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ABSTRACT

A study is made oF the theoretical growih of soluble aerosol
particles with inc:eaSing humidity. The growti equation is applied
to sodium chloride and ammonium sulphate particles, chnsen because
of their special significance as atmospheric nuclei. The effect of
particle growth cn visibility is also considered. An experimental
investigation of the effect of humidity on particle size is carried
out using artificially genercted aeroscls of sodium chloride and
ammonium zulphate. Inaddition a stﬁdy is made of the variation in
the particle sizeo distribution of the atmospheriec aerosol measured

| continuously over a 49 day period at purham Obsgervatory.

A theoretical growih relation, based on liason's equation (1971)
relating the size of a soluticn droplet to the relative humidity
of its envircnment, is derived. ilovel approximations are in:orpor-
ated in the applicatinn of the growth equation to pariicles of sondiwn
chloride and ammonium sulphate and the results for sodium chloride

By

agree viith iazon's equation to within 0.5 over the dry particle

u17g to 3 x 10_115. The predicted growth of

masg range from 2 x 10°
amironiun sulphate particles with relative humidity indicates agree;
ment with previous work by Garland (1969).

Experimental measurements were made of the growth of sodium
chloride ammonium sulphate nuclei with humidity. The particles, with
initial radius between 2 x 10-6Cm and 3 x 10-6cm, were generated by
a Collison atomizer and allovied to grow in a storage vessel as the

-humidity was increased from about 60% to 92%. The experimental
measurements agree well with the theoretical growth curves, chosen
to correspond as closely as possible to the experimental particle
size at the lowest humidity. Average percentage increases in the
particle radius of 40% and 95% for ammonium sulrhate and sodium

-

chloride particles of initial average radii of 3.0 x 10 ’cm and

A
2.6 x 10" cm respectively were obtained as the humidity was increased
from about 60% to 924,

Approximations to lile's theory of light scattering were used
to calculate the extinction coeflficient, o0, for monodisperse aero-
gols of sodium chloride and ammonium sulphate as a function of solute
mass per particle in the range hetween 3 x 10-173 and 3 x 10—11g at
humidities of 80¢, 95¢ and 99¢, The resultc indicate that the sodium
chloride particles are more efficient in reducing visibility than
ammonium sulphate pariicles by factors varying from shout 1.3 o Heh

= ] e




over thg who%ﬁ rauge of humidity and dry particle mass. Calcul-
ations show that, for both salts, a Junge particle size distri-
bution is about twice as effective at reducing visihility as a
monodisperse acrosol of the same salt with particle radius equal
to the mass median of the Junge distribution.

A study of the variation in the particle size distribution
of the atmospheric agrosol in the radius range 0.25 - 5,0 micro-
metres, measured at Durham Observatory over a period of 49 days
from 21'Ju1y to 8 September 1975, indiccates that the distribution
closely follows the shape of a Junge log-radius distribution with
a slope, @, equal to 3,04, The average diurnal variation over the
period shows maximum anc minimum number concentration occurring
between 0200 wnd 0800 hours B.S.T. and 1400 and 2000 hours B.S.T.
respectively, The general increase in the particle number concen—
tration, particularly in the lower size ranges, during the period
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dity. This is reflected in the ‘positive correlation coefficient

between particle number concentrsticn and relative humidity.
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CHAPTER 1

PHE GROWTH AMD SIZE DISTRIBUTION OF AEROSOL PARTICLES

1.1 (General Introduction

The natural atmospheric aerosol consists of solid insoluble
particles, of soluble particles giving rise to pure solution
droplets and of mixed nuclei that have both soluble and insoluble
components. Since the last two groups of nuclei are hygroscopic
they may be preferred as centres of condensation, their efficiency
being determined by their size and chemical nature., It is unlikely
that non-hygroscopic particles play a significant role in cloud
formaticn., A considerable.prOportion Ef natural aerosol particles
consist of hygroscopic salts which grow with increasing relative

humidity. Observationg using an electron microscope suggest that

. . ; N
a large proportion of particles collected overland are of mixed
J U O T R | J T T T R R R R S . B v Pl L e e
UViipund bavii Giilly G 1814 uavS LUldul viSs aluiVc [Vay vue idlicagulivy

.of these mixed particles disappear. In maritime -air, the sca-sali
nuclei contain practically no insoluble component.

- Since the number concentration of asrosol particlcos is much
greater than that of cloud droplets only a small fraction of the
potential nuclei is used in the cloud condensation precess. If a
droplet is formed on a wholly or partially soluble nucleus, the
eqdilihrium vapour pressure is reduced by an amount depending on
the nature and golution concentraticn of the droplet. This means
that condensation cﬁto the nucleus will be able to set in at a
lower supersaturation than would be the case if the original
particle was insoluble. Condensation first occurs in a cooling
air mass on the largest hygroscopic nucleus present. The concen-
tration of the more efficient nuclei and the rate at which water
vapour is made available for condensation by cooling of the air
determines whether or not a nucleus of a particular size is
activated to become a cloud droplet.

Condensational growth is the initial growth mechanism for
cloud droplets and hence a knowledge of the increase of aerosol
particle size with increasing humidity is important in cloud
grovth studies. The hygroscopicity of atmospheric nuclei can also
promote both fog and cloud formation. These topics together with
the effect of particle growth on visibility are discussed more
" fully in the following sections.

-1 -




1.2 (ondensation on Soluble Particles

If a droplet is formed on a wholly or partially soluble
nuecleus, the equilibrium vapour pressure at the surface of the
drop is reduced by an amount which devends on the chemical nature
and concentration of the solution. Condensation will occur at
a lower supersaturation than on an insoluble nucleus of the same
size.

For ' a pure droplet the critical radius T, that an aggregate
of molecules must attain in order o be in equilibrium with the
surrounding vapour was first deduced by Kelvin (1870) and is given
by the relation '

E 2MyQRT In(P/R,) (1.1)

| i where P is the pressure of the supersaiurated vapour, P, is the
equilibrium vapour pressure at temperature T over a plane surface
of the liquid, ¢ is the surface tension of the droplet,€> is the
of the ligquid, R is the universal gas constant and H is
tne molecular welgnt ol tne liquld. kquation i.l wag modified,
first by K8hler (1921) and later by Wright (1936), to yield an
expression for the equilibrium vapour pressure at the surface of
a solution droplet. Wright's expression for the vapour pressure

Pr,'of a solution droplet of radius r' is given by the equation .

, oy 1.2)
Pr - exp(20M j _ 3imM (1.2)

P, g)'R Tr' 4n r"e'w

where P, is the equilibrium vapour pressure over a plane water

10}

surface, m is the mass of the scluve in grammes, M is the mole-
cular weight of watur, e' ig the density of the solution droplet,
Wis the molecular weight of the solute and i is the van't Hoff
f;ctor vhich allows for the modification of Raoult's Law %o
include electrolytic solutions. The van't Hoff factor varies with
the chemical nature and concentration of the solution, Wright

assumed i to be constant for all concentrations.

Mason (1971) derives a new form for the equilibrium vapour
pressure over a solution droplet. This is discussed in more detail
in Section 2.2, Using experimentally derived values of the van't
Hoff factor, i, from McDonald (1953), Mason found that the numer-
ical difference between hiis expression and that of Wright was
never more than a few per cent except for small highly concentrated
droplets. Values of i for eight electrolytes over a range of
molality from 0.0001 have been tabulated bf Lovw (1969) and these
values are used in the calculations described in Chapter 2.

-2 -




1.3 The Growth of Salt Nuclei with Humidigz

Dessens (1949) was one of the first workers to study the
growth of salt nuclei. He used large particles of sodium chloride
and zinc chloride suspended from very fine spiders' webs in an
unsaturated environment of controlled humidity. Similar results
were obtained by Jungé (1952&) who measured ithe equilibrium radii
of artificial nuclei of calcium culoride and sodium chloride. He
demonstrated (1952b) that the growth of atmuspheric aerosol
particles in continental air masses showed deviations from the
theofetical predictions, The growth curves of individual particles
shovwed considerable variation but the avérage values were rather
uniform with little growth bélow about 70% relative humidity and
& smaller ygrowth above 70% than theory predicted for pure salts,
This behaviour was explained at the time.by a mixture of soluble
and insoluble matter_in each particle thus introducing the now

Pp—— | O - A
f "mixed nuclei®,

geinerally accepted concept o
Using moblilty measurements 1o uetermine pariicle size Urr,
Hurd and Corbett (1955) obtained reasonahle agreement with the
then available growth equations for particles of sodium chloride
and. calgium chloride agd other salts with initizl radius between
2 x 10 Jem and 3 x 10" "em. More recently, Winkler and Junge (1972)
have described a gravimetric method for determining the growth of
atmospheric aerosol particles as a function of relative humidity.

