change of aerosol particle diameter from
condensation, um/sec
r, = Spatial variable in i direction, o -1
S0 = Rate of homogeneous nucleation, uym “cm “sec
S; = Rate of particulate_ sources, pm'lcm'3seC‘1
u;y = mean velocity in ith direction, m sec-1
ug = settling velocity, m sec~1

The terms on the left-hand side of Eq. (1) represent
accumulation, convection, growth by condensation and settling,

respectively. The terms on the right-hand side represent

*A11 terms involving products of turbulent fluctuating components
of wind and the distribution function have been neglected.



turbulent diffusion (Brownian diffusion has been neglected),
coagulation, nucleation and particulate sources, respectively.
With appropriate boundary conditions Eq.(l) represents the
most general form of the dynamic equation for an aerosol the
chemical composition of which is a unique function of its
size, spatial position, and time.

If Eq.(1), with appropriate boundary conditions, could
be solved numerically for conditions typifying a general urban
airshed, the aerosol model would be complete. Our understand-
ing of many components of the model is inadequate, however,
the most important components being primary particulate
emissions inventories, the chemical mechanisms of gas-to-
particle conversion and rates of homogeneous nucleation. A
preliminary step in proceeding toward a general urban aerosol
model requires both acloser examination of the system as a
whole and a more detéiled look ét the specific mechanisms
present in Eq.(1l).

Figure 1 is a diagram describing the interaction be-
tween gaseous and particulate pollutants. The additional
complexity of the particulate system over the gaseous system
becomes readily apparent. From primary emissions of gaseous
pollutants, the chemical composition and size of an aerosol
particulate is altered by diffusion and condensation of
condensable vapor species and by absorption of primary gaseous
pollutants. Once absorbed, dissolved vapors may participate

in heterogeneous reactions. This process of condensation or
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absorption takes place on primary aerosols, background particles
such as soil dust and marine aerosol, stable nuclei formed by
homogeneous nucleation, or on particles formed by coagulation

of any of the above particulate species.

This dynamic process of chemical change, particle
growth by condensation and coagulation, and removal and re-
plenishment of particulates takes place as the aerosol mass is
transported through an urban airshed. Additional physical
removal mechanisms (deposition, settling, washout and rainout)
affect the aerosol distribution.

The distribution of aerosols in an atmosphere or smog
chamber is affected by different mechanisms, depending upon
the aerosol number concentration, the gaseous compounds present
and whether the system of interest is open or closed. -For
example,the description of the evolution of an aerosol distri-
bution in the immediate vicinity of a particulate source must
include the coagulation mechanism, whereas the description of
an '"'aged' aerosol far downwind from primary sources can safely
neglect coagulation. Similarly, a smog chamber model must
include wall losses, whereas an atmospheric model can ignore
this term. Table 1 outlines various aerosoi/particulate
systems that would be of interest to mathematically model,
and the important mechanisms for each system.

Before any system can be described in detail, the
first and most important step to take is to close all mass
and energy balances on the system. In the atmosphere,

ambient conditions are such that the isothermal assumption,
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while strictly incorrect, can be made without introducing
significant errors. Hence, the mass or material balance
is the important equation to be considered first.
Chapter II is concerned with such a material balance
on gas phase and particulate pollutants. In this chapter,
we try to answer the following question: By utilizing simple
mechanisms for source, conversion and removal rates in the
general mass balance equation for particulate pollutants and
gaseous precursors, can we account for the ambient levels of
these pollutants measured in the Los Angeles air basin?
Figure 2 outlines the relationship of this work to
the processes described in the general dynamic equation.
The processes within the dashed line are replaced by a simple
model of gas-to-particle conversion with no particle size
dependence. As can be seen, we consider the full system,
but certain detailed descriptions of the general equation
are replaced with "black box" substitutes. These surrogate
representations seek to describe the salient features of the
mechanism involved while ignoring the detail of the mechanism.
In the case of Chapter II, the mechanisms of gas-to-particle
conversion are replaced by a simple first order rate of con-
version from gaseous pollutants to total particulate mass.
By retaining the basic mechanisms of advection, diffusion
and removal of both gases and particulates, the question of
accountability for reported ambient levels of pollutants can

be answered.
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The primary complication in dealing with particulate
pollutants over gaseous pollutants is the addition of physical
as well as chemical mechanisms affecting the composition and
size of the particle. In Chapters III and IV, we derive
analytic solutions to the spatially homogeneous general dynamic
equation for certain idealized representations of the important
mechanisms. The area enclosed by a solid line in Figure 3
represents this work. Again, a surrogate model for the area
within the dashed line is utilized. Here, idealized models
for the particle growth by condensation are proposed. Mechan-
istic models are also employed for the processes of coagulation,
nucleation and removal.

