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Summary. In the search for causal relationship between aerosol formation parameters and
aerosol characteristics, calculations on models are presented Formation parameters treated are
supply mass, mode and spread, dilution with pure air, and particle removal. Coagulation within
‘the aerosol is treated as a continuous phenomenon concerning all particle size combinations.
present. The effect is a sort of inverse relationship between distribution density of particles at
medium/large and at small sizes.

A number of resulting size distributions are shown. Aerosols are classified in two groups.
Aerosols with slow coagulation have low mass and contain either few particles or have a narrow
size d1str1but10n, preferably at small sizes. Aerosols with faster coagulation display a distinct
medium size particle mode, and they have few small particles.

‘The distribution ofindividual elements of natural radioactivity on particle size is also presented. -
Simple aerosol age estimates based on radioactivity measurements are shown to be questionable.

1. Introduction. For any aerosol, the particle size distribution is the result of
1) a continuous particle supply to the air, 2) solid mass production from vapours or
gases in the air, 3) mass flow from small to large particles caused by coagulation,
4) removal of particles, and 5) admixture of new air to the aerosol. Since weather is
variable, since none of the processes mentioned are constant, and since most conditions
change when air moves from place to place, the immediate size distribution of particles
in an acrosol does not necessarily reflect a steady state.

The steady state size distribution is nevertheless the desired distribution, and as
such, should be of particular interest. In an earlier paper (7) an attempt was made
to calculate this distribution when parameters for supply, production, and removal
were known,

Since the parameters involved have no universal value, the applicability of such
calculations is restricted by the model chosen. In this paper the method has been im-
proved, and a wider range of aerosols is examined. Furthermore, dilution of the acrosol
- due to air exchanges has been included, and the steady-state distributions of natural
radioactivity on the particles are treated.
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2. Method of computation. The radii of the particles of interest are spread over

a wide size range, and calculation of pertinent numbers for sizes spaced evenly on a
logarithmic scale seems to be most appropriate.

‘The smallest particle radius considered in this study was 6+ 1078 cm, in the size

range of a free atom with air molecules attached (6). The largest size considered was

5 - 1078 ¢m radius, i.e. 50y, and well above the peak of the size dlStI‘lbutIOIlS normally

encountered in the atmosphere.

Since no distribution could have particles above this size, the model implies an
absolute sink for such particles. Only small resultant errors are expected.

Within each size decade calculations were performed for approximately 10 fixed
sizes, and the distribution was represented by the concentration of particles per lo-
garithmic unit of size for the sizes chosen. -

The steady state distribution was approximated step by step in conciliation with
the instantaneous parameters for supply, coagulation, dilution, and removal of particles.

' 2.1 Specification of pafamete_rs. If N is the total particle concentration in the

acrosol, the concentration density per logarithmic size unit at radiuvs 7, is

__( dN
77 \dlogr/r, )j

where 7 is measured in units of 7.

Production of molecular size part1eles within the aerosol presumably by radio-

active, chemical, or photochemical processes, was assumed to occur at.a rate of ¢
particles per second per cm3. These particles were supposed to be of the smallest size

considered, and conversion to concentration density was performed in a way that gave

the correct rate of supply, when that quantity was computed by mtegratlon from
the input distribution: :

dnl e ‘
dt ~ logrfr, (2-1)

where index 1 indicates the lower limit of the computation interval, while index 2
refers to the next size for which calculations were made,

The numerical value of ¢; was normally chosen as 100.

The size distribution for the rest of the particles supplied to an aerosol from sources
outside the aerosol may be highly variable, A log-normal distribution was chosen to
represent the concentration density versus radius. It does not necessarily express the
supply correctly, but the procedure allows for a wide variability in mode, spread, and
rate of supply.

The change due to supply is thus

_d?z‘.b "Ry ' (2.2)

where ¢ is a constant for supply.
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Since (2.2) represents a matrix without reference to the distribution formula, it
will be assumed in the further treatment that (2.1) has been included in this matrix.
Removatl of particles was supposed to increase with the radius according to a power

function 0 ;
%=_a 7 (;J_) , : (2.3)

P

where  is the removal coefficient for size 7p» and g is the removal exponent. In this paper
r,=1p, and a is thus the removed fraction per second of particles of 1y radius.

Based on fall velocity as the removing agent, g should be equal to 2 in the Stoke
regime. For smaller particles, fall velocity is so small that modlflcatlons in the formula
are of no practical value.

Since ultimate removal takes place at the carth’s surface, additional transport
processes to the suriace should be considered. It is obvious that some sort of circulation,
either orderly or of an interchange nature, occurs in most aerosols. This will work in

the same manner on all particles and smooth out differences in 31ze-dependent dis-

placement, i.e., g will decrease below 2.

The actual deposition on the ground is more likely to occur by inertial impaction,
Le. the particles strike against obstacles, or for the very small particles by deposition
on surfaces due to Brownian motion. This implies a very complicated and variable size
dependence. -
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- Fig. 2.1, Minimum value of removal coefficient.
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However, the formation of dense aerosol layers over cities only, seems to indicate
that the surface works as a rather good sink. The bottle-neck in the removal process
is then the downward transport, giving g a value between 0 and 2.

Calculation based on particle fall thus constitutes a minimum removal rate. Figure
2.1 shows the connection between depth of an aerosol layer and the minimum value
of the removal coefficient, i.e. the removal rate for a 1u radius partlcle It is based on
particle fall time from the middle of the aerosol layer.

Mixing of outside air with an aerosol layer should also be taken into account.
It is hardly possible to find an aerosol where no exchange takes place with the environ-
ment. In this paper it is assumed that the environment consists of pure air, with pure
dilution as a result. The intensity of the dilution is expressed by the air replacement
time 7, i.e. the time necessary to replace the whole air mass in the aerosol at the con-
stant rate of mixing. The effect on the particle concentration is given by:

i | | o (24)
where y 1s the coefficient of dilution.

2.2 Internal change due to coagulation. With regard to coagulation it was
assumed that formulas valid for spherical particles were sufficiently accurate for the
purpose. Since most particles are loosely bound aggregates, coagulation should not
result in compound particles with forms or properties radically different from those
of the parent particles. The specific density for such particles was assumed to be 1.

‘The rate of formation of coagulated particles, consisting of one particle with radius
r; and another with radius r; when concentrations were z; and #;, was determined by

dn : ‘ - =
E=4n‘(7‘i +TJ) . (‘Dl +-DJ) . ni . IZJ, . ﬁij=Ki,j . ni * nJ, (2-5)
where the D’s are particle diffusion coefficients, f,; is Fuchs’ correction term (3),
and K ; is the coagulation coefficient between the two particle sizes.

For the diffusion coefficients an empirical formula was used, the constants of which

are presented by Fuchs (3).

D.kT(

=g 1+1246—+0 27 exp(—~0.87—-_)) (2.6)

) l

where £ is Boltzmann’s constant, T is absolute temperature, 4 is air v1sc051ty, and 1
is the mean free path of air molecules. '

The basic philosophy for Fuchs’ correction term g is as follows When particle’
size is close to basic step-length for the motions, the diffusion process cannot be con-
sidered continuous close to the surface. Basic step-length is defined by a quantity /,
which should be the average distance covered by a particle before its original direction
is completely changed. This is the same as the distance covered by a particle in a
viscous medium due to a start velocity equal to its thermal equilibrium velocity
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Fig. 2.2, Quantities in Fuchs’ coagulation treatment.

= 2r2p (8kT

, ¥ _ ) .
. mn) (1+124a—+042-cmp(—03751)) (2.7)

where 7, p, and m are particle radius, density, and mass; #, 7 and A are medium vis-
cosity, temperature, and mean free molecular path, while % is the Bolzmann constant.

Based on the basic step-length and the particle radii r; and r;, a distance §,; from the
particle surfaces is defined, inside which microscopic diffusion considerations exist,
and outside which macroscopic conditions prevail.

The situation is sketched in Figure 2.2, Two particles with radii r; and r; have their
centres at C; and C;, and the figure is meant to represent the situation one step before
coagulation occurs. Both particles are in relative motion, but the reasoning may proceed
as though one particle were at rest if basic step-lengths /; and [; are substituted by
relative step-length :

=+ (2.8)
When C; coincides with the surface of the contact sphere around C; with radius r; +7,,
the two particles are in contact and by definition coagulate. J,; is thus the mean distance
between the surface of the contact sphere and the surface of a hemisphere with radlus
I;;, centred on the surface of the contact sphere: -

o ) () A
o= 8(ri+7y) "Ly @9
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Fig. 2.3. Coagulation coefficient, 293 K and 1013 mb.

If the particle concentration at the surface of the sphere with radius r; +7; +4,;

is n;" and far away n, the particle flow towards C; is determined by macroscopic dif-
fusmn considerations:

dn ,
E"—4'TE (Ti +TJ +5U) . (‘DL+DJ) * (nj—nj) (2.10)

Further in towards the contact sphere the particles move in straight lines, and 1f-
it is assumed that no type of reflection occurs at contact

dn 5 GJ’ . .
—_—— * . . . .’ ’——l -]-
7 dn - (r;+r;)? n_J Z - (2.11)

where G; is the relative thermal velocity of the particles:

1
2 .
GU.:{%T (—1 + L )} (2.12)
n \m; m;/| _
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Fig. 2.4, Coagulation coefficient, 253 K and 1013 mb.

Elimination of #;” between the two particle flow expressions (2.10) and (2.11) leads fo
Fuchs’ correction term for coagulation

B, = (ritr;+6;;) - Gy - (ri+7))
A Gi'j(ff-l-?’ )2+4(Dl+'DJ) * (Ti +TJ +6U)

(2.13)

The resulting values for the coagulation coefficients over the whole region of com-
putation are shown in Figure 2.3. Computation is performed for 293 K and 1013.25 mb.
Absolute values increase slightly with temperature and pressure, and Figures 2.4 and
2.5 show the coagulation coefficient for 253 K and 800 mb respectively.

When coagulation coefficients for different combinations are studied, the striking.
feature is the similar values obtained when relative sizes only are invariant. For the
strength of coagulation asize shift of the whole distribution has little importance, as long
as the relative distribution, as it appears on a dN/dlogr/r, diagram, is of the same shape.

Coagulation of particles causes redistribution of mass or volume among the different
particle sizes. With volume as independent variable, the change in the particle density
distribution can easily be seen to follow (3)
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Fig., 2.5. Coagulation coefficient. 293 K and 800 mb.

vy/2 . o
dnc({:j)= j Kij-i-n(v;) -n(v;—0) ~do;—n(o;) - § K ;- n(v,) - dv, (2.14)

Umin Ymin
where 2(v) is the concentration density of particles per unit volume interval at volume
v, and v, is the volume of the smallest particle in the aerosol.

If logr is used as independent variable, the equation reads

...._Ila 3 o V
G- 1 Kuenomeodogh—ny- | Kyynycdloglt  (2.15)

Fmin k : 0 Tmin

where index % indicates the complementary size of i, i.e. v, +v;=v,.

Regarding the first integral, the computational work is much facﬂltated if account
of particle concentration is kept for intervals in size so that particle volume is doubled
from one size to the next higher up. As indicated in Figure 2.6, formation of new parti-
cles of size 7; then occurs when one particle from a size lower than 7;_; coagulates with
one particle of size between 7; and 7;_;, the boundary case being two particles of size
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Fig, 2.6. Particle combinations during coagulation calculation,

r;—3 forming one particle of size r;. This was the system chosen for the calculations.
It leads to the distribution being expressed by nearly 10 numbers per decade of size.