They found that the continental aerosol has a growth curve which

n

indicates considerably less water absorption than for pure salts.
In addition they found that the presence of insouluble matter in
the particles has the effect of reducing total growth and of
smoothing the growth curve.

Since sodium chlorids in the form of sea-salt constitutes
the largest single component of particulate matter in the atmos-
phere it was decided to study the growth of sodium chloride in
the laboratory with increasing relative humidity. The recent
work of Eggleton (1959) and Heard and Wiffen (1969) has shown
ammonium sulphate to be another important constituent particularly
in continental atmospheric aerosols. Heard and Wiffen have shown
that on many occasions most of the particles in haze conditions
are nearly pure ammonium sulphate, Twoﬁey (1971) is of the opinion
that most_of the cloud nuclei over the sea are composed of
ammonium sulphate, formed by gaseous reactions in the atmosphere
over the continents.. However, in spite of the importance of |

ammonium sulphate nuclei in the atmospheric aerosol few calcu-

-3 -



lations of particle growth have been published. Both theoretical
and experimental work on the growth of sodium chloride and
‘ammonium sulphate particles with relative humidity are described

in Chapters 2 and 4,

1.4 The Lifect of Atmosnheric Particles on Visibility

Solid and liquid aerosol particles in the atmosphere reduce
the visibility; An imnportant contribution to the lowering of
visibility is made by the condensation of water vapour on partic-
les at the higher valﬁes of relative humidity. In the mcest general
case both séattering'and absorption of lisht contribute to the
extinction of light between object and ohserver, The general ex-

pression Tor light extinction is
1=1expl-ol) i (1.3)

where I is the initial light intensity, I is the intensity after
ivs pabBdie allill a GisSLalice 1 anG ¢ Ls blle exiinction coerricient
.and is the sum of two *‘terms,

(a4

cabs: %catt (2.4)

Here O s is due to absorption by gases and particles but
is considerved small compared with o . (middleton, 1963). The
scattering coefficient, 6g 41 » is the dominant factor causing
changes in visibility in the atmosphere. The extinction coefficient,

0, is related to the visibility by the Foschmieder relationshin,

Visual range = Qgﬂ_ (1.5)

as derived by Middleton (1%63, p. 105). Hiddleton also shows that
the extinction coefficient for a monodigperse aerosol of particle
radius a and concentration N is given by

o-:NKnc2 - (2.6)

where X is the scattering area ratio or the ratio of the area of
the wavefront affected hy the particle to the cross-sectional area
of the particle itself. K is a function of the particle radius
to the waveiength,k y of the incident radiation and of the refract-
ive index of the particle. It is usually tabulated against the
parameter c(:Zﬂ&ﬁ\for specific values of the refractive index.
Interest in the relationship hetween relative humidity and
visual range dates back at least to the studies of Vright (1939)

in the atmospheric opacity at Valentia. His results showed that,

-4 -




in maritime air, the atmospheric opacity varied with relative hu-
midity .in much the same way as theory would suggest for a sodium
chloride aerosol. llore recently, Garland (1969) has made a study
of the effect of ammonium sulphate particles on visibility. This
work will be discussed in more detail in Chapter 4. Hinel (1972)
has computed extinction coefficients of atmospheric aerosol part-
icles with relative humidity. His calculations are based on measure-
ments of the density, refractive index and ceefiicient of mass
increase with humidity .of atmospheric aerosol. His results agree
to within a few per cent with those obtained by Mie thecry, which
is the complete rigorous theory for the écattering.of light by
isotropic, spherical particles developed by Hie (1908),

Covert, Charlson and Ahlquist (1972) have measured the light
scattering coefll'icient of artificially produced nuclei in the
laboratory over a wide range of humidity, with an integrating
nevhelometer, However, Their results have not been compared with
predicied vdaiues Of tue eallncilon voeiiiclent.

The effect of pacticle mass on the extinction coeffiscient
for monodisperse aerosols of sodium chloiide wnd ammonium sulphate
is studied in Chapter 2. In addition, the influsnce of a range of
particle size distributions on the extinction coefficient as the

relative humidity is varied is examined,

e+

inle
o

R &

bJ
[$]

5

s

i

tion of aimospheric zerosol par
influences the rate of growth of cloud droplets and also affects
visibility. A considerable amount of exverimental work has been
carried out in an attempt io understand the natural variaztions

in particle concentration and size distribution, particularly for
the large and giant nuclei. Junge (1953) used a two stage %onimeter
to determine the size distribution of the aerosol at Frankfurt, in
the Zugspitze and on llount Taurus. He found that particles of
radius r > 0.1 micrometres obeyed a size distribution law of the

form

n(r):dN (1.7)
dilogr)

where dN is the number of particles in the radius interval d(log r).
Equation 1.7 means that the particles in each logarithmic interval
of' radius contribute eqﬁally to the mass concentration of the aero-

sol.

Cartwright et al. (1956) used an electron microscope to size

=
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particles, collected by a thermal precipitator, in the radius
range 0.03 to 0.9 micrometres. Twomey and Severynse (1964)
determined the size distribution of the natural aerosol by means
of a diffusion battery in conjunction with a photoelectric nucleus
counter at various stapges of diffusional decay. PFriedlander and
Pasceri (1957) measured the size distribution in the radius range
0.4 to 20 micrometres using a four stage Casella impactor. They
found good agreement with the Junge form of the size distribution
curve,

At the International ¥»rkshop on fondensation and Ice Kuclei
(1971), ¥hivvy and Husar Tound thaf the natural aerosol measured
at Fort Collins, Colorado was similar to that obtained by Junge
in the South Atlantic. Whitby and Husar used the llinnesota Aerosol
Analysing System (MAAS) to make their measurements. This system
consists of an optical particle counter operating in the radius
range from 3.5 to 12 micrometres, an electrical aerosmol snaiyser
operating over the range U.U0(% to U.H micrometres &nd a conden—
sation nucleus counter for the Aitken nuclei range,

Jimge wnd Jaenicke {1971) have presented background aecrosol
particle size distribution data collected during the Atlantic
Expedition of the R. V. lleteor over 24 days from April 13th.,
1969. The following apparatus waéused.to cover the whole size range
of natural aerosols: The rotating impactor covering the size range

from 20 to 100 micrometres radiusj asingle stage nozzle impacior

&3

. 5
covering the si

6]

e range from 3 to 30 micrometres radius; & set of
double impauactors for the range from 0.1 to 0.7 nicrometres; a
- Royco 220 optical particle counter for the size range from 0.3 to
53 micrometresj a photographic condensation nucleus counter con-
_structed to cover small concentrations in the range from 0.01 to
0.2 micrometres and a diffusion battery to cover the smallest size
range from about 0.0l down to about 0.001 micrometres radius. As
stated by the authors, further details in addition to the total
concentration measured by each instrument would have overcrowded
their diagram (Figure 4). They found two maxima in the particle
size distribution curve, one above 011 micrometre and the other
at the small particle'end. The distribution above 0.3 micrometres
radius shows a steady decrease uninterrupted by secondary maxima.
whitby et al.. (1975) presented particle size distribution
data for a 24 hour period on 19th. and 20th. September 1972 of
aerosol sampled along the Harbor Freeway in Los Angeles, California,

-6 -



Four serosol particle counting instruments were used and consisted
of a condensation nucleus counter, a Whitby Aerosol Analyser
System and a pair of Royco 22D and 245 optical particle counters.,
The last three instruments had operating particle radius ranges

of 0.005-0.211, 0.211-2.81 and 2,81-19.0 micrometres., Tuey found
that the fresh freeway aerosol is mostly below 0.075 micrometres
in radius.

