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Introduction

This study deals with optical properties of the medium which is polydisperse
ensemble of nonhomogeneous spherically symmetrical balls.

Soot-dust atmospheric pollution of aerosol type is considered in the paper.
Real particles of such a pollution are composite. Optical properties of such
a medium are defined by optical properties of every particle, size and structure
distribution of particles.

An algorithm of calculation of absorption and scattering coefficients and
phase function of nonhomogeneous spherically symmetrical particle (perhaps,
with several layers) was constructed on the basis of the Mie theory.

There are considered some models for size and structure distributions of
soot-dust balls. A weak dependence of optical characters of such a4 medium on
model parameters of composile was shown.

§ 1. Coagulation models

For researching the influence of composite on optical properties of aerosol
pollution mentioned it is necessary to construct a model for size and structure
distributions of soot-dust balls.

During interaction of homogeneous “soot” and “dust” particles composite
“soot-dust” particles appear and it is supposed that soot particles are
accumulated on “dust™ particles. Such a supposition is based on the fact that
average dust particles volume is equal to 100 average soot particles volume
(soot particles are essentially smaller than dust particles).

Let V be some atmosphere volume; then ¥,V and V;Vare dust and soot
volumes in this atmosphere volume. We shall use next the designation:
7, =10V, V. =10°V,. In [1], there are next values: ¥, =08, ¥;=0.2
As soot particles are smaller than dust particles, it is supposed that the soot 1s
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a continuous medium. Moving in such a medium, dust particles are covered by
soot. During such accumulation process, spherical symmetry of “soot-dust”
particles is conserved.

Let us consider a law of volume growth of composite particle. This law is
like a law of volume change of a particle when water 1s accumulated on the
particle [2]:
aX3(t,x)
B
where X = R/ry,, x =r/ry, ¥ =1 pm; r,, is the average particle radius, R,
r radii of composite and dust particles, o, (0 < 2y < 1) a part of coagulated

dust, dg (0 < dg < 1) a part of soot that may coagulate, V*(r) the hole
composite particle volume at ¢ time of moment per unit atmosphere volume:

(1.1) = A(t,apvp+ogvs— V*(1)g(X, %),

Xar
(1.2) V*(1) = aprp | Np(x) X (1, x)dx,

Xm
where x,, =0.001, X,, = 3; x,,, X,, are, respectively, undimensioned minimum
and maximum particles radii, Np(x) radius distribution of homogeneous dust
with norm condition

Xar
(1.3) | Ny(x)x*dx = 1.

Xon
An initial condition for (I.1) is

(1.4) X0,x)=x, x,<x<X,,.

m

Function A(t,p) has the following prope'rties:
Ait,p) =2 A, >0, t=0, p>0;

(1.5) A(t,p) =0, t=0, p<go.
Let us consider (1.1)—(1.5). A limit X(x) = lim X (z, x) does not depend on
| div ¢]

function type A(t,p), but only depends on properties (1.5). So, when we study
the X(x) function, we can take ‘without loss of generality A(t,p) = 1.

In the case of small particles, dust balls are considered “fluid”. Interaction
between the balls and soot is taken as continuous mixing. A cross-section of
such interaction is proportional to dust particle volume. In the case of balls
larger than some average, the process of soot accumulation on these balls is
considered as a process of soot accumulation on large balls. The cross-section
of such the interaction is proportional to ball surface.

On the basis of assumption above, let us consider several cases of
interaction function g(X,x). At first, let us take

3

x3, X 1/2,

€ X < x, = (xpXg)
1' ’ _ _ * DS
( 6) Q(X X) gl(x) {x;kxl, Xy S)CSXM.
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Here and later, xp, = rp/ry, = 0.25, x5 = rg/r,, = 0.05, rp, rg are “average” dust
and soot particles radii.
From solution (1.1)}-(1.6) it follows that there exists T time moment such
that
X(t,x)<X(T,x), 0<t<T;

<t
X(t,x)=X(T,x), t=T.