During computation, all interpolations of products of n and K were performed
linearly on a logr scale. For integration, the trapezoidal method on the n-logr/r,-
diagram was used,

2.3 Steady state conditions. In an aerosol on which all the processes mentioned
are at work, the particle concentration per logarithmic unit of size is determined by:

—fs

dn; ric2 73 r;
W—qb nj0+ rn{;n Ki_k n,- nk % Cﬂog‘a—
® . o\ g _
nj-{j' K, n - dlogh +a- (1&) +y} (2.16)
Tmin "- To Tp

where the first term on the right-hand side expresses supply of particles to the aerosol,
the second term particle transfer to the size in question due to coagulation of smaller
particles in the distribution, while the third term expresses reduction in particle con-
centration due to coagulation, removal from the aerosol and exchange of part of the
aerosol with pure air.

A steady state approximation for n; is found from a start-distribution by requiring
that the right-hand side of (2.16) be zero. Since considerable feed-back is present due
to the two integration terms, and since 50 interdependent matrix numbers are present,
the steady state was approximated step by step.

The direct expression from (2.16) does not lead to a rapid convergence. During
computation it was therefore incorporated in a method in which successive values
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were assumed to lie on a hyperbola branch, so that the value of the asymptote was the
one to be sought. In general, the steady state was considered found when none of the
n;’s describing the distribution was reset by more than'0.001 of the value in the previous
step.

In order to avoid corrections due solely to wrong mass, a normalization procedure
was used after each step. If it is assumed that all numbers i in the distribution must be -
multiplied by a factor £'in order to secure a mass balance, ¥ may be found by equating
the mass loss per unit of time

i |
max r:\ ¢ . . Fmax .
F-p-a- In,-'v,-'(r—‘) dlog%Jer'nmx-vm'p- § K 1y - dlogZt
P 1] L)

Tmin Fmin

"to the mass supply
. T max e
(b'p . j. njo'vj'dlog‘;""
Tmin : 0
Although close to 1, the factor F is seldom identical with 1 during the calculations. _
It is believed that smaller computation intervals would improve the accuracy. However,
it is not believed that the general results would be altered. '

3. Internal transfer in steady-state aerosols. Once a steady state is found,
several quantities describing the steady state are of interest and can be computed. |
Aerosol mass concentration is

‘ © 4 :
M= § 3T 8. -d log—— _
where p is the acrosol density, in this paper set to 1. |
Mass turnover time (i.e. the mean residence time of the mass in the aerosol) is the
ratio between M and the corresponding quantity in the rate of supply matrix:
- 1
T= M (3.1) |

¢ j' ‘—Ln rBepng dlog—
"'mm .
An analogous quantity for a specific particle size may be caed relaxation time, i.c.
the mean time necessary for exchanging all the particles of one particular size. The
relaxation time may be expressed as the ratio between the concentration and rate of
disappearance for that particular size:

w . \Ng
J. Ki’j'ﬂi 'tﬁog:—l‘{-d '(2) +'P
0 .

Tmin
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The variation with size in the effect of the different supply and removal processes is of
some Interest for the understanding of the working mechanism in an aerosol. The
ratio between mass entering due to coagulation of smaller particles and mass entering
due to supply is
.2_11’3 3 -
7 o
j‘ Ki,k * ?Zl- * nk ° (T_J') * dlogr_l' )
Tmin k 0

Yy

The ratio between mass removed by coagulation and mass removed by deposition
on the ground

w
.f_ Ki,j'ni'dlog:_; 7 .

py="m— T (3.4)
The instantaneous transfer of mass within an aerosol due to coagulatlon is of con-

siderable interest. Two quantities have been computed in this paper. The fraction of
the mass entering a size m, which comes from a size [ is

T\ 2
3, a7 . S Sm
7 K:,u By © gy ( )

’
Uy =- k1 (3.5)
’ ,.j.z_ln!s P 3 r.
et § Kipomim (“L) * dlog—-
' Fmin T To

where U,.,, is normalized to give the fraction transferred per logarithmic unit of
7/rg (1. €., per decade for 10 as logarithmic base). In this expression ! <m. The index
kl 1ndlcates that v; +2, =v,, while £ is reserved for the general case v; +v, =1,
The fraction of the partlcles (or the mass) which, because of coagulation, leaves
a size m and goes to a size [, is ' :
3
Km,kz * Py (i)

Tra

Vm—'l= ) (3-6)
§ Kipo ;- dlog—

Fmin 0 -

Index k2 indicates that v,, +9,5 =2,
V-1 is normalized to give the fraction transferred to each logarithmic unit of r.

4. General features of aerosol size distributions. Steady-state aerosol size
distributions seem to fall into two classes. The first class shows distribution character-
istics leading to slow coagulatlon In the second class coagulation is much more vigorous,
and a distinct mode is always present in the middle part of the distribution.
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Fig. 4.1. Type 1. size distribution. Parameters for solid curve: small-particle supply 100 ecm—%-1, other

supply 10-%4gem~%~! with mode 10~*cm and ¢ = 2, removal coefficient 10~% and exponent 1.8, air

replacement time 24 hrs. Corresponding numbers for broken curve: 0.1, 10-15, 10-5, 2.5, 10-%, 1.75,
3 and for dotted curve: 10, 0, —, —, 10-6, 1.75, 5000. '

When input parameters are gradually varied, a fairly abrupt replacement of the
one by the other takes place. An explanation of the phenomenon may be that, in prin-
ciple, the rate of coagulation increases with the square of the particle concentration,
which makes the relative effect of coagulation influence highly sensitive to the distri-
bution. Apparently two stable types of aerosol size distributions exist, while a distribu-
tion in-between may easily be broken down by slight changes in supply and removal
conditions.

4.1 Distribution type 1: Slow coagulation. Steady-state aerosols with slow co-
~agulation have typically a mass less than 10~11 g/cm3, contain either few particles or
have a narrow size distribution, preferably at small sizes. The latter type may have a

T el b e
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high particle number concentration. This type of distribution is presented in Figure
4.1. In the dN/dlogr/rypresentation it usually falls rapidly off towards larger particle
sizes. There may, however, be secondary maxima or slope changes due to changes in
the coagulation coefficient or the supply distribution.

Abel, Winkler and Junge (1) have presented measurements from the Canary Is-
lands which are in accord with these characteristics.

This type of distribution is normally found when some supply of small particles
takes place, while the introduction of medium particles is small,

It is also established when the mode of the larger particles supplied to the aerosol
is found at too large a size. Such particles are apparently removed so fast as to be hardly
noticeable in the aerosol distribution. If the supply distribution has a geometric stan-
dard deviation of 2.5 or more, a mode particle size larger than 10-% cm produces type 1
distribution. :

When the supply mode is down to some 1075 cm radius, it will be displayed as a
distinct hump in the aerosol distribution. :

Mass turn-over time is not a good parameter to describe type 1 distributions. The
important factor for this quantity is the number of large size particles, and when the
bulk of the particles are small the meaning of this parameter becomes doubtful and
perhaps somewhat fortuitous. _ _

The particle number in the distribution depends on the supply parameters. When .
100 particles of minimum size were introduced per cm? per second, total particle number
could exceed 400,000 cm™3 with aerosol mass lower than some 10-12 gcm™3, On the
other hand, introduction of 0.001 small-size particles per cm? per second and nothing
else, produced a concentration of 1300 cm™3.

4.2 Distribution type 2: Vigorous coagulation. When coagulation is more vi-
gorous, aerosol mass is of the order of 1071° gcm™~3 or higher, and the steady state size
distribution shows a pronounced mode for 2 medium size. This type of distribution is
presented in Figure 4.2.

The particle concentration density for low sizes is normally very low. When the
supply distribution showed a peak at the lower end, which it often did during the com-
putations, the peak was sharply reflected in the aerosol. The peak increased in height
with low aerosol mass, but the sharpness of the peak in terms of the slope towards larger
particle sizes was greatest when the aerosol mass was high.

The small-particle concentration density varied with other parameters., It was
low with narrow supply distribution and long mass turn-over time.

For an aerosol mass less than 10~8 gcm™3, the supply mode corresponds fairly well -
with the aerosol mode, provided the former is not much higher than 10-5 cm. A supply -
. mode of the order of 1074 ¢cm usually resulted in a slightly lower aerosol mode. Large
mass supply usually resulted in a very high aerosol mass with some upward shift in the
mode. Some size distributions of this category are presented 1n Figure 4.3.

The concentration at mode size was from 103 to 106 cm™3 per decade of the radius.
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Fig. 4.2. Type 2 size distributions, normal mass aerosols. Parameters for solid curve: small-particle supply

100 cm—3s—1, other supply 10~gcm—%s~! with mode 10~%cm and ¢ = 2, removal coefficient 104

and exponent 2, air replacement time 24 hrs, Corresponding numbers for broken curve: 100, 104,
10-5, 2.5, 104, 2, 24 and for dotted curve: 10, 10-22, 10-5, 3, 10-%, 1.75, 12.
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Q

The lower number is close to a transition to the first type of distribution, the upper num-
ber seems to be a limit set by the increase in coagulation at high particle concentrations.

The width of the mode peak seemed to some degree to be determmed by the width
in the supply mode.

The slope on the upper side of the aerosol mode seemed to increase with air exchange
time, sharpness of supply and removal constant In general, the slope increased with
increasing distance from the mode.

The distribution at about 1z radius has been measured by Junge (4) to follow a
formula

dN
dlogr/r,

=" T_3
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Fig. 4.3. Type 2 size distributions, dense aerosols. Supply modes are indicated by arrow. Parameters for solid
curve: small-particle supply 100 cm—3-1, other supply 10-12gcm—%—! with mode 10-% cm and ¢ = 1.5,
removal coefficient 10~ and exponent 2, air replacement time 48 hrs. Corresponding numbers for
broken curve: 100, 10-22, 10-5, 2, 10-4, 2, 24 and for dotted curve: 100, 10-1, 105, 2.5, 104, 1.75, 3.
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10

With the restrictions in supply parameters given by the log-normal distribution, the .
exponent —3 was difficult to achieve. The normal exponent for a reasonably broad
supply distribution varied from —7 to —3.5, i.e. a steeper slope than-that found by
Junge. It is probable that his distribution will more easily be reproduced if the log-
normal distribution of supply is replaced by a suitable power function above the mode.

With a small-particle supply of 100 cm™3%~1, total particle number for this type of
distribution seemed to have a minimum of the order of 10,000 em™3, most frequently
found for aerosol masses between 5 - 10-11 and 10~* gcm™3, For very dense aerosols
the concentration increased markedly. A concentration of 500,000 cm™—2 seems possible
for a mass of 10~7 gcm™8, |
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Fig. 4.4. Time of relaxation. Parameters for solid curve: small-particle supply 100 cm—%-1, other supply

10-gecm—%~T with mode 10~* cm and ¢ = 2, removal coefficient 10-* and exponent 1.8, air replace-

time ment 24 hrs. Corresponding numbers for broken curve: 10, 0, —, —, 10-%, 1.75, 5000 and for
dotted curve: 10, 1012, 10-5, 2, 104, 2, 24,

4.3 Time of relaxation. Time of relaxation is defined as the time used for re-
placing all particles of a certain size. Typical results are shown in Figure 4.4. The time
of relaxation has a maximum which is not normally found at a central place in the
distribution. If the bulk of the particles is found at the lower end of the dlstr1but1on
this is also where replacement of particles is slowest.

When the particle distribution has a mode in the medium particle size range, the
maximum in relaxation time is generally found for considerably smaller particles,
typically at about 1/10 of the mode radius. The relaxation time maximum is found closer
to the mode for dense aerosols and may coincide when the mass is high enough. This
is illustrated in Figure 4.5. The relaxation time normally falls off rapidly for sizes off
the maximum point, typically with a factor of 0.2—0.1 per decade in radius.

When few small particles are present in the aerosol, the-relaxation time becomes
fairly high and the maximum less peaked. Figure 4.6 shows the change occurring when
the small-particle supply increases from practically 0 to 100 per cm?® per second.