In Chapfer 5 measurements are presented of the natural aerosol
size distribution in the radius range 0.25 to 5.0 micrometres using
a calibrated Royco mddel 225 particle counter. Continuous measure-
ments were made at Durham Observatory over a 49 day pepiod from _
July 21st. to September 8th. 1975. A correlation analysis of these
measurements with the more commca méteorqlogical variables is carried

out.




THE PHEORCTICLL CROWTH OF HYGROSCOPIC PARTICLES WITH
HUBIDITY AYD THE EFFECT OH VISIBILITY -

2.1 Introduction

The theory of the growth of water soluble aerosol particles
has been considered by many workers, for example by Orr et al.
(1958), Low (1959), Hanel (1970) and Mason (1971). There have
been three different apwvroaches in the theoretical treatment of
the growth of soluble particles with humidity. |

Firstly, a growth equation was drveloped by Mason (1971)
whieh used experimental values of the van't Hoff factor determined
by MeDonald (1953). Low (1959) derives an analytical expression

for the growth equation, using the mean ioniec activity coefficient

—~ua

¥ e +ha FPuamdamanta

i~
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]

)

ot
.particle growth depends. Abundant exﬁerimental date on X is avail-
able and possesses the édvantage that important properties such

as the lowering of wvapour preésure in electrolytic solutions can

be readily computed. ‘

Phe third approach, used by Hinel (1970), is based on the
measured values of the volume and mass increase of atmospheric
aerosol particles and appears to be valid over the entire humidity
range. Hénel's growth equations can only be apnlied to bulk atmos-—
pheric aerosol for hich the variation of mass with hunmidity is
knovn,

The theoretical growth of aerosol particles of scdium chlor-
ide and ammonium sulphate with humidity is outliined in the follow-
ing sectiohs. The fundamental growth equation is broadly based on
the treatment by Mason (1971). Some new procedures and approximations
are used in the application of the growth equation to the prediction
of aerosol particle size with varying humidity. A comparison is
made between the growth curves and those plotted by iiason.

The effect of particle growth on visibility is also examined
using approximations to lkie's theory due to Diermendjian (1960)
and Penndorf (1962). Ixtrapolation ﬁrocedures similar to those des-—
cribed above are used to predict the variation of particle refract-
ive index with solution concentration. The results are compared
with work carried out by Garland (1969) and Hénel (1971). A study
is also made of the effect of particle mass and particle size dis—-
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tribution fTor sodium chloride and ammonium sulphate on the

extinction coefficient o,

2.2 Derivation of an equation relating Particle Radius to

Humidity
The vapour pressure Pr over & droplet of pure water of radius
r excee:ls. that over a plane water surface P at the same temper-

ature in accordance with the expression

_;r: = exp| !%(;:4 ) | - 2
vhere o is the surface tension of the droplet, I is the molecular
weight of water, R is the universal gas constant and P is the
absolute temperature, . |

Thus the minimum_supersaturation at which the droplet can
exist is given by

S = lexp! 22100 (:

At this supersaturation particles smaller than 1 will evanp~
orate while larger particles will grow indefinitely as water ocun.-
denses onto their surface.

The effect of a dissﬁlved salt in the droplet is to reduce
the vapour pressure over its surface., For a solution of constant
concentration this can be desecribed by the relaticn

it
-t—D'; =exp(%{¥w)= § (2
e

where the dashed gqucntities are defined as above but refer to the
solution droplet, Vw' is the partial molur volume of water in the
solution and $is known as the curvature correction.

Since the solution concentration is a function of the dronlet
radius r' the vapour pressure over the plane solution also depends

over the surface of solution drop-

on r', The vapour pressure P_,
‘ T

let exceeds that over a plane surface -of the solution according

10 the expression

P, P' r') it
-f_?j=_Pf expl-23Vw)

.1)

L]
%]
R—_—

.3)

RTr! (2.4)
The following approximation is used in the calculations:
' 4 ° (2.‘;)

where e is the density of pure water and VQ is the molar volume
of pure water., Use of this approximation, as shown by a close ex-
amination of the measured densities of aqueous solutions, has been -

-9 -



made by Hinel (1970). On the other  hand mussrous authors including
orr (1953), liason (1971), Low (19459) use Mfp' in plzce of the
partial molar volume of water in the solution, V f, which leads

to substantial error, particularly for small d]OplbbS as indica-

ted in Table 2.1 from H&nel (1970).

! 13 2,
oo’ V' (em” / 01) | v (em”/iol)
P, il —_

Q
.75 17.80 15.04
0.8") 17.84 15. 3"7
0.85 17.89 15.79
0.9 17.95 14,35
0.95 18.01 17.55
1.00 18,95 18.0%

Table 2,1 The difference hetween the nart¢31

molar volume ol water, v, ', and the ratio ;¥

of the molecular weight of wabter to the $01~

ution density as a fuﬁction of the vdpour pres—
P! 50

sure ratio P for aqueous HaCl &t 137°C.
0

It can be seen from the table that Vw' differs from Vw the molar
volume of pure vater by less than 3¢ asg the humidity is varied

from 76 to 100 per cent.

Bquation 2.4 ~an now be written as
P,,j(ﬂ)
r .~ (20'M ) (2 8)
P, P, PoRTr . .6
) 1
Mason (1971) has derived an expression for §£~ vhich is of the
oD
form
o
'Z‘r =l gy ) ool /
0 3 ? ° prir \2'7)

where m, is the masgs of the dry solute, ¥ is thé molecular weight
of the solute and i is the van't Hof{f factor.
Direct comparison of Equations 2.5 and 2.7 can be made,
noting thut a different avpproximation for Vw' has been made in
each case., This yields the result
-(oo') -
= = v"v"T_Z‘m’P/P @)

so Lquation 2,6 now becomes

P _ (1, imM O o 20
_Ei = W(AJTF’Q m)] pRTr) ' (29

When the droplet is in equilibrium with the surrounding

- 10 -




atmosphere the vapour pressure over its surface, Pr" must equal
the partial pressure of water in the air.

Hence
o H
P 100
where H is the relative humidity of the air.

quation 2.9 now becomes

100 (A"VP m) ?RT'

(2.10)

This equation can be used to calculate the radius of the
golution droplet in equilibrium with the atmosphere at a specified
relative hunidity.

Using Ty ag the equiyalent radius of the drj particle we
may write

"‘o=%”';3° B (2.11)

vhere & is the density

T Y 3 e vy taa 3 am P T I 5
From this we obltaiv the result

. -loA
H.= {1 'xlp—rg-:-” e e_xp(ég#; x100% (2.12'\
alf) '
At a temperature T of 25°C (0 = 298K), the varameters P» M and R
possess the values 0.987g cm_3, 18.02¢ and 8.317 = 1O7erg mole-]']:(_l
resbectively. ‘
Therefore we can write Equation 2.12
H.(25°C)= {1 18.02i [g 1’,‘3 ; ]} expn,z.sgxm'g%) x100% (2.13)
Lybib/ ~d
2.3 Use of the Growth Lguation
Tquation 2.13 is the fundamental equation relating humidity
to particle rudius. The following procedurcs are used when the
equation is avplied sincc the surface tensiovn, density and van't
Hot'f factor are all functions of solution ﬂonceﬁtration (and
therefore droplet size). lioreover tho van't Hoff factor cannot be
expressed in an analytical form.
Approximate relations based on known experimental values
vere used and extrapolated where necessary.
(a) liolality of the solution
The molality (m) of a solution is defined by the equation
m = 1000 _5
(2.14)

- 11 -~



where ns is the nunmber of moles of solute and n the number of moles
of solvent. ¥4 is the molecular weight of pure water.

For a droplet containing dissolved salt the dry mass of which

is =,
° n_= _nlo ‘s
S W (2.19)
where W is the molecular weignt of the salt and,
neM-mg '
where m' is the mass of the solution droplet.
Trerefore
— 1000 CMJ my
R M W/ m-m,
_ 1000 1 )
o m’ 2.17
VR ' <
Using equation 2.11 and the relation
1} “ 13 .
:—7" V' -
m=3 gird (2.18)

we obtain the result

)[m - (2.19)

The percentage concentration of the solution can be expressed as

P00 (8]

{1000
m=(.