And we have V*(T)=apVp+oagly where og (0 < og<dg) is a part of
coagulated soot.
Then the limit solution X(x) will be

o Xnm
P [ g (x)Np(x)dx

Xm

1/3
X(x) = {x3+E§A 9,09 } A=V,

In case of such interaction lunction g, volume of soot, accumulating on
a dust particle, may be infinite, and as a result, composite particles may grow
up to extremely large dimensions that is not real.

Let us consider another interaction function, more naturally. We have

x3, X <x,,
(1.7) gX,x) =g, (X.x) =< x, X%, x,<X<X,,
0, X=X,
A solutton of (1.1}+(L.5), (1.7) is
x(t+ 13, 0< <t (x),

X(t,x) = %[t—t*(x)]+x[l.*(x)+ 113, £,(x) < 1 < ty(x),

X t =t (x),

where 1_(x) is a time of growth of dust particle from x initial radius to x,
dimension, t,,(x) is time of growth of dust particle from x initial radius to X,
dimension. These functions are defined as follows:

ds? . 3
fy(x) = J g(sb, 3 = max {O,t*(x)+;;[XM—max(x,x*)]}.

If we assume that all dust particles of x dimensions, where x,, < x < X,
will grow up to X,, dimension, their volume v,, will be
Xm

vy = X | Np(x)dx.

Xm
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Time T is the moment of the end of coagulation. In the case

(1.8) by > 1+ 4,

%p
we have that T is less than the time of growth of smallest particles up to critical
dimension: T < ¢,,(x,,). Note that t,,(x) is a monotonous increased function, i.e.
Eg(S) < tyyls), if x, <5 <5< X,,. In case (1.8), value T is defined from an
equation

Ht

1455 4.
®p

Il

Xm
®(T)= | X (T, x)Np(x)dx

xm

), is a continuous monotonous increased function.

T=¢-1(1+5A).
%p

Function @(t), 0 < ¢ < £),(x
So, solution T exists

m

[n this case, time T characterizes time moment, when all dust and soot
particles, which are allowed to coagulate, have coagulated.
In the case
vy =1+224.
%p

we have that time T is equal to time of growth of smallest particle up to critical
dimension: T = 1,(x,). That means that for a particle of an arbitrary
dimension x, < x < X,, the following is true: X(T,x)=X,,. Here, time
T characterizes a time moment, when all composite particles have fallen down,
because of the fact that dust particles had accumulated so much soot that they
have grown up to X ,, dimension. And as a result, they have fallen down. Value
og is defined as follows:

g = {o?s, T < t,(x,)
Lep(oa— D14, T =1y(x,,).
If ag < &y, then dust part «, and soot part oy have fallen down.
So, in this coagulation model we have that dimension of composite
particles X is a function of the dimension of dust nucleus only:

X(x) = X(T,x).

We also note that T time stabilization for such soot-dust particles is many

times less than “cleaning” time of atmosphere (washing-out, sedimentation,

etc.). For this reason we consider the situation for instantly stabilized

distribution of composite particles.

In models discussed we assume that the size distribution function of
composite particles is

Nop() = {ND(x), X(x) < X,

0, X(x)=X,,.



CALCULATION OF OPTICAL CHARACTERS 561

These properties allow to describe the composite particles structure by means
of a single independent variable dust nucleus coagulation dimension x. This
allows us to simplify essentially a computation of optical characteristics of
soot-dust pollution.

§ 2. Calculation of optical characteristics of
polydisperse ensemble of composite particles

We shall describe a computation algorithm of optical properties of a medium
consisting of composite and homogeneous particles. The algorithm is based on
a calculation of optical properties of homogeneous soot and dust particles and
composite “soot-dust” particles [3].

As noted above, we assume that only dust part « coagulates with soot.
The rest dust part (1 —ap,) has the following Np(x) size distribution [1]:

In?(x/xp)
Bx™! TR sxsl,
J x exp[ Tnis | x,£xx1
Np(x) =

_ In?x,
LBx "'expl:—zlnza:l, 1< x <X,
where o = 2 and the condition (1.3) takes place.
Absorption coefficient x,,, scattering coefficient x,,, phase function y, of

the rest dust part are, respectively (see [3]):

Xm
(2.1 Rap(A) = Hap(1 —ap) V= V(1 —ap) | Qap(x;4) Np(x)x2dx,

Xnr

(2.2) #sp (1) = Fp (1 —a ) Vy = V(1 —op) | Quplx;2) N, (x)x2dx,
Xm

X

23)  wueyp(d) = Vpll—op) | Qup(x:M7B(1 X, AN p(x)x>dx,

Xin

where J, = 0.75V, and index D shows that these functions relate to dust. Note
that %,,, %, ¥p do not depend on aj. Here nx*Q, (x;4), nx*Q, (x;4) are
absorption and scattering coeflicients, and y§(y,x; A) phase function of some
dust particle of radius x.