The relaxation time does not indicate the degree of change in the replaced particles,
and the numerical time found is therefore very dependent on the particle distribution.
Many small particles may lead to a short time of relaxation, even though larger particles
only are changed to a negligible degree by coagulation. Lack of small particles may, on
the other hand, lead to a long relaxation time. -
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Fig. 4.5. Time of relaxation, dense aerosols. Parameters for solid curve: small-particle supply 100 cm—3s-%,

other supply 10-3gcm—%-! with mode 10-% cm and ¢ = 2.5, removal coefficient 10-* and exponent

1.75, air replacement time 3 hrs. Except for increase of mass supply to 10-1gem—35-? for the broken
curve, parameters remain unchanged.
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Fig. 4.6. Time of relaxation, small particle variation. Parameters for solid cifve: small-particle supply

100 cm~%-%, other supply 10-*gem-35—1 with mode 10-3 cm and o = 2.5, removal coefficient 10~

and exponent 1.75, air replacement time 3 hrs, Except for decrease in small-particle supply to 0.1 cm=3s—1
for the broken curve and to 0 for the dotted curve, parameters remain unchanged.
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Fig. 4.7. Coagulation ¢ffects versus supply and removal, aerosol type 1. Solid curve shows the ratio between
coagulation accumulation and coagulation removal, broken curve between coagulation accumulation
and outside supply and dotted curve between coagulation removal and removal from the aerosol.
Parameters for the aerosol: small-particle supply 0.1 ¢m~%-1, other supply 10-15gcm—35—! with mode
10-5cm and o = 2.5, removal coefficient 104 and exponent 1.75, air replacement time 3 hrs.

Mass turn-over time has little immediate relationship to relaxation time. Tt depends
mostly on the particle amount in the upper part of the size range, and will always be
much longer than the relaxation time for the large particles, s

4.4 Coagulation mass transfer. For any particle size, coagulation removes some
particles and adds others. In a steady state distribution the differences in the rates of
2 certain size must be made up by other types of addition or removal for that size.
Most of the computations seem to indicate that with ample small-particle supply, the
distribution in the steady state will adjust itself at such a level, that approximate
equilibrium exists between coagulation accumulation and removal from those sizes
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Fig. 4.8. Coagulation effects versus supply and removal, aerosol type 2. Solid curve shows the ratio between-
coagulation accumulation and coagulation removal, broken curve between coagulation accumulation
and outside supply and dotted curve between coagulation removal and removal from the aerosol.
Parameters for the acrosol: small-particle supply 100 cm—3%s—1, other supply 10-*gcm—3%-! with mode

10-% em and o = 2, removal cocfficient 10—* and exponent 2, air replacement time 24 hrs.

in which the bulk of the particles are found. Results from two different distributions
‘are shown in Figures 4.7 and 4.8.

Figure 4.7 illustrates the situation for a distribution where the bulk of the partlcles
is in the low size range. In this case coagulation removal is far stronger than particle
removal all over the size distribution. In the lower size region accumulation by coagula-
tion is, in part, smaller than supply. In this region the balance between outside supply
and removal determines the distribution. . : |

Figure 4.8 illustrates the situation for a distribution where a distinct mode is found
in the medium particle size range. The only deviation from equilibrium between
coagulation accumulation and removal. is found for very small particle sizes; where
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Fig. 4.9. Coagulation effects versus supply and removal, no small-particle supply. Solid curve shows the ratio
between coagulation accumulation and coagulation removal, broken curve between coagulation ac-
cumulation and outside supply, and dotted curve between coagulation removal and removal from the
aerosol. Parameters for the acrosol: small-particle supply 0 cm—3s-1, other supply 10-15gcm—3%2 with
mode 10-% cm and o = 2.5, removal coefficient 10-4 and exponent 1,75, air replacement time 3 hrs.

particle concentration is low. In this region coagulation removal far outweighs the
accumulation, and the balance is maintained by supply to the aerosol. This can be
seen by the approximate agreement between the coagulation-accumulation/removal
curve and the accumulation/supply curve. Elsewhere coagulation accumulation far
outweighs supply and coagulation removal far outweighs removal of particles from the
aerosol. _

When few small particles are present, coagulation gccumulation or removal may
mean considerably less than other supply or removal agents. Figure 4.9 shows an ex-
ample with no supply of small particles, in which coagulation plays a minor role,
especially for the larger sizes. ' ' '
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Fig. 4.10. Coagulation mass transfer, aerosol type I. Lower right: Fractional mass transfer from the ordinate

to a decade in particle radius at abscissa values. Upper left: Fractional mass transfer to the ordinate

from a decade in particle radius at abscissa values. Parameters for the aerosol: small-particle supply

100 cn—%-1, other supply 10-*gcm~%-1 with mode 10~*cm and ¢ = 2, removal COCfflClCnt 10—
and exponent 1.8, air r replacement time 24 hrs.

Coagulation mass transfer is probably best studied by help of the diagram in
Figure 4.10, which is based on formulas (3.5) and (3.6).

The lower right-hand part shows the distribution of the mass leavmg a certain size
region. The abscissae in the d1agram express size of recipients; while the ordinate (or
the dlagOnal) expresses the supply size. The particle distribution, to which the diagram
refers, is of type 1. Small partlcles can coagulate with an abundance of other small
particles, giving a maximum in mass transfer at low sizes. Under such circumstances the
bulk of the particles is present at low sizes, and the lower mass transfer maximum is
the main one, even though mass transfer to secondary maxima in larger size regions
of the distribution may be pronounced. -

The diagram does not contain transfer fractions for coagulation between particles

leading to size shifts Iess than the computation interval, i.e. for less than volume doub-
ling. Since integration horizontally should result in 1, the small numbers elsewhere show
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Fig. 4.11. Coagulation mass transfer, aerosol type 2. Lower right: Fractional mass transfer from the ordinate

to a decade in particle radius at abscissa values. Upper left: Fractional mass transfer to the ordinate

from a decade in particle radius at abscissa values. Parameters for the aerosol: small-particle supply

100 cm—3%-1, other supply 10~*gem—35-1 with mode 10~%cm and ¢ = 2, removal coefficient 10-%
and exponent 2, air replacement time 24 hrs.

that coagulation leading to very small size shifts must be important in that type of.
distribution. Coagulation with large particles exists, and a secondary maximum even
is seen in the diagram for the lower half of the size region, but the fraction of particles
undergoing this type of coagulation is very low. _

When a pronounced medium size mode is present in the aerosol size distribution,
as'in Figures 4.11 and 4.12, the transfer of small particles to this region, or slightly
shifted towards larger sizes, is the dominant one. Under these conditions the general
fate of small particles is coagulation with very much bigger ones, and this type of mass
flow increases in importance with increasing aerosol mass. By comparison, coagulation
between the small particles is next to non-existent.

For the larger particles in the distribution, the fractional mass transfer outlined in
the diagrams is considerably less than unity. These particles therefore grow by coagula-
tion with small size increments, which means they do in general coagulate with the
small particles. :
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Fig. 4.12, Coagulation mass transfer, dense aerosol. Lower right: Fractional mass transfer from the ordinate

to a decade in particle radius at abscissa values. Upper left: Fractional mass transfer to the ordinate from

a decade in particle radius at abscissa values. Parameters for solid curve: small-particle supply 100 cm—3

a decade in particle radius at abscissa values. Parameters for solid curve: small-particle supply

100 ecm—3s~%, other supply 10-'gem—3%s—! with mode 10°%m and ¢ = 2.5, removal coefficient 10-4
and exponent 1.75, air replacement time 3 hrs.

The upper left-hand parts of Figures 4.10 —4.12 shows the origin of the mass entering
a certain size region. The abscissase express supply sizes, while the ordinate (or the
diagonal) expresses the size of the recipient. Secondary maxima correspond to the peaks
in the size distribution, However, since integration horizontally should result in 1, and
the numbers shown are low, it is obvious that most mass is drawn from sizes less displaced
from the recipient size than the computation interval. '

Weighted masswise the long jumps in particle size do not amount to much. The
main coniributing size has more than half the volume of the recipient size. Only close
to the very lower end of the size distribution doés a certain sizg region draw and im-
portant amount of mass below its immediate size environment, but here, of course,
possible jumps are limited because of the minimum size.

When few small particles are present, the mass transfer is somewhat adjusted.
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Fig. 4.13. and 4.14. Coagulation mass transfer, effect of small particles, Lower right: Fractional mass transfer
from the ordinate to a decade in particle radius at abscissa values. Upper left: Fractional mass transfer
to the ordinate from a decade in particle radius at abscissa values. Parameters for the aerosol for Fig.
4.13: small-particle supply 0.1 cm—3%-1, other supply 107%gem —2s~* with mode 10-% ¢cm and o = 2.5,
removal coefficient 10-* and exponent 1.75, air replacement time 3 hrs. Except for no supply of small
particles, Figure 4.14. is based on the same parameters. '

Figures 4.13 and 4.14 are based on otherwise equal conditions, but 0.1 small particles
are supplied per cm? per second to the aerosol on which Figure 4.13 is based, while this
supply is lacking in the case of Figure 4.14. - '

It is obvious that the immediate cffects of the small-particle peak is removed by the
change, but this is not the most interesting conclusion to be drawn from the comparison.
The lower right-hand part of the diagram, showing the distribution of recipients, does
not indicate much change in the region of small particles. For medium and large parti-
cles, however, the numbers are much higher all over the diagram. These particles are
therefore apt to grow with larger increments than before, which is only natural since
the small particles making small increments possible, are now scarce, The change does
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not indicate a more rapid flow of mass. The relaxation time (see Figure 4.6) has in-
creased over most of the size region, and this conteracts the larger increments for ﬂow
considerations. _

The upper left-hand part of the diagram shows the origin of the particles entering
a certain size. Apart from the change in the very left-hand part, all numbers-have in- -
creased very much from Figure 4.13 to Figure 4.14. This emphasizes the fact that when
small particles are scarce, source regions for mass are further removed from the re-- -

c1p1ent size than otherwise.

-

5. Conditions of formation versus size dlstrlbutlon A multitude of para-
meters are involved in the generation of one particular aerosol. When all other condi-
tions are fixed, the influence of one parameter may be studied_by selective variation’
of that parameter. In general its influence is not independent of other conditions. In
order to bring out the different aspects of this influence, the variation under dlffcrent
conditions has been studied. - -
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Fig. 5.1. Aerosol size distribution for various mass supplies. Parameters for solid curve: small-particle supply

100 cm—3s—2, other supply 10~%gcm—3—! with mode 10~% cm and ¢ = 1.5, removal coefficient 10-%

and exporient 2, air replacement time 48 hrs, Except for mass supply 10~Mgcm—3% -1 for the broken
curve and 10~ for the dotted curve, parameters remain unchanged.
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5.1 Change in mass supply. Figures 5.1 —5.3 illustrate the changes in aerosol
size distribution when the mass supply is varied, and Figures 5.4—5.6 illustrate the
associated changes in aerosol mass density, particle concentration and mass turn-over
time. , : '

Increased mass supply leads to increased mass concentration in the steady-state
from Figures 5.1—5.3. '

The supply of particles to the very lower end of the distribution was kept constant
while the rest of the supply was changed. This led to decreasing amounts of small
particles in the aerosol when the mass supply increased. The reason for this is that the
‘increased number of large particles leads to an increase in the rate of particles trans-
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Fig. 5.2. Aerosol size distribution for various mass supplies. Parameters for solid curve: small-particle supply -

100 em~%-1, other snpply 10~%*gem~%~! with mode 105 cm and o = 2, removal coefficient 10-* and
exponent 2, air replacement time 24 hre. Except for mass supply 10~*gcm—3s-1 for the broken curve
and 1072 for the dotted curve, parameters remain unchanged.

ferred from the small particle region by coagulation. In the steady-state this must be
balanced by a lower concentration. ' ‘

Change in mass supply may lead to a change from one to the other of the two main
distribution forms outlined in chapter 4. In Figure 5.3 the lowest mass supply has led
to such an accumulation of small particles that they dominate the distribution. It can
be seen from Figure 5.5 that this aerosol has a particle concentration of more than
300,000 per cm3, while the mass shown in Figure 5.4 is less than 5 - 10~12 g/cm?,

When the supply of larger particles is increased, the small particle accumulation
in the aerosol rapidly decreases at the same time as the mass increases. The bulk of the
particles is then found to be of medium and large sizes. :
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Fig. 5.3. Aerosol size distribution for various mass supplies. Parameters for solid curve: small-particle supply

100 cm—3-1, other supply 10-5gcm 3! with mode 10-% cm and ¢ = 2.5, removal coefficient 104

and exponent 1,75, air replacement time 3 hrs. Except for mass supply 10~1%gcm~35-1 for the broken
curve and 10-** for the dotted curve, parameters remain unchanged.