(2.20)

(b) The density of salt solution &s a function of the

percentagze concentration

The density of various salt solutions ig tabulated as a
function of the percentage concentration (Handbook of Chemistry
and Physics, 43rd. ed., published by Chemical Rubber Co., 1951),
The relationship is approximately linear with increasing concen-
tration for sodium chloride and ammonium sulphate until the
saturated solution level is reached. Values in the supersaturated
region are not known but the density of the dry particle (p = 100%)
does not lie on the extrapolated straight line but rather above
ig. In order to extrapolate the curve into the supersaturated
region a quadratic function has been fitted to the data as shown
in Figures 2,1 and 2.2, The functions used are given by Equations
2.21 and 2,22 for sodium chloride and ammonium sulphate res-

pectively.

- 12 -
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Figure 2,1 Density as a Function of Soiution Concentration{NaCl)
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P': 5,45x165 p2 +G,20x10—3p +0,999 (2.21)
= 4.08x10° p2.3,61x10° p+0.999 (2.22)
Given a quadratic it of the form
9‘: Ap2+' Bp+C
Bguation 2,20 assumes the form
(_r_)L 100 p,
t Ap3+Bp2+Cp
or
CARS 2 nB3on
Ap®+ Bp® + Cp-100g,(12) =0 _ (2.23)
so the sclution concentration can be evaluated if the droplet
radius, r', is known, The relationship between the solution
{rv )7 -
cqncentration, Py and z;—g“, where T, is the radius of the dry
purticle, is showu in ligure 2.3 for sodium chioride, for which
. - - - e e -1
i),, 18 eual LO L6l Cll
{s) Thc surface tension as a function of molality
Lineaf equations of the form given below for sodium chlor-
ide (Equation 2.24) and ammonium sulphate (Bquation 2.25) were
found to-fit the curves of the variation of surface tension with
molality given by Low (1969a).
] . : 12 ?‘L\
0'=1,623m+ 72,78 : \eect)
0's2,165m +72,78 . (2.25)

(d) The van't Hoff factor, i

Low (1¢59a) has tabulatsz. the van't Hoff facter, i, as a
function of molzlity in the range 0.0001 to 6 for sodium chloride
and 0.,0001 to 5.5 for ammonium sulphate., At lower molalities i
tends towards the value 2.0 for sodium chloride and 3.0 for ammon-
ium sulphate,

The highest molality tabulated in both cases corresponds to
the saturated solution. In order to attempt to describe the prop-
erties of the supersaturated solution. it is necessary to assume
that the experimental data can be extrapolated. Cubiec equations
of the form given below were found to be a good approximation to
the data at the higher concentrations, It is assumed that they
continue teo describe the behaviour of the solutions up to molalities

- 13 -



of the order of 20.
For sodium chloride the cubic equation, fitted to Low's

data at molalities of 1, 2, 4 and &, is

181736+ 6.13368x10-2711+2,61582x10_2n12—9,33083 X 16"nl3

: (2.26)
The equation for amnionium sulphate, using molalities of
3y 4, 5 and 5.5 is
. 2 2 2 <4 3
i=174017+5,77993x10 n\+1,19040x10 m -5.25333x10 m : (2.27)

A good fit was obtained using these -equations as can be
seen in ligures 2.4 and 2.5, where the van't Hoff factor, i, is
plotted as a function of molality,m , for sodium chloride and
ammonium sulphate respectively. The use of the extranolated vzlues
obtainei from Equations 2.26 and 2.27 is fully justified since
the particle growth curve irdicates a smooth variation as low as
40% relative humidity as éeen in Pigures 2.5 to 2.9. The following
procedure for solving the growth equation for a salt solution ath
‘a particular radius, r', for selecied values of'density,& y and
initial dry particle radius,-ro, using the deseribed interpclatioca
equations, was adopted:

. (i) The percentage concentration, p, of the solution wes

evaluated using the cubic equation 2.23.

(i1) The density of the salt solution was calculated from
expressioné 2.21 ard 2.22,

(1ii) The molality of the solution was calculated using
Rgquation 2.,19.

(iv) The surface tension,o', of the solution was obtained
from Equations 2.24 and 2.25.

(v) The values of the van't Hoff factor, i, were taken frém
Lo+ (19569a) up to a molality of 5.0 for sodium chloride and 5.5
for ammonium sulptate, For bhigher molality valués i was obtained
" by the use of Equations 2.26 and 2.27 as described earlier in
this section. '

(vi) The above parameters were then substituted into Equation
2.13 which gives the humidity at which a particle of radius r' is
in equilibrium with the surrounding -atmosphere. An IBM 370/168
computer was used in the numerical side of the equation,

No attempt has been made to predict the recrysfa]lisation
of the droplets with decreasing humidity. The transition from solid
to solution droplets has been considered by Orr et al. (1958) but

- 14 -



Figure 2.4 The van't Hoff factor for sodium chloride as a function of molality
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no satisfactory theory of the recrystallisation point has yet
been evolved,

The growth .curves for sodium chloride and ammorniwn sulphate
obt=ined by the above procedure are shown in Figures 2.6 to 2.9,
‘The growth of dry sodium chloride particles with humidity over the
initial racdius ranges of 1.5 x 10_6cm to 1.5 x 10‘5cm and 1.5 x 10—50m
to 1.5 x 10_40m can be secn in Figures 2.5 and 2.7 respectively.
Similar curves cver the same two initial radius ranges are dravn
for ammonium sulphate nuclei as shown in Figures 2.8 and 2.9.

Good agreement was found to exist bhetween the grovth curves

derived for the sodium chloride particles with those calculated

by Hason (1971). The exteni of the agreement in eviden® in the
comparison of the tabulated values of partiecle radius versus humid-
ity obtained from the analysis outlined in Sections 2.2 and 2.3
with those obtained by Mason (Table 2.2).-The solute mass was
chosen as 10—15gm which corresponds to a dry particle radius of

4.8 x 10_6cm. It can be seen that»the-agreemant is within 0.5%

over the range of hwnidity shown. '

Good agreement is also found betwsen. the growth curves
computed here for ammonium-sulphsate and these plotted in Wigure 1

of Garland (1969).

Particle Relative humidity (<) Difference

radius me) Rquation 2.12 agon (%)
0.05%4% 72.9 72.5 0,21
0.094 83.7 £3.6 0,18
0.198 89.5 29.4 D.12
0.120 92,9 92.8 0.97
0.144 95,2 95.2 0,03

‘Pable 2,2 Comparison of the growth curves

computed using BEquation 2,13 with those due
- -19

to llason, A solute mass of 10 1)gm has bheen

used.

2.4 The effect of particle growth on visibility

It is clear that the.presence of suspepded matter will
ﬁffect the transmission of light through a -medium, In the case
of an aerosol the nature of the effect depends on the particle
size in relation to the wavelength of light. A& convenient

- 15 -
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parameter that can be used in consideration of this relationship

is defined hy the following relation

O<=%"-r : (2.28)

o« ig known as the size parameter, r is Lhe particle radius and
A is the wavelength of light.
When o« <K 1 light scattering through an aerosol can be

described by the Rayleigh law, which is of the form:

F(M) A 3411+ cos2p) (2.29)
that is to say, that the light cattered in any direction, ¢ ,
is proportional to the inverse fourth poweir of the wavelength.
A is a constant in the above equation and P'is known as the
volume scattering function (middleton,- 1952) _

When oc~1 fhat is, when the p¢r+1ﬂle radius is about the
same sizo as the wavelength of light, it is necessary to consider
.the variation of the electromagnetic fields inside and outside a
small sphere and solve the differential eoquations that this
treatment yields. This has been &one hy Mie (19n8) &nd subsequent-—
1y by several other workers, for example Stratton and Houghton
(1931) and sinelair (1947). _ -

In view of the complexity of the analytical treatment,
approximations to Mie's results will be used in the following
treatment ol 1light ertinction.