These analytic solutions are valuable in two ways.
First, they provide insight into the intrinsic response of
an aerosol particle size distribution to the various mechan-
isms. Each mechanism (coagulation, condensation, nucleation
and removal) affects the time evolution of the distribution
in a manner more characteristic of the general mechanism
than of the specific details of that mechanism, and these
analytic solutions reflect this behavior. Second, the
analytic solutions provide a valuable tool for testing numerical
solutions of the homogeneous general dynamic equation. Any
description of realistic condensation and coagulation processes
within the general dynamic equation will require numerical
solution of the equation, and these analytic solutions can be

used to test the accuracy of the numerical routines.
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Finally a close examination of the detail of aerosol
growth by condensation is undertaken. While Chapters II - IV
have utilized representations of this process, Chapter V studies
the problem of heterogeneous condensation and liquid phase
reaction for a single aerosol droplet. In Figure 4, we see
that only a small portion of the total general dynamic equation
is considered. However, we have attempted to include in this
formulation the details of all suspected processes involved in
the mechanism of condensation and reaction of an aerosol
droplet.

The inclusion of the detailed processes of particle
growth (as discussed in Chapter V) in the complete atmospheric
aerosol size distribution calculation will be difficult numeric-
ally, particularly if simultaneous coagulation and condensation
with heterogeneous reaction are to be modelled. The logical
extension of the work of Chapter V would be to the general
dynamic equation neglecting coagulation, which, from Table 1,
would adequately describe the particle size distribution of an
aerosol far from primary sources. The numerical solution of
such an equation would involve the independent solution of a
discretized size distribution in much the same manner as the
simple aerosol particle is treated in Chapter V. Inclusion of
primary aerosols, continuous sources and removal mechanisms
(in addition to transport processes) can also be made.

This thesis does not attempt to solve the general
dynamic equation for an atmospheric aerosol, as given by Eq.l.

Rather, we attempt to complete the preliminary steps necessary
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before proceeding to the more general problem. First, we
perform a general material balance on particulate pollu-

tants and their gas phase precursors. Second, we derive
analytic solutions for special cases of the spatially homo-
geneous general dynamic equation with idealized mechanisms

for condensation, coagulation, nucleation and removal. Finally,
we study in detail the problem of heterogeneous condensation

and chemical reaction of a single aerosol droplet. Table 2
outlines the material found in each Chapter, and the objectives

we attempt to achieve by this work.
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INTRODUCTION

Most available mathematical models for the steady state or dynamic be-
havior of air pollutants apply to gaseous pollutants (either chemically
inert or reactive) or to particulate matter that may be considered as chemi-
cally inert. One of the important atmospheric phenomena that requires
elucidation is the conversion of air pollutants from gaseous to particulate
form. Fbr example, of particular interest is the so-called urban plume,
wherein sulfur dioxide is converted to particulate sulfate, nitrogen oxides
to particulate nitrate, and hydrocarbons to particulate organic material.
Several recent studies have been reported in which measurements (usually
airborne) have been carried out downwind of large urban complexes in order
to obtain material balances on gaseous and particulate pollutants (Haagenson
and Morris, 1974; Stampfer and Anderson, 1975; Breeding et al., 1975, 1976).
A goal of these studies is to determine the relative roles of transport, con-
version of gaseous to particulate pollutants, and removal on the overall
pollutant material balance downwind of a major urban source.

In the analysis of urban plume data it is desirable to have a mathemat-
ical mcdel capable of describing the behavior of both gaseous and particu-
late pollutants and their interrelations. Eventually such a model would
include both gaseous and particulate phases with detailed treatments of gas
phase and particulate phase chemistry, as well as size distributions of
the particles. However, before attempting to develop a model of full com-
plexity, it is desirable to formulate a "first order" model, one that con-
tains all the major mechanisms influencing the airborne concentrations of
gaseous and particulate pollutants but one that does not include the details

of atmospheric chemistry and particle size distributions. The processes to
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be included are advection, turbulent diffusion, conversion of gaseous species
to particulate material, settling, deposition, washout and rainout. Such

a "first order" model is in essence a material balance, designed to provide
estimates of the fraction of pollutants that still remain airborne at a
certain distance downwind of a city, the fraction that has been removed by
deposition and gas to particle conversion. The object of this study is to
develop and test such a model. It is hoped that the model presented here
will subsequently prove to be a convenient tool in the analysis of airborne
urban p]umevpol1utant flux measurements.