For high rate of mass supply, the mass turn-over time decreases with increasing
supply. For lower rates the effect is very small. It is the availability of the mass for re-
moval, which is reflected here. A general trend in Figures 5.1 —5.3 is a shift in mode
towards larger sizes when the aerosol becomes denser. Large particles are more easily
removed than small particles, and the higher up in the size distribution the bulk of the

* particles is found, the higher is the fraction of mass removed per time unit,

The number of particles per cm? shown in Figure_5.5 reflects the balance between
the accumulation of particles in the lower and medium/upper end of the size region.
When supply is low, the medium size mode is weakly developed, and the rate of transfer
from the lower end is low. It is thus possible to build up a certain concentration here.
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Fig. 5.4. Aerosol mass for various mass supplies. Solid curve refers to distributions from figure 5.1, broken
' curve to 5.2 and dotted curve to 5.3.

For the rates of small-size particle supply used in the computation, the steady state
allows for a very high concentration.

When the mass supply is increased, the medium size mode in the aerosol becomes
better developed, and transfer from the small-particle region is facilitated. Number-
wise the decrease of small particles is more rapid than the build-up of larger particles,
and total particle concentration decreases. However, after a certain stage of develop-
ment of the medium mode is reached, so few particles are present in the lower size -
region that further reduction cannot compensate the increase in the medium mode.
Total concentration will then climb with increasing mass supply.-

For otherwise fixed conditions a minimum particle number will thus occur at a
certain rate of supply. The actual minimum number, and its position on the mass supply
scale, 1s much dependent on the rate of small-particle supply. The fairly high number
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Fig. 5.5. Aerosol particle concentration for various mass supplies. Solid curve refers to chstnbutmns from fig. 5. 1
broken curve to 5.2 and dotted curve to 5.3.
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Fig. 5.6. Mass turn-over time for various mass supplies. Solid curve refers to distributions from fig. 5.1.,
broken curve to 5.2. and dotted curve to 5.3.

10,000, which appears on Figure 5.5, refers to a small-particle supply of 100 per cm?
per second. If no small particles were supplied, the particle number for a mass supply
of 10715 gfcm?® - s and the conditions on which Figure 5.3 is based, would be oniy 56.
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Fig. 5.7. Aderosol size distribution for various supply modes. Parameters for solid curve: éinall-particle supply

100 em =352, other supply 10-1%gem =3~ with mode 3.16 - 10-Scm and ¢ = 1.5, removal coefficient

10® and exponent 2, air replacement time 48 hrs. Except for a shift in supply mode to 3.16 - 10-5 cm
for the broken curve and 10-* for the dotted curve, parameters remain unchanged,

5.2 Change in size of supply mode. Figures- 5.7—5.9 illustrate- the changes in
aerosol size distribution when mode of supply is varied, and Figures 5.10—5.12 show
the associated changes in aerosol mass density, particle concentration, and mass turn-
over time. '

Figures 5.7—5.9 illustrate that the mode of supply is reflected in the aerosol distri-
bution, but not necessarily as the main feature.

When the supply mode is at a very small size, the aerosol mode isoften shifted upwards
together with a spread of the high concentration numbers towards somewhat larger sizes.

When the supply mode is placed at increasingly larger sizes, the strength of the aero-
sol mode is diminished and the mode may for extreme conditions be shifted downwards.
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Fig. 5.8. Aerosol size distribution for various supply modes. Parameters for solid curve: small-particle supply

100 cm—%-1, other supply 10-gem=3s—* with mode 10~ cm and ¢ = 2, removal coefficient 10-*

and exponent 2, air replacement time 24 hrs. Except for a shift in supply mode to 3.16 - 10-° cm for the
broken curve and 10— for the dotted curve, parameters remain unchanged.

A combination of causes is at work: Increased mode leads to Iower supply number and
thus to less coagulation influence, while rate of removal increases.

Figure 5.10 indicates that the aerosol mass in general decreases with increasing
particle size in the mode. With fixed rate of mass supply, the mass turn-over time in
Figure 5.12 shows the same effect. As a result of low aerosol mass an accumulation of
small particles occurs. This is evident in Figures 5.7—3.9. ‘

When the supply mode is at a very large size, the aerosol size distribution may be-
come one where the bulk of the particles is small, and the aerosol mass low, even
though the supply distribution has a strong mode at higher sizes. This is illustrated by
the distributions shown. ' ' ' :
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Fig. 5.9. Aerosol size distribution for various supply modes. Parameters for solid curve: small-particle supply

100 cm~3%s~%, other supply 10-**gcm—3—! with mode 105 cm and ¢ = 2.5, removal coefficient 10-*

and exponent 1.75, air replacement time 96 hrs. Except for a shift in supply mode to 2.37 - 10-5 cm
for the broken curve and 3.16 - 10~° for the dotted curve, parameters remain unchanged.

The change may sometimes be rather abrupt, as indicated in Figures 5.9—5.12,
For a supply mode size at 2.37 - 105 cm the aerosol distribution has a definite medium
size mode with mass of more than 4 - 10~% g/cm?, particle concentration 16,400 per cm3
and a mass turn-over time 1.1 hours. For a supply mode at 2.74 - 10~5cm the aerosol
mass is 10711 g/cm?, particle concentration more than 300,000 per cm?® and mass turn-
over time 9 seconds.

When the supply mode is at small sizes, the aerosol particle concentration becomes
high because these particles are not easily removed. For a medium supply size, a
medium size aerosol mode is well developed, and the particle concentration decreases
because few small particles can exist in the aerosol. For supply particles of greater sizes

3
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Fig. 5.10. Aerosol mass Jfor various supply modes. Solid curve refers to distributions from F ig. 5.7., broken to
5.8, and dotted to 5.9. ‘

a medium/large particle mode in the aerosol will not develop ‘due to rapid removal.
Small particles are therefore accumulated, and in spite of reduced mass the particle
concentration is raised with further increase of the supply mode size.

The position of and the concentration at the minimum, together with the rise for
large supply particles are all dependent on the supply of small particles. Figure 5,11
should only be regarded as typical in a qualitative sense.
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Fig. 5.11. Aerosol particle concentration for various supply modes. Solid curve refers to distributions
from Fig. 5.7,, broken curve to 5.8. and dotted curve to 5.9.

PARTICLE CONCENTRATION , s

102

10

= .

-

=

=,
L 16Y

i i
- B
O Y.
l 1
% _

:)10"

—

" .

(7p]

<

> o

: ] l {

16°© 10° 1674

MODE OF SUPPLY DISTRIBUTION , cm
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Fig. 5.13. Aerosol size distribution for various supply spreads. Parameters for solid curve: small-particle supply
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and exponent 2, air replacement time 24 hrs. Except for increase of o to 2.2 for the broken curve and
- to 2.5 for the dotted curve, parameters remain unchanged.
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5.3 Change in size spread of supply particles. Figures 5.13—5.15 illustrate
the changes in aerosol size distribution when the supply particles have a more or less
narrow size distribution, and Figures 5.16—5.18 show the assaciated changes in aerosol
mass density, particle concentration and mass turn-over time.

It is apparent that the supply spread is reflected in the aerosol, although some dis-
tortion occurs. For conditions leading to a pronounced aerosol mode at medium particle:
sizes (this is the case for Figure 5.13) the correspondence is particularly good. For
larger supply spreads, an increased part of the mass is associated with particles in a
region more easily removed, leading to the shorter mass turn-over time evident in
Figure 5.18. It is seen from Figure 5.16 that it also leads to decreased mass in the
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Fig. 5.14. Aerosol size distribution for various supply spreads. Parameters for solid curve: small-particle

100 cm—3-1, other supply 10-"gcm=3%—1 with mode 104 c¢m and o = 1.25, removal coefficient 104

and exponent 2, air replacement time 24 hrs. Except for increase of ¢ to 1.5 for the broken curve and
to 1.75 for the dotted curve, parameters remain unchanged. '
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aerosol. This further renders possible the accumulation of small particles, which is
seen in Figure 5.13, , - :

The conditions on which Figure 5.14 are based have produced an aerosol distribution
with the bulk of the particles in the small size region and with a low mass concentration.
Mass decreases with increase in supply-particle spread also under these circumstances.
An associated increase of small particles is evident in the aerosol size distribution.

In Figure 5.13, a change in type of distribution occurs due tg the change in spread.

+ In principle, the same type of change takes place as earlier, but the change is radical.

Mass drops from 3 - 107° to 4 - 10712 g/cm?, and simultaneously mass turn-over time
drops from 50 minutes to 4 seconds.
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Fig. 5.15. Aerosol size distribution for various supply spreads, Parameters for solid curve: small-particle supply

10 cm—3-2, other supply 10-?gcm—35—! with mode 10-5 cm and ¢ = 3, removal coefficient 10—¢ and

exponent 1.75, air replacement time 12 hrs. Except for increase of o to 3.5 for the broken curve, para-
meters remain unchanged. '

The aerosol particle concentrations in Figure 5.17 reflect the degree of balance
between small and large particles. For conditions leading to a medium size aerosol
mode, the particle concentration has a minimum for a certainspread. For a spread less
than this, the higher concentrations are caused by medium/large particles. For larger
spreads the reason is increased amount of small particles.
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Fig. 5.16. Aerosol mass for various supply spreads. Solid curve refers to Fig. 5.13., broken curve to.5.14.
' : and dotted curve to 5.15.
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Fig. 5.17. derosol particle concentration for various supply spreads. Solid curve refers to Fig. 5.13., broken curve
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Fig. 5.18. Mass turn-over time Jor various supply spreads. Solid curve refers to Fig. 5.13., broken curve to
5.14 and dotted curve to 5.15.

5.4 Change in rate of small-particle supply. Figures 5.19 and 5.20 illustrate
the changes in aerosol size distribution, when change occurs in the supply of particles
at the lower end of the size distribution. Associated changes in particle concentration
are shown in Figure 5.21. Since the aerosol mass and the mass turn-over time only show
insignificant changes, diagrams are not presented.

An increase in small-particle supply increases the concentration of particles in the
lower size region of the aerosol, but it does not noticeably affect the medium and upper
size region. The increased amounts of small particles weigh little in the mass account
and consequently do not affect the mass turn-over time. But the particle concentration
may increase considerably.