Following the procedure outline® by Middleton (1952), the

extinction coefficient, 0, can be expressed as

| o= Nrrr2K . : (2.30)
for a monodisperse aerosol of particle radius r and N particles
per unit volune., K is known as the scabtering area ratio since
it is the ratio of the area of the wavefront acted upon by the
particle to the area of the particle itself. If the aerosol is
polydisperse the extinction coefficients of all the monodisperse
components can be added together with the result that the extinc-

t1nn voefflclent is glven by the relatlon

o= ZNrrrzK ‘ (2.31)
vhere n is the number of different particle sizes and Ni is the
particle number concentration of particles of radius r..

- 15 -



If the extinction coefficient can be found, a value of the
visibility can be obtained using the visual range, V, which is

defined by Hiddleton (1952) as

912
= ) 2. 3 ‘\.
N p ( _)2',

Soluiion of Equation 2.31 is straightforward if K is known.
Tabulsted. values of K as a function of of and the refractive index
may be used but these are only available for refractive indices
with the values 1.33, 1l.44, 1.55 ard 2.00, -Anproximate equations
for X have been derived by Penndorf (1942) and Diermendjian (1950)
and are used in the following calculations.

If the refractive index,);, of the material under consider-
ation is expressed in the complex form

‘ M=n+ik (2.33)

then the approzximation of Diermendjian can be written as

—(1+ D){ l'c—gs—qexp( ptangisinle- g)+l.( 059)[cosZg—em(-qtang)cos(g-ZQ)]}

(2e34)
where
Lﬂr e ki
| p= |(n -1, g_arcton(-rT_JT)
¢ (nj- 1) {nj-1) .
D=1555n I[f(g) 1]+ _f(%(FT for  p<5in;-1)
LX) B .08
D B.16m [ flgl+1lo for 5(n 1)<9< T+ 3ang
_(ni-Nflg)+ 1] 4,08 4,08
D= Zni+ 3tang) for #+3tang <¢ <Trtang
2,04 (ni-1)lflg)+1] 408
D= neflg) for €> T+tang
and f(g)=1+1.iang+3tan29
Penndorf's approximation, given below, is use:l ﬁhen di=2fq<1
Ki= As+Bo 3+ Coc | (2.35)
vhere
A= 260K

24 '
= —L- n ___LJZOITR' 24 [7(012+k,2)2+(4ni2_k.2_5)]
B + + nk 4

c= {[(n2+k2) + (n?-k2-2112-36n 2}/z




Z1 = ni2¢ki2) 2+ L(niz-kiz) +h

Z,=4inZ k224122 - 1)+ 9

2.5 Use ol the Visibility equations

The. calculations on the variation of visibility with reiative
hunidity were performed using a wavelength of 0.55 micrometres for
light. This corresponds to an average wavelength in the range over
which the human eye is sensitive. It was assumed that thé'imagin—
ary part of the refractive index was zero which means that ab-
sorption of light by the particles is not accounted for. This
assumpticn is Jjustified bj the negligivle or zero values of the
imaginary part of the refractive index given by Hanel (1972) for
bulk atmospheric aerosol, Linear approximations to the real part
of the refractive indices for sodium chloride and armonium sul-

phate respectively are given below as functions of the percentage

.concentrations of the solutions

#=0,00177p+1,333 . (2.35)

11=0,00158p+1,333 ' (2.37)
The approximation relations are plotted in Figures 2,10 and
2.11 and showv good agreement with the tabulated values given in
the Handbook of Chemistry and Fhysics, 50th. ed., published by the
Chemical Rubber Co., 1969. The values of the extinction coeffici-
ent were calculated as a function of relative humidity and particle

mass by means ol a computer program. The particle number concen-—

. tration was chosen to correspond to one microgram of salt per

cubic metre which means that the curves for ammonium sulphate can
be compared with those of Garland (1959).

The extinction coefficient, 0, of an atmosphere containing
one microgram of ammonium sulphate per cubic metre is plotted in
Figure 2.12 for the following size distributions:

a) A monodisperse aerosol ot the mass median radius of 0.21

micrometres of an idealised Junge type distribution shown |

in Figure 2.13

b) A monodisperse aerosol at the mass median radius of 0.3

micrometres of a distribution measuréd by Heard and Wiffen

(1959)
' - 18 -
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Figure 2:12 The extinction coefficient of an atmosphere

gontaining 1/Jg/m3 of ammonium sulphate with the following

size Qistrihutions:. | ‘

a monodisperse aerozol ai the mass median, radius,0.21 um,
of the Junge distribution.

b monodigperse aerogol at the mass median radius,0.3 um,
of Heard end Wiffen's distribution.

¢ distribution mcasuréd by Heard and Wiffen.

d Jdigtribution of the Junge typs illustrated in Figure 2.13.
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c) An atmospheric ammonium sulphate particle size distri-
bution measured by Heard and ¥iffen (1989) using electron
microscope techniques., This distribution is shown in Table

2.3

d) A Junge type particle size distribution as shown in

Figure 2,13,

It can be seen that good agreement was obtained between the
results using approximations to liie's theory and the results of
Carland (196G) who used an interpolation Formula to caleculate the
scattering area ratio, K, for each particle size. Some of Garland's
calculated points are shown in Figure 2.12 to illus*trate the
agreement between the two .sets of results.

Fiéure 2.14 shows the variation of the extinction coefiicient
with humidity end dry particle mass over a range from 3 x 10—17gn
to 3 x 10-11gm for ammonium sulphate iﬁ an atmosgphere containing

one microgram of sali per cubic metre. It can be seen that maximum

Radius OJm) Dry.particle Pefcentage of
mass (gm) the total number

concentration
0.050 - 0,105 | 4.30 x 107%2 | 22,9
0,105 - 0.145 | 1.45 x 107 25.7
0.145 — 0,135 | 3.43 x,10’14 13.5
0,185 ~ 0,230 5,70 x 10~ 14.8
0.230 - 0.270 | 1.146 ¥ 10713 7.47
0,277 - 0,310 1.84 x 10713 6.40
0.310 - 0.350 | 2.74 x 10713 5,14
0.350 = 0,395 | 3.90 x 107%3 2,55
0.395 - 0.435 | 5.36 x 10713 1,28

Table 2.3 The size distribution of ammonium
sulphate particles in the atmosphere on 23.8.57

reported hy Heard and ¥Wiffen.

extinction occurs for the highest value of 99% relative humidity

14

for a dry'particle mass of 10 " 'gm corresponding to a radius of
1.2 x 10_5cm. It is also clear that visibility is reduced by
approximately an order of magnitude over the whole range of
particle mass as the humidity is increased from 80% to 994%.

The corresgponding curves for sodium chloride are shown in

- 19 -
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Figure 2.15 The extinction coefficient of an atmosphere
éontaining 1;4;m3 of sodium chloride with the following
size distributions: _ o

a mbhodiSperse aerosol at the mass median radius,0.21um,

of the Junge distribution.

b monodisperse aerosol with particle radius 9. 3um,

sea spray. distribution shown in Fijure 2.17.

d distribution of the Junge type illustrated in Figure. 2.13.
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Figures 2.15 and 2.156. The distributions used are identical to
those-described above vwith the exception of the Heard and ¥Wiffen
values (distribution (c¢)) which are replaced by a sea spray
distribution similar to that used by Hanel (1972). The sea spra;
particle size distribution is shown in Pigure 2.,17. It is clear
by comparing the plots of extinction coeificient with relative
humidity for the two salts, Figures 2.12 and 2,15, that the
extinction coefficient is generally greater in the case of sodium
chloride particles for the three chosen distridbutions (a), (b)
and (d).

It can be seen from Figure 2,16, the extinction coefficient
plotted against dxy barticle mass for sodium chloride, that for
99¢ relative humidity, maximuwu extinction ocecurs at a dry particle
‘radius of 8.2 x lo—scm. 'The shapes of the curves are similar to

thoge for ammonium sulphate although important differences between

TG THO oéus vi rosulbd willd ve discussed 1n tie next section,.

A comparison was made between the extinction coefiicient at
selectad valuss of humidity H, o(H), with the extinction coeffi-
cient at a value of umidity k,0(k), where k was chosen to be a
humidity value at which it could be assumed that the particle was
dry. The values used for k were taken as 48.4 and 53.7 per cent
for ammonium sulphate and sodium chloride respectively which
correspond to the lowést values of humidities calculsted using
the particle growth equation. A grapgh of the ratio o(H)/o(k) is
is plotted against “he relative humidity, H, in Figures 2,18 and
2.19. The curves Tor both ammonium sulphate znd sodium rhloride
are computed for a Junge distribution, shown in Figure 2.13, and
for a monodisperse aerosol of particle radius 0,21 micrometres,
corresponding to the mass median radius of the Junge distribution.