Absorption coefficient x,,, scattering coefficient x,,,, phase function
v¢p Of the medium of “soot-dust” balls are, respectively,

-~ ~ XM
Haso(A) = Rugp(Dop V= Vot | Qagy(x; 4) Nsp(x) X (x)dx,

Xz

KSSD(}‘) = .'E-\‘.‘;n(;{)aD Vp=Vpap _f stp(x"v;")NSD(X)Xz(x)dxu
- X )

;{SSD.}"SD(X;;') = VDaD _[ QSSD(X;"‘:)')J:‘:“D(X"Y;i)NSD(x)XZ(x)dxa

Xm

36 — Banach Center 1. 24
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where index SD shows that these functions relate to the medium of “soot-dust”
balls. Here mX2(x) Q.. (x5 A), mX2(x)Qs,,(x; A) are absorbtion and scattering
coefficients of some composite particle with x radius of dust coagulation

nucleus.
We assume that the rest soot part (1—ag) has the following N(x) size

distribution [1]:

In?(x/x)

2ln%c } X S XS Xy,

Ng(x) = Cx"cxp|:—
with a norm condition

Xnm
| Ng(x)x*dx =1,
Xm
Absorption coefficient x,¢, scattering coefficient x,,, phase function ys of
‘the rest soot part are, respectively,

Xnr
ag(A) = Hog(l—~05) AV = Vo d(1 —ag) | Qus(x; A Ng(x)x?dx,

*m

X
es(A) = Feo(l —ag) AV, = VyA(l—ag) | Qe(x; )Ng(x)x2dx,

X ns

s (M55 A) = Vpd(1—ag) | Quslx; D)vE (. X3 AN(x)x2dx,

Xm

where index S shows that these functions relate to soot. Here nszus(x;A),
nx*Qy(x;A) are absorbtion and scattering coefficients, y§(x, x; 4) phase func-
tion of some soot particle of x radius. Note that %,, #;, do not depend on ag,
4, V, values.

Absorption coefficient x , scattering coefficient », and phase function y of
soot-dust atmosphere pollution are

a0t ps o, 43 Vp, 2) = V(1 —0tg) A%, (A)
+ (1 — 0 p) Zupy (A0t g p (0505 ', 45 A)T;
x.\'(ana O"’Sa A; I')Dﬂ A) = 17DI:(] - aS)A 2'Es_g()")
+(1 - aD)ﬁsD(;L)—l_aDﬁssp(aSal; ! a A; l)]a
Y(ep,ag, d;x, A) = [(1 —og)dyg(x, AR (4)
+(] —aD)yD(Xa ”{)ﬁslj(}‘)-}_ otl);2-‘55;13(‘:x.‘i'al; ! ’ A ’ j’)

X psplagep by A5, A1 Vp s H(A).

Note that functions Q,, Q,, y* were calculated due to algorithm (see [3]).
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§ 3. Calculation results

In numerical calculation, the following parameters were used: A = 0.25
A= 1.55r,, I7D = 0.6. So, x, and x, coefficients are the following functions:
%, = K,(xp,0g), %, = %,(otp, o). Calculations were performed for two cases
discussed in § 1.

At first, let us consider the case of interaction function g(X,x) =g, (x).