A completely different situation is created if the small—paruclc supply is the
main supply to the aerosol. Figure 5.22 illustrates_the situation when only small
particles are supplied. Only the lower size region is then filled up by particles in
the aerosol.
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Fig. 5.19. Aerosol size distribution for various small-particle supplies. Parameters for solid curve: small-particle

supply 0.01 cm—3%-2, other supply 10~gcm~3s—2 with mode 10-5 ¢m and ¢ = 2.5, removal coefficient

10—* and exponent Z, air replacement time 24 hrs. Except for increase in small-particle supply to I cm—2%s~1
for the broken curve and to 100 for the dotted curve, parameters remain unchanged.
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When the supply is small, say less than 0.1 particles per cm?® per second, a peak
appears at the supply size, and the peak gradually becomes broader as the supply
increases. For greater supply a secondary mode appears between 10~% and 10-5 cm
radius, and a minimum between the lower peak and this mode. The radical change in
the distribution is probably due to the variable coagulation coefficient. It can be seen
from Figure 2.3 that maximum values occur in this size region. '

The aerosol mass increases rapidly with the supply. This is shown in Figure 5.23.
The particle concentration shown in Figure 5.21 also increases with particle supply.
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Fig. 5.20. Aerosol size distribution for various small-particle supplies. Parameters for solid curve: small-particle
supply 0 cm—3%-1, other supply 10-%gem—3% -1 with mode 10~* cm and ¢ = 2.5, removal coefficient
10~* and exponent .75, air replacement time 3 hrs. Except for increase in small-particle supply to
0.1 cm—3-1 for the broken curve -and to 100 for the dotted curve, parameters remain unchanged.
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Fig. 5.21. Aerosol particle concentration for various small-particle supplies. Solid curve refers to Fig. 3.19,
broken curve to 5.20 and dotted curve to 5.22.
—>
Tig. 5.22. Aerosol size distribution for various small-particle supplies. Parameters for solid curve: small-particle
supply 0.001 cm—3%-L, no other supply, removal coefficient 10— and exponent 1,75, air exchange time
5000 hrs. Except for increase in small-particle supply to 0.1 cm—3-? for the broken curve and to 10
for the dotted curve, parameters remain unchanged.
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Fig. 5.23. Aerosol mass for various small-particle supplies. The curve refers to the distributions in Fig. 5.22.

Mass turn-over time, however, is only slightly affected under the conditions studied.
It decreases about 7 per cent when particle supply increases from 1072 to 10 per cm?
per second. ‘

5.5 Change in aerosol dilution. Figures 5.24—5.27 illustrate the change in aero-
sol size distribution when the degree of dilution is varied, and Figures 5.28 —5.30 show
the associated changes in aerosol mass density, particle concentration and mass turn-
over time. ' '

The first-order effect of dilution is a decrease in concentration, and this is indeed
the trend observed for the main modes in Figures 5.24 to 5.27. The reduction in aerosol
mass, which is evident from Figure 5.28, leads to the secondary effect of accumulation
of small particles, and this effect is strong enough to increase the small-particle con-
centration with increasing dilution. As a result the total particle concentration may
have a minimum value for a certain rate of dilution, which can be noticed in Figure
5.29. Mass turn-over times in Figure 5.30 show a general decrease with increasing
dilution. '




No. 4, 1971 STEADY STATE AEROSOLS

l

, dN/dlog r-cm3
I

-
O
LN
A

—
<l
11} 1

8_'_.
ol

|
Al
A
pl
o
4
A
1
i
i
1
t
1
1
!
3
:
1
i
\
\
]
i
\
\
M |
i
LY

%

CONCENTRATION DENSITY
]

0207 '

I_ i - * i
16 166 10D 164 16
PARTICLE RADIUS, cm

Fig. 5.24. Aerosol size distribution for various degrees for dilution. Parameters for solid curve: small-particle
supply 100 cm—%-, other supply 10-15gcm—3s~* with mode 10— cm and o — 1.5, removal coefficient

10— and exponent 2, air replacement time 3 hrs. Except for increase in air replacement time to 48 hrs.

for the broken curve and to 5000 hrs. for the dotted curve, parameters remain unchanged.

Figure 5.27 is based on conditions leading to most of the mass being accumulated
on small particles. The dilution effect is noticeable over most of the distribution.

But coagulation conditions are not changed appreciably, and only at the very lower end
of the size region does a s

mall increasc in particle concentration take place with increased
dilution. . B ' '
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Fig. 5.26. Aerosol size distribution for various degrees of dilution. Parameters for solid curve: small-particle

supply 100 em~%—1, other supply 10-*2gcm—%-1 with mode 105 c¢m and ¢ = 2.5, removal coefficient

10-* and exponent 1.75, air replacement time 1.5 hrs. Except for increase in air replacement time
to 3 hrs. for the broken curve and to 96 hrs. for the dotted curve, parameters remain unchanged.
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Fig. 5.27. Aerosol size distribution for various degrees of dilution. Parameters for solid curve: small-particle
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Fig. 5_'.28. Aerosol mass for various air replacement times. Solid curve refers to Fig. 5.24, broken curve to
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Fig. 5.29. Aerosol particle concentration for various air replacement times. Solid curve refers to Fig. 5.24,, broken
to 5.25, dotted to 5.26 and broken/dotted curve to 5.27.
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Fig. 5_.“30_. Mass .tum-over time for various air replacement times. Solid curve refers to Fig. 5.24., broken to
5.25, dotted to 5.26 and broken/dotted curve to 5.27.

5.6 Change in removal coefficient. Figures 5.31 5,34 illystrate the changes in
aerosol size distribution when the removal coefficient is varied, and Figures 5.35—5.37
show the associated changes in aerosol mass density, particle_concentration and mass
‘turn-over time. |

The primary effect of an increase in removal coefficient is a decrease in aerosol
density, leading to a lower mass and a shorter mass turn-over time. The secondary
effect of a build-up of small particles, because the amount of large particles decreases,
is evident in all the Figures 5.30 ~5.34. The total particle concentration in Figure 5.36
reflects the balance, and particle concentration may decrease, pass a minimum value
or increase, depending on the other conditions.
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Fig. 5.31. Aerosol size distribution for various removal coefficients. Parameters for solid curve: small-particle
supply 100 cm—%-1, other supply 10-%5gcm—3s— with mode 10-5 cm and ¢ = 1.5, removal coefficient
10-% and' exponent 2, air replacement time 96 hrs. Except for an increase in removal coefficient to
3.16 - 10-5 for the broken curve and to 10— for the dotted curve, parameters remain unchanged.
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Fig. 5.32. Aerosol size distribution for various removal coefficients. Parameters for solid curve: small-particle

supply 100 ecm—%2, other supply 10-1gem—3—1 with mode 10~%cm and ¢ = 2, removal coefficient

10~ and exponent 2, air replacement time 24 hrs. Except for an increase in removal coefficient to 10—4
for the broken curve and to 10-2 for the dotted curve, parameters remain unchanged.
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Fig. 5.33. Aerosol size distribution for various removal coefficients. Parameters for solid curve: small-particle

supply 100 cm~3%-1, other supply 10-12gcm=3s-1 with mode 10—%cm and & = 2.5, removal coefficient

10-% and exponent 1.75, air replacement time 3 hrs. Except for an increase in removal coefficient to
10-4 for the broken curve and to 102 for the dotted curve, parameters remain unchanged.
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Fig. 5.34. " Aerosol size distribution for various removal coefficients. Parameters for solid curve: small-particle

supply 0.1 em~-%-1, other supply 10-"gcm—%~1 with mode 10~% cm and ¢ — 2.5, removal cocfficient
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Fig. 5.38. Aerosol size distribution for various removal exponents. Parameters for solid curve: small-particle

supply 0.1 cm~%%, other supply 10-gecm~3s-* with mode 10-5cm and ¢ = 2.5, removal coefficient

10~* and exponent 1, air replacement time 96 hrs. Except for increase of the removal exponent to 2
for the broken curve, parameters remain unchanged.
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5.7 Change in removal exponent. Figures 5.38 and 5.39 illustrate the change

- In aerosol size distribution when the removal exponent is varied, and Figures 5.40 —5.42

show the associated changes in aerosol mass density, particle concentration and mass
turn-over time. _

According to formula (2.3) the primary effect of an increase in the removal ex-
ponent is stronger removal in the size range above 1y radius and less beneath. For
the distributions shown an increase in mass and mass turn-over time results, while
particle concentration decreases or increases depending on the build-up of small

particles.




No. 4, 1971 STEADY STATE AEROSOLS 57

, dN/dlogr-cm3
n

—
(= ]]
el

———
=1N
O1.4

CONCENTRATION DENSITY
|

1615
20l

i ] — — T T
05 16576 190 197 1673

PARTICLE RADIUS, cm

Fig. 5.39. derosol size distribution for various removal exponents. Parameters for solid curve: small-particle

supply 100 cm—3-1, other supply 10~Mgcm—2s-! with mode 10-5 cm and o — 2, removal coefficient

10-* and exponent 0.5, air replacement time 24 hrs. Except for increase of the removal exponent to 1
for the broken curve and to 2 for the dotted curve, parameters remain unchanged.

Since even the qualitative effect depends on which particle size is left unaffected
(here 1p radius), quantitative effects of change in removal exponent cannot be discussed
without paying regard to this size. ' -
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5.8 Change in temperature and pressure. Temperature and pressure change
the coagulation coefficient slightly, as indicated in Figures 2.4 and 2.5. The correspond-
ing change in the steady-state aerosol distribution is very small. |

When the temperature is decreased from 293 to 233 K, a slight decrease is caused
in-the coagulation. The result is more small particles and less medium/large ones, but
‘the change is so small that it is hardly noticeable in the type of diagram used in this
paper. . -

When the pressure is decreased from 1013 to 800 mb, a slight increase of coagulation
takes place. The result is less small particles and more medium/large ones. The change
is not large enough to be worth considering in this case either.

6. Natural radioactivity within the aerosol. Natural radioactivity caused by
radon and thoron descendants is always present in the air, and its distribution on the
particles may be an indication on the state of the aerosol.

Radon and thoron are radioactive gases formed by nuclear disintegration of solid
~ elements in the soil. Part of the gases produced seeps out and mixes into the air layers
close to the ground. Within an aerosol some supply of the radioactive gases is always
present, but concentration varies widely depending on geology, state of the ground
(wet, dry, snow-covered) and weather. -

The descendants of radon and thoron are solid products. When the gases decay, the
descendants are produced in atomic form, and they tend to deposit on solid substances -
quite rapidly. In an aerosol this means deposition on the particles, and the initial
cumulative distribution should be expressed by '

.fj Ky, n; - dlogr; .
Dj:rmin‘ . ° (6.1)
§ K- n;-dlogr,

Tmin

where it is assumed that the size of the primary radioactive product is the lowest
possible in the matrix in use, and that the mass added is insignificant.

The coagulation coefficient K ; may be somewhat different for radioactive and non-
radioactive elements, because a radioactive atom is an ion at the moment of birth, and
electrical effects are not taken into account for coagulation. This is most serious for a
dense aerosol, where the ions are not necessarily neutralized before the bulk of them
are caught by particles. It is not taken into consideration during computation.

Equation (6.1) is often understood to represent the distribution of radioactivity
within an aerosol, but objections should be raised to this: The equation has no margin
for radioactive products not attached to particles, which may be important in less dense
aerosols, and no attention has been paid to the internal flow of matter in the aerosol.

For steady state conditions the distribution of radioactivity may be computed
more accurately, when the coagulation constant is known over the whole distribution. -
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Steady state implies that no change occurs in the rate of radon and thoron decay and
that a steady-state aerosol is present. The absolute magnitude of the rate of supply
is so variable in nature that only relative quantities are of interest. It will, however,
be assumed that the concentration of radioactive particles is far less than the concen-
tration of normal ones for any size present. This is normally the case in nature.

Since air from the outside is mixed into the aerosol in the model discussed, the radio-
active conditions of the outside air must be taken into account. In the model it is assumed
that the outside air does not contain any aerosol mass. This does not imply that no
radioactivity is present. With radon or thoron gas present, but without aerosol particles,
very small radioactive nuclei should build up towards a concentration in equilibrium
with the gaseous precursors. The concentration would be too small for 51gn1f1cant
coagulation to take place, and no growth in particle size should occur.