Although a dynamic model is desirable, a steady state model will enable
one to assess if all the major mechanisms are accounted for in analyzing
data on urban pollutant fluxes. We will restrict our attention to scales of
transport over which the atmospheric diffusion equation is applicable, that
is, to problems on the mesoscale. We do not consider "long range" transport
because of the recognized inadequacy of the atmospheric diffusion equation
in describing macroscale transport. (For consideration of long range trans-
port, the reader is referred to Bolin and Persson, 1975). There exist a
variety of numerical models (numerical so]utions.of the atmospheric diffu-
sion equation) capable of simulating the transport and removal of air pollu-
tants, for example Belot et al. (1976). However, there is considerable
attractiveness in an analytical model that does not require numerical solu-
tion of the atmospheric diffusion equation. In previous work of this nature,
Heines and Peters (1973) have presented analytic steady state solutions for
gas phase pollutants with no deposition or depletion due to reaction. Scriven
and Fisher (1975) have presented a solution to tha steady-state, two-dimen-
sional atmospheric diffusion equation including d2position and first-order

removal.
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In this work we present a new solution to the steady-state, three-
dimensional atmospheric diffusion equation including settling, deposition,
and first-order removal and conversion of gaseous to particulate pollutants.
The main purpose of the model is to enable the carrying out of overall ma-
terial balance calculations for the gaseous and particulate phases in the
urban atmosphere and in the urban plume. The first half of the study is
devoted to the development of the model. The second half is concerned with
the application of the model to the Los Angeles atmosphere and to the Los
Angeles urban plume. Such a gas-particle material balance has not been
carried out previously for Los Angeles. Specifically, we will analyze the
conversion of sulfur dioxide, nitrogen oxides, and hydrocarbons to particu-
late sulfate, nitrate, and organics, respectively, in the Los Angeles atmo-
sphere. A study of this type not only provides estimates of the relative
roles of transport and removal mechanisms but also is a necessary prerequi-
site to more detailed modeling studies involving gases and particles.

FORMULATION OF THE MODEL
The mean concentration c(x,y,z) of a gaseous pollutant or of a primary

particulate pollutant under conditions in which the mean wind is aligned
with the x-axis and in which a first-order removal process exists can be
described by the atmospheric diffusion equation (Monin and Yaglom, 1971),

u %ﬁ-- We %§—= é%-(KH gﬁ-) # g%-(KV %%) - ke (1)
where u is the mean wind speed in the x-direction, W is the settling
velocity (non-zero if c represents the concentration of particulate matter),
KH and KV are the horizontal and vertical eddy diffusivities, and k is
the first-order rate constant for removal of the species. The term kc may
account for conversion of gaseous pollutants to particulate material (as
long as the process may be represented approximately as first-order) or for
the removal of either gases or particles by rainout and washout.

We consider the following boundary conditions to (1). The source is
taken to be a point source of strength Q1 (g sec—1 located at x = 0, y = 0,
z =z (From the solution for this elevated point source we can construct
solutions for all other types of sources of interest.) Thus, the x = 0
boundary condition is
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c(0.y,2) = L 8(y)o(z-z))  x =0 (2)
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where §(-) is the Dirac delta function.

At infinite lateral distance the concentration approéches zero,
c(x,y,z) = 0 y >+ (3)

There is assumed to exist an elevated inversion base at z = Ha which inhibits

vertical turbulent mixing,

9C _ ~
<=0 z=H, (4)

Finally, the pollutant may be removed across a layer at height z = z, through

deposition with a deposition velocity V4>

oC _ =
Ky 37 * W€ = Ve z =12 (5)
We note that we select the lower boundary condition at Z,s the height corre-
sponding to that at which a deposition velocity may have been measured.
(A typical value of 2 is one meter.) For simplicity we shall assume that

K, and Kv may be taken as constants. The problems associated with