XNy
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Figure 1 shows isolines of function, depending on ¢, and dg. In Figures 1 and
2, a dimension unit of function », is km™'. A case d;=0, 0 <oy <1,
corresponds to the medium of homogeneous soot and dust balls. Note that due
to composite (@ > 0) in a region of parameters 0.1 < {&,a,} < 1 the absorp-
tion coefficient grows not greater than two times. The increasing of absorption
coefficient is due to layers structure, but the decreasing is due to a process of
falling down of composite particles. The case is characterized by the fact all
soot, which is allowed to coagulate, involved in coagulation independently on
dust quality, i.e. a5 = dg. In the case where the coagulating dust part is small,
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the composite particles may reach extremely large dimensions. Corresponding-
ly, when o, < 1074, all composite particles (and, & soot part) fall down,

The case connected with interaction function g(X,x) = g,(X, x) is more
realistic. Figure 2 shows isolines of [unction x, depending on values aj, and 4.
The case ap, = & = 1 corresponds to the medium of composite “soot-dust”
balls; the case dg=0, 0<a,<1; , =0, 0<d; < | corresponds to the
medium of homogeneous soot and dust balls. The behaviour of function s, in
Figures ! and 2 differs just only in a region oy, < 0.1. This difference is based on
the following. In a case g(X, x) = g,(X,x) and ay < 1073, there is a situation
when all composite particles fall down (xg < &) and, as a result, value %,
mainly depends on (1 —og) soot part. And we have ag(ap,d5)—0 as a,—-0. In
a region 0.1 < o, < 1 3%, functions in Figures 1 and 2 coincide, because in this
case we have g,(X,x) = g,(x).

-2%
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Figure 3 shows size distributions of dust and composite particles; the
distributions were calculated numerically. For obviousness graphs show
N#(x) = Np(x)x* and N¥,(X) = DNgp(X)X? values, where Ngp(X) is a func-
tion of distribution of composite particles on outer radius X with the norm

condition
XM _
j' DNgp(X)X3dX = 1.

m
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A dashed line shows the initial size distribution of dust particles N§(x). Graphs
are made for several values o, when ag = 1. We see that in region 0.2 < o, < 1
the number of composite particles with the middle dimension of coagulation
nucleus increases. In this case, the distribution function becomes more
stretched when o, decreases. For small o, values (x, < 1072), the maximum of
function N¥p(x) grows and displaces to large dimensions. Here the main role is
played by small particles, as large and middle particles have already fallen
down.

Functions af(ap,05) and af(ay, o), which define dust and soot parts,
fallen down are of great interest. They are

Xt
af(op, ag) = ap(l— | Ngp(x)x3dx),

Xm

X
| (Np(x)— Nsp(x))(X > (x}—x?)dx
af (op, 0l5) = s =,
I ND(x)(Xs(x)_xi‘)dx

In the Figure 4, solid line shows functions af(ap)/a, and dashed line —
functions a#(ap)/os. For these functions, value d is equal to 1. There exists
value o, when aj/a, = a¥/ag = 1. 1t characterizes the situation when all soot
and dust, that was involved in a coagulation, have fallen down. Up to this
point af(ep)/as function increases, but af(op)/o, = 1. After this point the
functions observed decrease, because of the fact, that the process of falling
down relaxes, when the quality of coagulated particles grows.

Fig. 4

Figure 5 shows phase function y(ap, o, 4; 7, 4) for considered polydisperse
ensemble of particles, depending on cosines scattering angles y. Dashed line
corresponds to o = ag = 1 case (composed particles medium), solid line to
ap = og = 0 case (homogeneous particles medium). Parameters 4 and 1 were



566 V, L GRYN AND V. A. OVSYANNIKOQV

defined above. We see that phase functions is sharply stretched in forward
direction (is. sharply increased as y—1—0). This behaviour is typical for
difraction picture which occurs when scattering of plane electromagnetic waves
on particles is larger than wavelength.

Numerical calculations show that composity of particles practically does
not change (changes are less than 10%) scattering coefficient, phase functions.

In calculation performed optical depth of soot column of 1 gr mass and
1m? cross-section is equal to 2.0-2.1. This result is in a good agreement with
date [1] where optical depth is equal to 2.2-2.4.

Y
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Conclusions

From the numerical calculations performed we may draw a conclusion that,
due to assumptions made on the optical characteristics of a medium which
consists of homogeneous “sool” and “dust” particles and a medium which
consists of composite *“soot-dust” particles, are practically equivalent.
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