With this picture in mind, two different radioactivity models have been developed.
For the non-radioactive environment model it is assumed that the air mixed into the
aerosol does not contain any radioactivity whatsoever. For the radioactive environ-
ment model it is assumed that the outside air has the same concentration of radio-
active gases as the aerosol in equilibrium with decay products. These elements are
associated with particles of the lowest size existing in the acrosol. o '

It is the shortlived descendants Rad, RaB and RaC with radioactive halflives of 3.05,
96.8 and 19.7 minutes which are of interest in the radium decay chain, and 7#4
with 0.158 seconds and ThB and ThC with 10.6 and 1.1 hours in the thorium decay
chain. For convenience it will be assumed that R atoms of Rad or ThA are produced
per second per cm? within the aerosol.

Let A4, B and C be the concentration of radicactive descendants in the aerosol,
and A, 1, and 1. the corresponding decay constants. In analogy to particles

_( dA ; _( dB [ dC )
i dlogr)]- i dlogr)j c-""(dlogr ;

indicate the concentration attached to particles per logarithmic size unit. For con-
version of supply concentration rate to concentration density ratc the considerations
in connection with equation (2.1) are valid. -

The change in the concentration of a certain radioactive ¢lement is now determined
by supply and removal of that particular element. For the non-radioactive environment
model the changes at the very lowest end of the distribution are

-

dy R |7 o [r)? .
T “Togrir, ay {r,{;,.KLi n; dlogri+oc(rp) +y+l,1} . (6.2)

db,
W_AA & — {

The expression for C is analogous to that for B.

2
J K- i-dlogrifl—oc-(:i) +7y +lg} (6.3)
P

mln
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logry/ry is the logarithmic interval between radii for which accounts are kept.
@ and y are the parameters defined for the aerosol calculation.
Steady state requirement leads to

R
0= logr,/ry | | (6.4)
=] g ) -
f Kl,t- *n; - dlogr, +a (:—1) +y 44,
- Tmin p :
by = da 4 (6.5)
[+ 4} g
J Ky n - dlogr; +a (:—1) +7+4y
"min P
(,‘i = s b ' : | (6.6).

oG 7.1 g
§ Ky n;-dlogr, +a (-——) +9 +4c
Fmin o TP :

When radioactive environment is studied, the supply of radioactive nuclei in the
‘equilibrium’ distribution from the environment must be taken into account. Let 4,
B and C be the concentration of the different nuclei in the environment. Under cqu_ili-‘
brium conditions | . -

R=1A 'A—_—AB 'lec * C

giving A=£ B:E and C=£

AA ’ ;"B ;{'C

A fraction y of this mixture is added to the aerosol per second, therefore

. dal _ R y . R " oo - . . | " ‘
dt —logrl/rz"'lﬁ Togrifr, —ai{ I Kyiomy dlogr,-+a(rp) +7y +4A} (6.7)

Tmin

db, y-R “ , rr\?
= d b} . K, ;-n; - dlogr, + (—1) + +}t} 6.8
p7 44 g logrjrs 1 {"r{in 1,i " 7 gr; +a r, Yrig ( )

where again the expression for C is analogous to that for B.
Steady state gives '

R T R :
4y =— Iogrl/rz Ayt logrllrz . - (69)

o0 g
1) Ki’i “n; - dlogr; +« (:—1) +r+4,
P

Tmin
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A A
A T -
by= lB logry/r, (6.10)

® g

J Ky, n;-dlogr;+a (:—1) +y+2g

min P

] y-R ‘
s b — )

[ = lc logrfr, | (6.11)

@ , g
§ Kl,i T dl_ogri +o (:_1) +y +4c¢

min P

For any other size than the lowest one, the expressions for the two models are
identical, since no radioactivity enters directly from the environment.

d“f; 5 g AT
i r{,i,, Ky (a; ny+ag-ny) (7’:) dlogr,
@ N g
—a; { fK; ;- ni-dlogr,;+oé(;4-) +7 +14} (6.12)
min . 14 _
db; s o\ 3
Bictaragt’ T Kope (b merben) -(2) - dogr,
4 Fiin - 7 Ty
oo : \g
_bJ-{ i Kj,i-ni-dlogr;+a(;i) +y 4+  6.13)
Fmin r 7

where size £ is defined by v, +v, =v;.

The expression for ¢; is analogous to that for b;.

For the purpose of computatmn the terms contalnmg a, b and ¢ for the intermediate
size k£ may be split through linear interpolation on the log r-scale, giving terms referring
to the sizes for which accounts are kept:

Iogr —1 -
K a =K ;1854 +— (Kiyra;—Ki 5o ;1)
Iog
1—1
, log TT - Iogrr"
=Ky ;17 a;-1- '—_]"'*'K aj* _Ll“
log log—7—

rJ_l i1
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Applying this procedure, explicit expressions for the steady states are found

T
T o s log?‘— ’. g
Vo Kigraym+K; 5y By —E | (*"—) - dlogr,
"Fmin lOg 7y Ty )
2. = Ti—1
F \ rk
%0 e Is logr_ r.\ 3 r.\ 4
JKy;-n;-dlogr,—  § Ki,j-n,--——-il—-(—ﬂ) -dlogr,-+cx(—’) +y 4+,
Fmin i ¥min . log_r;’_ rk r.P
. e rj—l
(6.14)
¥
ryea e lo r_J r:\ 3
j. Ki’k'bi'nk+Ki,j_1'bj_1‘n,-'~*—L~ '(—J) 'dlogri'l“lA'aj
Tmin log 7.j T
b L= Ti-1
J Tk
@ 72 ]'Og :
572 rj—y {r;\3 r;\?
§ Kpj-ny-dlogr,~ " | K, ;- n-—T7L. ("i) ~dlogr; +a (Jﬁ) Ty +ag
"min ' Tmin IOg 7y " p : |
Ti-1 |
(6.15)
7,
rJ_ o/ s ) }.Og}i . r. 3 |
I Ki’k‘ci'ﬂk-l-K,-,j_l'Cj._l'ni'——k— '(—‘{') 'legT,--l-ﬂ.B'bj
Tmin IOg Ty T -
Ti-1
€= :
J T, _
@ ryre s ]-Ogr- 7.\ 3 r\ 9
§Kiyony-dlogr— [ Ky -n,-—1im1 . (_t) dlogr, +a (_,) +7 +1
Tmin Ymin ]_Og 7 Tk "p
(6.16)
These formulas only require
a) the numbers for the radioactivity earlier in the decay chain
b) the numbers for lower sizes than the one under consideration.
Starting with element ¢ and the smallest particle size, accounts for the whole radio-
activity distribution can be computed successively, , -

The cumulative distribution of radioactivity on the different particle sizes can now
be expressed as

ry
j (IlA'ai"["AB'bi"l"Ac'Ci) 'dlogr - :
R;= Ja AiAy - Biig-C (6.17)

which may be compared with earlier estimates based on equation (6.1).
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From an accuracy point of view an uncertain aspect in the procedure is the need
for interpolation between the matrix numbers in order to bring out the numbers used.
Similar doubts may be voiced for the computation of the aerosol particle distribution.
For steady-state radioactivity the accuracy of the computation may be tested by
examining the degree of radioactive equilibrium. In a steady state where no radio-
activity is lost, the radioactivity of Rad, RaB, and RaC must each be equal to the rate
R of Rad supply. ' T '

For type 2 aerosols with a mass turnover time long compared to the radioactivity .
hali-lives, the requirement is fulfilled at least up to 3 digits. '

The steady-state aerosol was more difficult to reach for type 1 distributions. Radio-
activity distributions were thus often based on-a cruder aerosol approximation, and
it was not unusual that the computations resulted in slightly more radioactivity than
equilibrium conditions would allow. For type 1 distributions equilibrium should be
expected, and results are applied with caution.

Lack of radioactive equilibrium has earlier been used (2, 4) for estimating the age
of the aerosol. Steady state conditions are then assumed, and with an aerosol turn-
over time T, a fraction A=1/T disappears per time unit. When no radioactivity is
introduced from the environment, the concentrations are then determined by

dB :
—d‘tﬂ‘zlA'A_B'(AB+A)
dC ,
—dl't-=/’|.B'B—C'(;LC+A)

leading to the two expressions for 7 in steady state.

B

A, A—ig B (6.18)

TB,’A =

1 two ratios are considered simultaneously, the effect of ditution may be eliminated
even for a radioactive environment

dB R

=i Aty =iy +0) B
(6.19)
dB R
leg -B4y- IC——(AC—A) -C
For steady state conditions 7" is found -
T Ag: B—lc- C (6.20)

“A5(A, - A—2y - B) —Ac(Ag - B—Ac - C)
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I't should be noticed that the equation is valid also for non-radioactive environment,
since the earlier expressions are re-established by setting y =0. For measurement pur-
poses equation (6.20) has the drawback of requiring high accuracy in determination
of the radioactivity of the individual elements. It is therefore not readily applicable.

7. Distribution of aerosol radioactivity.

7.1 General features. If no radioactivity is present in the environment of the
aerosol, long radioactivity turn-over times are necessary for radioactive equilibrium
to cxist in the aerosol. Turn-over time must, of course, in this connection be compared
to radicactive lifetimes in the decay chain. When the turn-over time is short, radon
descendants up to RaC, with a mean lifetime for the chain of some 70 minutes, should
show a distribution closer to equilibrium than thoron descendants with 16.5 hours.

If dilution is small, aerosols with type 1 distribution in general have a very long
radioactive turn-over time, regardless of their mass turn-over time. They will in general
show radioactive equilibrium.

For-aerosols of type 2 distribution the connection between mass turn-over times and
radioactive equilibrium conditions, measured in terms of the fraction of equilibrium
activity exhibited by RaC and TkC, is shown in Figure 7.1. The change in mass turn- -
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Fig. 7.1. RaC and ThC radioactivity in relation to mass turn-over times. Crosécs refer to RaC and dots to ThC.
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¥ig. 7.2. Size distribution for Tn descendants in an aerosol with non-radioactive environment. Parameters for the

acrosol: small-particle supply 10 em~%—7, other supply 10~*gecm—?~1 with mode 10-% cm and ¢ = 3,

removal coefficient 10~ and exponent 1.75, air replacement time 12 hrs. ThA distribution is shown by

the solid curve, ThB by the broken and ThC by the dotted, mass by the broken and dotted. Distributions
are normalized to disintegration of 1 Tn nucleus per cm? per second.

over time is brought about in various ways, and for this reason some spread is found

within the diagram. Radioactivity turn-over times may be longer than mass turn-
over times, but cannot possibly be shorter. The spread is therefore great for short mass
turn-over times. For longer ones, the radioactivity is bound to be close to equilibrium,
and the spread decreases. _

The diagram clearly shows that RaC is closer to equilibrium than T4C, If the other
isotopes are examined in the same way, the products early in the decay chain prove
to be closer to equilibrium than those late in the chain. ThA, with less than a second
lifetime, is hardly ever off equilibrium in an aerosol. '
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Fig. 7.3. Size distribution for Rn descendants in an aerosol with non-radioactive environment. The acrosol is the

same as that in Fig. 7.2. The solid curve shows RaA, the broken RaB and the dotted RaC, mass by
the broken and dotted. Normalized to disintegration of I Rn nucleus per cm?® per second. -
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. An example of the distribution of individual radioactive elements is shown in
Figures 7.2 and 7.3. A few typical features of the distribution should be noticed.

a) 'The peaks at the lower end of the siz¢ range indicate that a certain fraction of every
element is present as non-attached atoms. This fraction is highest for the elements
first in the decay chain, and may-for the short-lived 744 be quite dominant.

b) The modes in the distributions of radioactive elements are digplaced towards
larger aerosol size compared to the mode in the aerosol size distribution itself.