It can be seen from the curves for the monodisperse aerosols
of particle radius 0,21 micrometres that the ratio o(H)/o(k)
attains a value of 2.0 at a relative humidity of 85¢ and 6.0 at
97%¢ for ammonium sulphate. In the case of the monodisperse aerosol
of sodium chloride particles of radius 0.21 micrometres, the ratio
o(H)/o(k) is equal to 2.4 and 4.7 at 555 and 97% relative humidity
respectively, _

The curves of o(H)/o(k) versus relative humidity, H, for the
Junge distributions indicate that this form of distribution is
more effective at reducing visibility than the monodisperse aero-
sol. The ratio of o(H)/o(k) attains a value of 2.0 at 77¢ and
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6.0 at 92¢% relative humidity for the sodium chloride aerosol and
the same values at 81 and 95% respectively for the ammonium
sulphate particles.

Wal

2.6 Discussion of the Results

Ain eguation has been derived relationg the size of a solution
droplet, which is in equilibrium with the atmosphere, to the
relative humidity. The equation is basged on that derived by Mason
(1971) but novel approximations are incorporated in its appli-
cation to the growth of solution droplets. Values of the van't
Hoff factor -babulated by Low {1969) have been used, These values
are given for a range of molalities up to 9.5 and 6.0 for ammonium
éulphate and sodium chloride respectively. Cubiec approximations
to these values were used to predict the van't Hol'f faecior for
higher values., Quadratic equations vere derived to relate the
density of the salt solution to solution concentration and linesar
.approximations viere used to describe the variation of surface
tension with solution conceniraticn. Thez2 approximations gave
good agreenent with the tabﬁlated values and were assumed to be
“valid in the regions of supersaturaticu for which no measurements
have heen published,

Good agresment was found between thé growth curve derived
for sodium chloride particles over the dry particle mass range
from 3 x 1077 o 3x 10_11gm and values quote& by Hason (1971).
A comparison between the values for a zolute mass of 10_15gm
derived from ithe tvo forms of the growth curve is shown in Table
2.2 which indicates agreemznt better than 0.5%. Good agreement
was also found between the completed growth ecurves of ammonium
sulphate and those derived by Garland (1959).

An expression has been derived for the extincetlion coefficient,
g, for both a homogeneous and a non-Homogeneous source of aerosol
particles, This has involved the use of approximations Tor the
scattering area ratio, K, based on the equations of Disrmendjian
(1960) and Fenndorf (1942). K is a function of the particle radius,
the wavelength of the incident light and the refractive index of
the particle. he variation of refractive index with humidity was
taken into account by means of a linear approximation equation
relating the refractive index to the percentage concentration
of the salt solution in the droplet. The two linear approximations
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for aamoniwn sulphate and sodiwn chloride give good agreement
with tabulated values.

The effect of relative humidity on the extinction coeff-
icient for a monodisperse aerosol of sodium chloride and ammonium
7 4o 3 X 10-11gm

is ehown in Pigures 2.16 and 2.14 respectively., The particle

sulphate over a range of particle mass of 3 x 107

number concentration was chosen to correspond to one microgram of
salt per cubié metre, Il can be seen thet the shapes of the
curves are quite similar for both sets of results. The smooth
variation of {he curves below a mass of about 10—15gm indicates
the region over which Rayleigh's scattering law, for particle size
much less than the wavelength, can be regarded as a good approx-
imation to tha more precise tlie theory. The undulation:a in the
.curves can be attributed to the oscillatory variation of the
scattering area ratio with the particlé radius. The oscillations
are most pronounced for values of particle radius less than ahont
10 micrometres,

‘Values of the maximum extinction coefficient obtained for
sodium chloride and ammonium sulphate at relative humidities of
80%, 95% and 99¢ are shown in Table 2.4. The sodium chloride
aerosol yields a value of extinction coefficient greater than
ammonium sulphate by'a-factor of about two for the three humidity

values, laximum contribution to tiie extinclion coefficient

ielative Sodiuvm Chloride Ammonium Sulphate
Humidity ] 1
(<) bry particle | o (ki )| Dry partiecle| o (km )
radius (cm) radius (cm)
80 1.90 x 1072 | 0,024 | 2.40 x 1072 | 0.013
95 1,35 x 1077 | 0.075 | 2.04 x 1072 | 0.034
—" -<I:
99 7.97 x 10°° 0.295 1.20 x 19077 0,150

Table 2.4 Mazimum values of the extinction coerficient, &, for
monodisperse serosols with number concentration corresponding

to 1 microgram per cubic metre.

- . P =4 -
is made by a dry particle radius of 1.90 x 19 Yand 2.4 x 10 5cm
for sodium chloride and ammonium sulphate respectively when the

relative humidity is 80%. These values are shifted to the lower

]

s .
n . -M) . —
values of 7.9 x 10™7cm and 1.2 x 19 O¢p resnectively as the

humidity is increased to 994,
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Dry ' Solute Particle Extinctioqlcoefficient
Particle | Mass per | number (km™ )
Radius Droplet concen—’ et A v
(L) (em) tration Relative Humldlty (%)
(em ) 80 95 99
-1
0.0233 107" 10,000 1.4 x 7.0 x 4.0 x
‘ 1074 1074 1072
0.0513 10712 1,000 l.ax | 6.2x| 5.4x
1073 107> 1072
< ~14 P :
9] 0,111 10 100 T.0 x 2.6 x l.5 x
4 -3 -2 -1
3 10 19 10
€| 0.238 10713 10 1.3 % | 3.3x| 4.7x
é ' 10f2 10~° 1072
£ =12
ol 0.513 10 1 3.5 x 8.0 x 3.1 x
| 1073 1073 107°
1.11 1073 0.1 1.6 % | 4.0x| 1.1x
. I ) _2 .0
i 10 - 10
0.0223 10710 10,000 | 4.4 x 3.0 x; 2.2 x
10™4 1073 1072
00480 10710 1,000 4.0 x 2.2 X 1.4 x
‘ 1073 1072 107t
ol 0.103 10”14 100 1.6x | 6u4x| 2.5x
= : -2 -2 -1
9 10 10 10
C 13 P
El 0.223 10 - 10 2¢3 ¥ 4.3 x Hhe5 x
3 -2 2 Zo
o 10 107° 10
7] ‘12
06450 10 1 5¢4 x 1.5 x 3.3 x
| 107> 1072 10
1,03 10711 0.1 3.0 x 6.3 x 1.5 x
- _’\
1073 107> 107°
Table 2.5(a) Selected values of the extinction coefficient
as a function of particle size and relative humidity.
Humidity Particle lass(gm)
() =
1070 | 107 [ 10714 | 30713 | 10712 | 107U
80 | 3.14 2.85 |2.29 1.77 1.54 1.8
95 4.29 3.55 | 2.46 1.30 1.08 1.58
99 5.50 2.59 1.'57 1.3-8 1'06 101:‘15

(b) 7he ratios of extinction coefficients for sodium chloride

to the corresponding values Tor ammonium sulphate.
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Individual values of the extincticn coefficient as a func-
tion of =solute mass and relative humidity are shown in Table
2.5(a) for the two salts. The ratio of the extinction coefficient
due to a monodisperse aerosol of sodium chloride to the corres-
ponding values Tor a similar aerosol of ammoniunm sulphace at the
selected values of dry particle mass from 10~ -15 gm to 15 llgm
for the values of relative humidity 80¢, 95% and 99% are tabulated
in Taule 2.5(ﬁ). It can be seen that for the iower values of
solute mwass of 10 -15 Lm to 10~ 46m the sodium chloride particles
are more efficient in reducing visibility by factors ranging from
1.7 to 5.5. The sodium chloride aerosol particles possess larger
values of extinction coefficient by an average factor of 1,54 .for

“Lgn, 107%m ana 10 e

the remaining thres solute masses of 10
Results of the extinction coefficienti.due to selented

particle size distributions for ammouium.sulphute and sodium

chloride as a function of relative humidity in the »onee 70 4o

N AR e)

99% are presented in Pigures 2,12 and 2,15 respectively. It can

be seen that the extinction coefficient for the two monodispers

aerosol particles of ammoniunm sulplate ot radius 0.21 and 0.3
micrometres labelled curve (a), (b) respectively in Figure 2,12
exceeds the values of extinction coefficient due to the distri-
bution measured by Heard and Yiffen (1969) and a typical Junge
distribution (Figure 2.13) represented by curves (e} and (d) in
Figure 2,12 for values of humidity less than aboul 92%. For values
of humidity greater than 98.5% the conlribution to the extinction
coefficient is greater for the non-homogeneous Junge distribution.
The ‘'values of the extinction coefficient are tabulated in Table
2.6 for the four particle size distributions of ammonium sulphate
for values of relative humidity ranging from 70% to 99%.