¢) The positions of the individual modes are normally different. Long aerosol residence

time as a particulate element will shift the distribution towards larger sizes because -

of the coagulation effect, but an opposite shift may océur because more removal
takes place, particularly at the upper end. :
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The shifts between individual distributions have the consequence that ratios
between radioactive elements change from one particle size region to another. When
samples are taken of atmospheric radioactivity, sampling procedures are sometimes
used, which enrich the sample in small particles (e.g. electrostatic or diffusion samples),
large particles (e.g. impactors or centripeters) or particles from other size regions
(e.g. some filters or rainwater). In such cases one should avoid drawing conclusions which
tacitly imply that the sample taken is representative for the aerosol. A measured
lack of radioactive equilibrium may just as well be caused by the sampling method
as by the condition of the aerosol. ‘ '

The type of model chosen for aerosol exchange with the pure environmental air is
also important when actual measurements are to be interpreted.

Dense acrosol layers are usually found over cities. Since exchange of air with the
environment takes place, the composition of the air within the aerosol must to some
degree retlect the composition of the air in the environment. Normal meteorological
conditions require production within the city to be very much higher than outside in
order to establish a marked difference in the radon content of the air. Radon has after
all a2 mean radioactive lifetime of 5.4 days, long compared to local exchange processes.

- The non-radioactive environment model can therefore seldom be applied. with
a reasonable expectation of success. However, due to very low radon production over
the sea, the right conditions may exist within coastal cities, when the wind is blowing
from the sea. . o

For inland locations it is hardly possible to establish a situation with very much less
radon in the environmental air than in the aerosol. It is true that in a city larger stone
surfaces may be exposed than in the open country, with higher radon production”as
a result, but it is difficult to imagine a production which is higher by more than a small
factor. ' -

‘Thoron has a mean radioactive life-time of only 77 seconds and should for any rea-
sonable meteorological conditions have an air concentration in agreement with Iocal
production. In the decay chain, however, the descendants have combined lifetimes of
16.5 hours. For 748 and ThC at inland locations, it is difficult to avoid the air concen-
tration becoming more smoothed out geographically than the aerosol itsell.

For inland locations, and for coastal locations, when the wind is blowing offshore, no
particular reason exists for assuming radon or thoron concentrations within the aerosol
to be higher or lower than those outside. A better model should thus be to assume that
the radon and thoron content in the aerosol is equal to that in the pure air outside it.

Since removal should be slow when no particles are present, descendants in the
pure air are assumed to be present with a concentration corresponding to radioactive
equilibrium, and particle size as small as possible. This corresponds to the radioactive
environment model described in chapter 6. . :

The type of radioactivity model is especially important when ratios between ele-
ments are determined and used as measures for aerosol age. Deductions based on a
model different from that offered by nature may be preposterous.
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Fig. 7.4. Normalized cumulative radioactivity distributions — Radiactive environment. Parameters for the aerosol:
small-particle supply 100 cm~%s-1, other supply 10-4gem~%-1 with mode 10~% cm and ¢ = 2, removal
coefficient 10~* and exponent 1.8, air replacement time 24 hrs.

7.2 Radioactivity in a thin aerosol. When the aerosol mass concentration is
very low, the deposition of primary radioactive elements on particles takes a long time.
The steady-state radioactivity distribution is therefore one with an appreciable part
of the radiactivity not attached to particles. Cumulative radiactivity distributions for
three aerosols are presented in Figures 7.4—7.6. '

The fraction of non-attached elements decreases from ThA through Rad, RaB,
RaC, ThB to TkC, i.c. in the order of i increasing life-time as particulate elements. Thd4
has only attached itself to other particles to an insignificant degree, having only a frac-
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Fig. 7.5. Normalized cumulative radiactivity distributions — Non-radioactive environment, Parameters for the
acrosol: small-particle supply 0 cm~%-%, other supply 10—28gcm—3s-1 with mode 10-% cm and ¢ = 2.5,
removal coefficient 10-% and exponent 1.75, air replacement time 3 hrs.

|
1077

tion of a second to do so. T#B and ThC have ample time, but removal processes may
reduce the amount of those elements below equilibrium. Since the bulk of the particles
is very small, dilution is the only effective removal process. Lack of equilibrium will
therefore only show up to a noticeable degree in an aerosol in exchange with non-
radioactive air in the environment. This is the case in Figure 7.5.

The distribution of accumulated radioactivity of the first three elements of the decay
chain is shown in Figures 7.7—7.9, together with cumulative mass distribution and de-
position distribution of non-attached elements. The latter is often referred to as the
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Fig. 7.6. Normalized cumulative radioactivity distributions — Non-radioactive environment. Parameters for the
. aerosol; smaIl—partlcle supply 10 cm=3~1, no other supply, removal coefficient 10— and exponent
1.75, air replacement time 5000 hrs,

theoretlcal radioactivity distribution. However, due to non—attached radioactive ele-
ments and coagulation, the deposition distribution seldom agrees with the radioactivity
distribution. ,

Steady-state distributions reflect

a) time available for deposition, limited by removal or dilution
b) radioactive life-times of the elements

c) radioactivity conditions in the environmental air.
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Fig. 7.7. Cumulative distributions, fraction of individual total. The aerosol and the environment are the same

-as in Fig. 7.4. Solid curve indicates deposition distribution for free nuclei, broken curve steady-state

distribution for radicactivity from Tn descendants, dotted for Rn descendants. Broken/dotted curve
' shows aerosol mass distribution.

In a low-mass aerosol the bulk of the particles tends to have small sizes, and direct
removal of mass tends to be slow. Time available for deposition is therefore in all essen-
tials limited by the dilution only. If dilution is slow, radon descendants are normally
associated with smaller particles than thoron descendants.

'The reason is the lower total radioactive life in the former chain. If the typical time
before deposition is between 70 minutes and 16.5 hours, and if this time really is
available, most of the radon chain elements up to RaC disintegrate as non-attached




No. 4, 1971 STEADY STATE AEROSOLS 73

RADIOACTIVITY FRACTION

00—
107 107 107 1074
PARTICLE RADIUS - cm

Fig. 7.8. Cumulative distributions, fraction of individual total, The aerosol and the environment aré the same

as in Fig. 7.5. Solid curve indicates deposition distribution for free nuclei, broken curve stecady-state

_distribution for radioactivity from Tn descendants, dotted for Rn descendats. Broken/dotted curve
shows aerosol mass distribution.
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particles. In the thoron chain, however, this will only be true for T%4. Since 2/3 of
the radioactivity may have ample time for deposition, the bulk of the radioactivity
will be associated with larger particles than for the radon chain. Figure 7.7 is based on
such conditions. -

If dilution of the aerosol occurs rapidly, most T6B and ThC disappear before de-
position. If now 77 descendants are weighted according to radioaciivity, they essentially
consist of 774, which is not attached to particles. Figure 7.8 is based on such conditions.
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Fig. 7.9. Cumulative distributions, fraction of individual total. The acrosol and the environment are the same

as in Fig. 7.6. Solid curve indicates deposition distribution for free nuclei, broken curve steady-state

distribution for radioactivity from Tn descendants, dotted for Rn descendants. Broken/dotted curve
' shows aerosol mass distribution.
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It is seen that the radioactivity for 7% descendants is associated with smaller particles -
than for Rn descendants. In an aerosol in radioactive environment, ThB and ThC
would normally be close to equilibrium concentrations and the opposite order can easily
be established. This is the case in Figure 7.7. . '

The effect of non-attached elements is to displace the radioactivity distribution
curves towards small particles. Coagulation within the aerosol leads to a shift towards
larger particles. When coagulation is slow, the effect is weak. When coagulation is
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Fig. 7.10. Radioactivity ratios for elements in the same chain of decay. The aerosol and the environment are
the same as in Fig. 7.4.

strong, the effect may outweigh the effect of non-attached elements, and radioactivity
may in the steady state be associated with larger particles than indicated by the de-

position distribution. Long mass turn-over time and slight dilution are favourable, since -

loss of particles will counteract the effect of the size shift. The phenomenon is present
in Figure 7.7 for thoron. A similar effect for radon is difficult to achieve, because the
time available for coagulation is so much shorter. -

Ratios between the radioactivities of elements in the same decay chain show the
degree of radioactive equilibrium present in the aerosol. Based on the distribution of
nuclei on the different particle sizes, radioactivity ratios from nuclei attached to one
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Fig. 7.11. Radioactivity ratios for elements in the same chain of decay. The aerosol and the environment are the
same as in Fig. 7.5.

particular particle size can be studied. Figures 7.10—7.12 show ratios for certain 7%
and Rn deca'y products. Due to the very dificrent radioactive-lives of the elements, the
Tn chain is illustrated by the ThB/ThA and ThC/ThB ratios, while the Rz chain is
lustrated by RaB/Rad and RaC|RaA.

Due to the shift with time upward on the size dlstnbutmn, ratios between the radio-
activity from nuclei late and early in the decay chain are low for the very smallest
particles. Supply of the early nuclei is ample, while later ones are older as particles and
have been moved away from the region by coagulation. _

For slightly larger particles the situation is changed completely. Due to an excess
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Yig. 7.12. Radioactivity ratios for elements in the same chain of decay. ‘The aerosol and the environment are the
same as in Fig. 7.6.

of free 74 and RaA nuclei, the nuclei associated with particles are depleted in these
elements. The ratio ThB/ThA rises higher than 10,000, while RaB/Rad and RaC /RaA,
where radioactive life-times are more of the same magnitude, rise to about 10. The
radioactivity ratio ThC/ThB is between elements which are almost entirely deposited
on particles, and the ratio never rises much above unity.

At the upper end of the size region the ratios tend to fall off. This is the region
where particles are increasingly being removed from the aerosol. Since the nuclei
late in the chains are, on the average, oldest, a higher fraction of the particles to which _
they are attached has disappeared, and radioactivity ratios fall off. '
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Figs. 7.13. and 7.14. Ratios between accumulated radioactivity on particles smaller or larger than the size indicated.
The aerosol and the environment are the same as in Fig. 7.4. Solid curves are for radioactivity accumula-
tion from the lower end of the size distribution, broken curves from the upper end.
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Even when the cumulative radioactivity associated with particles below or above
a particular size is examined, some effect of the skew distributions of individual nuclei
is apparent. Figures 7.13—7.18 show radioactivity ratios for accumulated nuclei
below and above the reference size. The lack of radioactive equilibrium is especially
striking for radioactivity associated with particle sizes above a certain size.
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Figs. 7.15. and 7.16. Ratios between accunudated radioactivity on particles smaller or larger than the size indicated.
The aerosol and the environment are the same as in Fig. 7.5. Solid curves are for radioactivity accumula-
tion from the lower end of the size distribution, broken curves from the upper end.
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Figs. 7.17. and 7.18, Ratios between accumulated radioactivity on particles smaller or larger than the size indicated.
"The aerosol and the environment are the same as in Fig. 7.6. Solid curves are for radioactivity accumula-
tion from the lower end of the size distribution, broken curves from the upper end,
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Fig. 7.19. Normalized cumulative radioactivity distributions — Non-radioactive environment. Parameters for the

aerosol: small-particle supply 100 cm—%-1, other supply 10-#gcm %! with mode 10~% cm and ¢ = 2,

removal coefficient 10~ and exponent 2, air replacernent time 24 hrs,

7.3 Radioactivity in denser aerosols. In a more dense aerosol, where a distri-
bution mode at medium/large particle sizes is well developed, the time needed for
attachment of the radioactive elements to the particles is fairly short. Cumulative

radioactivity distributions for such aerosols are. presented in Figures 7.19—7.21.
When dilution is slow, only Thd4 and Rad are present as free elements to a notice-
able degree. When dilution is more rapid, the situation is similar as long as the aerosol
environment is non-radioactive. If it is radioactive, however, free nuclei of all elements
are introduced. In the steady state therefore a certain fraction of the elements, even
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Fig. 7:20. Normalized cumulative fadioactivi;y distribuiions - .Radiaactive environment. Parameters for the

aerosol: small-particle supply 100 cm %1, other supply 10~Mgem—3s—1 with mode 105 cm and o = 2.5,
removal coefficient 10— and exponent 2, air replacement time 24 hrs.

those late in the decay chain, may not be attached to particles. In Figure 7.20 this is
ev1dcnt1y the case for RaB, for which the time elapsed since decay of the gaseous pre-
curser is the next shortest. For the other elements, the time as a particulate substance
increases from RaC through ThB to TkC, and free nuclei are increasingly scarce in this
succession. | .

For steady-state aerosols of the type presented, lower concentrations than that of

radioactive ‘equilibrium are normal for all elements late in the decay chain. Even.

when dilution is strong, removal of partlcles by deposition is significant. Regardless
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Fig. 7.21. Normalized cumulative radiactivity distributions — Non-radicactive environment. Parameters for the
acrosol: small-particle supply 10 cm~%~1, other supply 10-**gem—3~! with mode 10-* and ¢ = 3,
' removal coefficient 10-¢ and exponent 1.75, air replacement time 12 hrs.

of radioactive or non-radioactive environment, the effect of removal increases with
time elapsed since decay of the gaseous precurser. On all the Figures 7.18—7.21 the
fraction -of equilibrium concentrations falls off in the succession ThA, RaA, RaB, RaC,
ThB, ThC.

The upward size shift due to coagulation is dependent on the same time quantity.
In the Figures, the curves are therefore found from Ieft to right in the succession just
mentioned. For a very dense aerosol the feature becomes really pronounced. This is
illustrated in Figure 7.22. : :
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Fig. 7.22.. Normalized cumulative radioactivity distributions — Non-radioactive environment. Parameters for the
aerosol: small-particle supply 10 cm—%1, other supply 100~Ygcm—%—1 with mode 10-% cm and ¢ = 2.5,
removal coefficient 10—* and exponent 1,75, air repla.cement time 3 hrs.

The radioactivity distributions associated with the Rz and 7% chams are shown in
Figures 7.23—7.25. For the type of aerosol under consideration, deposmon time 1s
short compared to the radioactive life-times for radon descendants. Free ThA nuclei
therefore dominate, with the result that radioactivity in the Tn chain is associated with
the smallest particle sizes.

The distribution of nucleus deposition on particles is also shown. Normally the up-
ward size shift by coagulation is not strong enough to outweigh the effect of non-attached
nuclei, even for Rn decay products. Only the very dense aerosol in Figure 7.26 has a
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Fig. 7.23. Cumulative distributions, fraction of individual total. The aercsol and the environment are the same

as in Fig. 7.19. Solid curve indicates deposition distribution for free nuclei, broken curve steady-state

distribution for radicactivity from Tn descendants, dotted for Rn descendants. Broken/dotted curve
shows acrosol mass distribution.

distribution curve for radon descendants which is partly to the right of the deposition
distribution. Part of the explanation for the slow response may lie in the fact that in-
creased removal of the radioactivity on the larger particles occurs simultaneously with
an increased coagulation shift towards larger sizes. Figure 7.25 shows less radiactivity
associated with large particles than that corresponding to deposition. This is due to
the rapid removal of those particles. |

Ratios between the radioactivities from nuclei attached to different particle sizes
are shown in Figures 7.27 —7.30. '
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Fig. 7.24. Cumulative distributions, fraction of individual total, The acrosol and the environment are the same

as in Figure 7.20. Solid curve indicates deposition distribution for free nuclei, broken curve steady-state

distribution for radioactivity from Tn descendants, dotted for Rn descendants. Broken/dotted curve
-shows aerosol mass distribution.
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It is evident that the ratios change more gradually with particle size than was the
case for the low-mass aerosols in Figures 7.10—7.12. Neither are maximum values so
high. But the trend is very much the same. ' ,

At the lower end of the size distribution the ratio between an early and an older
element in a chain is low, because early clements are more concentrated on small
particles than the later ones. A gradual rise takes place towards the middle part of the
distribution, because coagulation has shifted the distribution of later elements towards
larger sizes. For the upper end the effect of removal is dominant, mostly affecting the
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Fig. 7.25. Cumulative distyibutions, fraction of individual total. The aerosol and the environment are the same

as in Fig. 7.21. Solid curve indicates deposition distribution for free nuclei, broken curve steady-state

distribution for radioactivity from Tn descendants, dotted curve for Rn descendants. Broken/dotted
curve shows aerosol mass distribution.
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later chain elements, because they are worked upon for a lenger time, and the ratios
drop. '

The maximum 7%B/TkA ratio is found in Figure 7.28 and it is less than 500, com- -
pared to more than 10,000 for the low-mass aerosols. The maximum RaB/Rad ratio
is less than 1.5 compared with 10 earlier. The drop_for larger sizes carries the ratios
far below 1, a value seldom reached before.

For the dense aerosol in Figure 7.30 the removal of radioactivity is so heavy that
- none of the ratios ever reaches 1. '
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Fig. 7.26. Cumuative distributions, fraction of individual total, The aerosol and the environment are the same

as in Fig. 7.22. Solid curve indicates deposition distribution for free nuclei, broken curve steady-state

distribution for radioactivity from Tn descendants, dotted for Rn descendants. Broken/dotted curve
shows aerosol mass distribution.
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. The ratios between the cumulative radioactivity associated with particles above
and below the reference size are shown for two aerosols in Figures 7.31—7.34. The
effect of uneven distributions over the size range is also evident for cumulative ratios.
Many sampling instruments in use catch either small or large particles, and the dia-
grams may be a warning against far-reaching conclusions. -

The lack of equilibrium between radioactive elements in a chain can be used as a

measure for the radioactivity-indicated age of the particlés in the acrosol. The equations
to be used are (6.18), (6.19) and (6.20). :
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Fig. 7.27. Radioactivity ratios for elements in the same chain of decay. The aerosol and the environment are the
same ag in Fig. 7.19.
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In Figure 7.35 such age estimates are shown as a function of mass turn-over time
for a number of steady-state acrosols. For each set of aerosol.conditions exchange with-
both radioactive and non-radioactive environments has been entered. In order to show
the effect of dilution, several series of computations, within each of which dilution only
is changed, have been indicated.

Itisapparent that the radioactivity ages are higher than the mass turn-over times. The
reason for this is the upward size shift from radioactivity to mass distribution, illustrated
in Figures 7.19—7.22. Since the mass flow in the acrosol is towards the upper end of the
distribution, from where particles are removed, the radioactive elements will as an aver- -
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Fig. 7.28. Radioactivity ratios for elements in the same chain of decay. The aerosol and the environment are the
same as in Fig. 7.20. '

age stay in the aerosol for a longer time than the average mass element. F urther, since
nuclei are continuously shifted towards larger particles, age estimates where elements
late in the decay chain take part, are generally the lowest. These factors are all reflected
in the age computations, even though some of them are not presented in the figure.

It is also evident that if the equations based on non-radioactive environment are
used on radioactive environments, the discrepancy with mass furn-over time is so
big and the points are so scattered that no.connection can be found. When the degree
of dilution is changed, while other conditions remain unchanged, the change in indi-
cated age is even going in a direction opposite to the change in mass turn-over time.



a4 PER B. STOREB@ - Vol. X_XVIII

1] ThB/ThA

RaB/RaA
ThC/ThB

RADIOACTIVITY RATIO
S

{ B
1070 1074 103

|
106 ,_
PARTICLE RADIUS , cm

Fig. 7.29. Radiaactivftj ratios for elements in the same chain of decay. The acrosol and the environment are the
same as in Fig. 7.21,

There is nothing strange or new in the observation that a set of equations cannot
be used outside their terms of reference. But the equations in question, or similar ones
for other ratios, are so often used under unspecified conditions that some sort of warning
should be issued.

An alternative is to use double-ratio equations (e.g. (6.20)) with the effect of dilution

eliminated, since they do. not require knowledge about the state of the environment at
the time of measurement. It is seen from Figure 7.35 that the results are close to those
produced by a single-ratio equation in non-radioactive environment.
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Fig. 7.30. Radioactivity ratios for elements in the same chain of decay. The aerosol and the environment are the
same as in Fig. 7.22,
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Figs. 7.31 and 7.32. Ratios between accumulated radioactivity on particles smaller or larger than the size indicated.
The aerosol and the environment are the same as in Fig. 7.20 Solid curves are for radiocactivity accu-
mulation from the lower end of size distribution, broken curves from the upper end.
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Figs. 7.33 and 7.34. Ratios between accumulated radioactivity on particles smaller or larger than the size indicated.
The aerosol and the environment are the same as in Fig. 7.21. Solid curves are for radioactivity accumu-
lation from the lower end of the size distribution, broken curves from the upper end.
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Fig. 7.35. Age based on total aerosol radioactivity. Dots show results of equations (6.18) in aerosols with non-

radioactive environments. Used for radicactive environments results for ThB/ThA are indicated by -,

ThC/ThB by squares, RaB/RaA by X and RaC/RaA. by diamonds. The open circles are resulis from

equation -(6.20), regardless of type of environment. Curves connect series of results for which dilution
only is varied.

8. Conclusion. The most important subject treated in this paper, together with
the preceding one (7), is probably coagulation effects in an aerosol. Coagulation com-
putations have been performed for all particle combinations in the aerosols, and
as a result the interdependence of different particle size regions has been studied. It is
evident that no size region can be studied separately, since the influence of the whole
distribution is present everywhere. One interesting consequence is the completely
different size distribution for thin and dense aerosols. '

Generally accepted results of measurements are not in disagreement with the pre-
sent results. On the other hand; the measured results are seldom specific enough to
act as a test of the theory. The conclusions drawn are restricted to steady-state aerosols
in dry weather, but it is expected that similar featwres are presert in most aerosols.
Quantitative results are of course bound to the degree of approximation achieved by
Fuchs treatment of coagulation. Possible electric effects are also neglected. These points

may be improved.
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The distribution of short-lived natural radioactivity in the aerosol has also been
studied in detail. Since individual elements are treated and general conclusions about
their ratios are drawn, itis hoped that a foundation has been laid for further exploration
of the field. It is the author’s opinion that radioactivity mesurements, properly evaluated,
can be a simple and rapid means of examining the state of an aerosol.
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APPENDIX

Survqy‘ over related diagrams

Rather than introducing new aerosols when new aspects were to be discussed,
care was taken to use only a limited selection of aerosols throughout the paper. Ma.ny
aerosols therefore appear in a number of different dlagrams The following list over
related diagrams may be of interest. '

1) 4.1, 4.4, 4.10, 7.4, 7.7, 7.10, 7.13, 7.14

9) 4.1, 4.6, 4.8, 4.18, 5.20

3) 4.1, 4.4, 5.33, 7.6, 7.9, 7.12, 7.17, 7.18

4) 4.2, 4.4, 4.7, 4.11, 5.2, 7.19, 7.93, 7.27

5) 4.2, 5.13, 5.19, 7.20, 7.24, 7.98, 7.31, 7.32

6) 4.2,5.15, 7.2, 7.3, 7.21, 7.25, 7.29, 7.33, 7.34

7) 4.3,5.1

8) 4.3,5.2

9) 4.3, 4.5, 4.12, 5.8, 7.22, 7.26, 7.30 .
10) 4.6, 5.3,-5.20

11) 4.6, 4.9, 4.14, 5.20, 7.5, 7.8, 7.11, 7.15, 7.16 | _
12) 5.1, 5.24, 5.31

13) 5.9, 5.26

14) 5.9, 5.27

15) 5.13, 5.32, 5.39

16) 5.26, 5.33

17) 5.34, 5.38
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