The corresponding curves for sodium chloride are pletted
in Flgune 2.15 for initial particle size distributions with the
exception of distribution (c¢) which replaces the measured distri-
bution of Heard and Wiffen. Distribution (c) is chosen to be a
sea spray distribution over the radius range from 2 x 10 6cm to
‘1 x 10 4cm as shown in Flgure 217 Iu can be seen that the
Junge distribution causcs the largest. extinction for values of
humidity greatér than_94%. The sea spraJ aerosol has approxi-
mately'the same effect on the extinction values as the Junge
distribution up to about 90% relative humidity. Phe extinction
coefficiunt for a Junge distribution exceeds that due to the
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Distribution Relative Humidity (%)
' 70 80 90 95 99
(a) 1.10 x| 1.30 x| 1.97 x| 3.35 x| 7.08 x
1072 10 10 |107? | 107
(b) 1.60 x| 1,21 x| 1.70 x| 2.03 x| 3.15 x
1077 1072 1072 1972 1072
(c)' 8.40 x| 9.31 x| 1.47 x| 2.59 %¥| 1.00 x
103 [ 1073 [ 102 | 107? | 107!
(a) 4.64 x| 562 x| 9.72 x| 1.94 x 1.25 x
1002 | 1072 j1m | 102 |t

Table 2.6 The extinction coefficient of an ammonium
sulphate aerosol as a function of relative humidity

" for the following distributionssl

a) A monodisperse aerosol of nartirla madine 0 21
micrometres )

b) A monodisperse aerosol of particle radius 0.30
micrometres

¢) A-Heard and Wiffen distribution

d) A Junge type distribution

Distribution Relative Humidity (%)
70 | 80 90 95 59
(2) 1.73 x| 2.24 x| 3.55 x| 5.01 x| 5.88 x
1072 | 10° 1072 |10 | 107?
(b). 1,30 x§ 1.50 x| 1.78 x| 1.85 x| 7.94 x
102 1972 [0 | 107? [1072
(c) 1.03 x| 1441 x| 2.48 x| 4.21 x| 1.34 x
1072 1072 1072 102 1071
(a) 8.66 x| 1.495 x| 2.55 x| 5.31 x| 2.37 x
1073 1072 1072 1072 107t

Table 2.7 The extinction coefficient of a sodium chloride
- aerosol as a function of relative humidity for the follow-
ing distributions: ' _
.a) A monodisperse aerosol of particle radiusf,.2l micrometres
b) A monodisperse aerosol of particle radius 0,30 micrometres
c) A sea spray aerosol .
od4) A Junge type distribmtion
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sea spray distribution by an average value of 35¢ for the relative
humidity range between 90¢. and 99%,
' Selected values of the extinction coefficient from Figure
2.1%5 for the four size distributions for & range of relative
humidity from 70% to 99% are shown in Table 2.7, A comparison
of the extinction coef'ficients shown in Tables 2.5 and 2,7 indi-
cates that the extinction coefficient due to the sodium chloride
particle distfibutions exceeds that due to the amwmonium sulpnate
distributions for all the distributions considered. Average values
over the relative humidity range from 70% to 99% of the ratio of
the extinction coefficients for sodium chloride and ammonium
sulphate for the three distributions (a), (h) and (d) are equal
to 1,50, 1,25 and 2.25 respectively,

The rate of increase of extinction coefficient at purticular
values of humidity is compared to the éxtinction coefficient at
a numidity, k, considered sufficiently luw fto asenme that +he
salt nucleus is dry. Values of o(li)/o(k) shown in Figures 2.18
“and 2.19 indicate that the extinction coefficient increases more
rapidly for a sodium chloride monodisperse aerosol of particle
radius 0,21 micrometres than for an ammonium sulphate source up
to a value of 95¢ relative humidity. The rate of rise of o{H)/o(k)
is greater for the two salts for = non-horiogeneonus Junge type
distribution then for the monodisyerse aerosol of particle size
equivalent to the mass median radius of the Junge distribution
as seen in Figure 2,12, It can be seen from Figure 2.19 that the
extincetion coefficient for a Junge distributior for both sodium
chloride and ammonium sulphate anproaches the same rate of increase

with increasing values of humidity.



CHAPTFR 3

THE EXPLRIIENTAL AFPARATUS

3.1 Introduction

The experimental apparatus described in this chapler was
designed to investigate the effect of reative humidity on the
mean size of aérosol particles of scdium chloride and ammonium
sulphate., A schematic diagram of the apparatus used is shown in
Figure 3.1, It can beldivided into three major sections., The
aerosol generato% system constituies the first section followed
by a storase vessel in which the aerosol is stored whilst the
Humidity is sltered and monitored. FPinally the apparatus used to
measure the mean particle size is described, This consists of a
photoelectric nucleus counter operated.in conjunction with an ion
tuve., Details of the instrumentation used is given in the following

subsections,

3,2 'The pernsol Zenerator

A nebulizer based on the Collison type (May, 1973) was con-
structed as shown in Figure 3.2 in order to generate the aerosol
particles, The Mebulizer is shown in Figures 3.3 and 3.4, The
réservoir of volume 56Ocm3 was sufficiently large so that the
solution concentraiion remained approximately constant during use.
Three Jets, 0.0343cm in diameter, were drilled in the spray head
assembly and the atomiser was carefully sealed. Wire mesh formed
a protective shield around the nebulizer reservoir,

. The nebulizer wezs operated at a pressure of 351b in-d. The
atomised spray leaves the device through a heated vertical tube
in order to vaporise the water from the salt droplets; this procass
is similar in principle to that described hy Liu et al., 1955. The

partiéles then enter the storage vessel.

3.3 The Storage Vessel

The base of the vessel_consisted of a standard glove box
with a volume of about 450 litres. The top of this box was re-
moved and a Tlexible Vilylar! reservoif, with a maximum volume of
550 litfes, wes attached to the box instead.

This vesuel proved a convenient particle reservoir since its
volume wag variable., It also possesszed an observafion window and
the gloves facilitated acéess to the interior during experiments,
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Figure 3,2 Schematic Diagram of the Nebulizer




Figure 3,3

The Collison Hebulizer.
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Figure 3.4

The Aerosol Zenerator Unit.







A photograph of the storage vessel iz shown in Figure 3.5.

Existing inlet holes on the box wére used to 3=

a) introduce the aerosol direct from the heating tube

b) introduce dry, T'iltered air from a compressor to dilute

the aerosol .

c) introduce water to vary the humidity

d@) support the sampling tube (of intcrnal diameter 1.905cm

and lengfh 50cm) to the ion tube.

A large area (aprroximately 1,7m2) of the internal walls of
the vessel was covered with blotting paper. Water.was introduced
through a flexible tube to wet the paper and cover the floor of
the storage vessel (O.6m2). The rate of rise of the relative humi-
dity could be controlled by wettia only part of the bletting paper
thus reducing the exposed wet area. & check was made to znsure
that the process of introducing water into the storage vessel did
not produce nuclei, It was found that no rarticles were produced
by this process. The diluting alr was first dried in a tube of
length 1 metre containing calcium chloride and Tiltered before
entering the storage vessel., It usually took about 10 minutes *o

. ' . . - L=l
fill +the storage vessel usiug a flow rate of about 50 1 wmin ~.

3.4 The Psychrometer

The relative humidity in the chamber was measured by vet
and ary bulbd thermcmeters over which air was drawn by means of a
small fan as shown in Figure 3.56. The rclative humidity was found
from Hygrometric ‘Tfables published by the ileteorological Office
(Het.0.265h). The air speed as measured with a hot wire anemometer
was 1,2 * O.2m.s_1, which is within the recommended range.

A check was made to ensure that the peychrometer assembly

did not produce particles.

3,5 "The Photoelectric ilucleus Counter

A schematic diagram of the photoelectric nucleus counter is
shown in Pigure 3.7. It consists of a vertical tube 60cm in length
and 3.85cnm in diameter lined with wet blotting paper. The glass
discs at both ends are treated with an. antimist coating to prevent
condensation on them. A perallel beam of light from a small 7.0,

40 mA dbulb powered by a constant current circuit was directed down
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-the tube and the resulting light intensity was detected by a
barrier layer photocell, which was connected to a suitable circuit,
described below, A photograph of the photoelectric counter assembly
is shown in Figure 3.8.

Air containing the particles under invegtigation was dravin
through the tube via valves 1 and 2 at a flow rate of vetween 1
and 19 1 min~* (see Pigure 3.7). An adeguate time was# allowed to
flush out previous aerosol samples, Then the new aerosol was drawn
through the counter and sampling took place by closing valves 1
and 2. Valve 3 was then opened to provide an overpressure of 160mn
mercury in the tube. #When this pressure was reached valve 3 was
closed end after a fevi seconds valve 4 was opened to allow adia~
batic expansion of the enciosed supersaturated air. Table 3.1
gives details of the timing sequence. Fog formed on the nuclei and
the light intensity decreased,

The ratio of the current from the vphotocell hefore mvpgnginn
to that after expansion is directly related to the particle number
boncentration, 48 shown by Wolen and Pollak (]940 Calibration

tables (lietnieks and Pollak, 1959) were used 1o deduce the number

of particles present per cm3 in the sample,

PIUE ) OPERATION
“(smooNDS)Y |-

) Inlet (1) and outlet (2) vulves are opened.

G -

N
pd

Valves (1) and (2) remain upen and air is
drawvn through the counters at a rate

determined by the rotameter.

60 Valves (1) and (2) are closed and the over-—
pressure valve (3) is opened for about 5 - 1
seconds during which tiwe filtered air is
pumped into the.counter until the correct

overpressure is abtained,

~55 Valve (3) is closed.

104 Fhotorell current is read.

105 Ixpansion valve (4) is opened.
109 Photocell current is read.

113 - Valve (4) is closed.

Table 3.1 Details of the two minute operating cycle of the

photoelectric counter,



Figure ;0

The Photoelectric Nucleus Couniser.






The sampling process was auntomated using electrically operated
solenoid valves and an electric cam timer, The entire cycle took 2
minutes. A two way valve was inserted in the sampling line before
valve 1 toThirect the air flow whilst the photoelectric counter was
sealed off, This provided a continuous flow through the ion tube.

The voltage produced by the photocell was smplified by means
of the inverting amplifier shown in Figure 3.9. The gain of this
" cireuit was set ab about 150, A check was made on the linearity of the
output signal from the amplifier and the original photocell current.
The linearity was found to hold to within a few per cent as shown
in Figure 3,10. The output voltage was fed into a digital voltmeter
which possessed a print-out facility. The voltmeter was triggered
just before the expansion of the air sampi~ in the tube and zagain
axactly 4 seconds after expansion had taken plzace. This conforms

to the recommendation of FPollsk and Metnieks (19%59).

3.6 The Diffusion Battery

- The diffusion battexry consiéts of a number of parallel rect-
angular channels through which air was drawn as schematically show.
in Figure 3.11l. The ratio of the particle nonceﬁtration enmerging from
the box (n) to that entering (n_) has been calculated as & Tunction
of the air flow rate thfough the box by several workers for.example
lolan, Molan and Cormley (1938). The ecuation given in a form (erived

by Thomas and De Harcus (1952) is

D 0919 e885/,0,0502 7231, 0,026¢” W (3.1)
vhere ° , :
b 140 - 200 (32
h= half the plate sevaration
b= the channel width
¢ = the number of channels

1= the length of {the channels

A= the cross sectional area of all the channels
= the air flow rate
= the diffusion coefficient of the particles,

The bhox constant, k, is given by the exzpression

:-t‘___ : (3!3)
k 3,77hlc
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~ The dimensions of the box used are given in Table 3.2 below.
The box constant was calculated as 5.71 x 10T em™ .

Asswing a log-normal distribution it is possible to plot a
series of curves from which the geometric mean radius, r , and geo-
metric standard deviation, UE, can be estimated if n/nO and Q, the
flow rate, are known. The curves derived by Fuchs et al., (19€2),
are shown in Pigure 3.12. Alr was drawn through the equivolume tube

to the counter. This gave a value for n e Then the air was diverted

Flate separation (2h) 0.0578em
Effective area of one plate (=bl) 84Ocmj
Number of channels (c) 16

Table 3.2 Dimensions of the Diffusion Battery

to flow via the diffusion battery to the counter which gave a value
for n.

The air was drawn through the equivolune tube for three con-
secutive concentration readings, through the diffusion hattery
Tor three readings and then again through the equivolume tube -for
anoﬁher three readings. Interpolation is used to give direcs com-
parison between the n and a, values. The process was repeated at -
several flow rates between 1 and 10 min—le

COmpdrison of the exnerimental curves with the theoretical
ones yields the geometric standard deviation, Ug’ of the distri-
bution and the value of ths geometric radilus, ré. Th= graph shown
in Figure 3.13 was used to interpolate between luchg' velues of

radius,

3¢ _The Large Jon Tube

A cocylindrical condenser was used to measure the mean radius
of the particles as the humidity was altered, It was found to be a
more convenient and quicker way of méasuring the mean radius than
the diffusion battery. Comparison of the two methods of size meas-
urement showed very close agreement, the meaurements only differing
by a Tew per cent,

The ion tube, shown in IMigure 3.14, is a concentric tube
capacitor. The dimensions of the ion tube are given in Table 3.3
overleuf, Abotential difference is anplied across the air gap to
rermove 211 charged pavticles with mobility greatef than some crit-
ical value, -
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Particles entering the tube are brought to electrical equi-
librium by a radioactive Americum foil of strength 125uC. A check
was made to ensure that this source did not produce particles. The
ratio of the concentration of uncharged particles (No) to the
concentration of all the particies (Z) has been related to an
equivalent size, r, by Keefe, Molan and Rich (1959) who assumed
that the charge distribution on the aerosol obeys a Boltzmann law
when the aerosol is in_electrical equilibrium. Values of r as a
function of NO/Z have benn tabulated by lietnieks and Pollak (1961).

The number of particles passing Through the tube was measured
with and without the.high voltage applied using a sequential meas-~

urement procedure similar to that rused with th diffusion battery.

Mean circumference of the airgap (b) 12,950n
Length of the ion tube (1) ' A6, 3bem
Qnanine hetwoan +ha +uhan (W) A A~
i -2 R T a S ) e od |

Table 3.3 Dimensions of the ion tiube

. o . =1,
It was necessary to use a high airflow rate of about 8 1 min in
order to avoid appreciable diffusion loss. A voltage of 2500V was
used to ensure complete removal of the charged particles as shown

below, A convenient voltage source was the Brandenburg model 512

which was driven by & D.C. input voltage of 10 — 30V, Thig has the
advantage that it can be switched off immediately with a simple cam
switch, .

The mobility of a particle is given by the equation

w =v/E (3.4)

where v is the velocity of the particle and E is the appliesd field.

So its longitudinal transit time dowvn the tube = %%=13F (3.5)

where ) is the length of the tube, b is the mean circumference of
the airgap, h 1s the spacing between the tubes and Q is the air
flow rate., A is the area of the annulus (2bh).

The radisal vélocity of the particle is given by

wE:.""—y (3.5)
h
where V is the applied voltage and the radial transit time is given
by
h? ' |
N . (3.7)
wV
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For a critical mobility (wc), above which all particles are caught:

2
h® _ Ibh — -Qh .
Wy a “e = Tov (3.8)

o . . .o=1 . .
So, for a flow rate of 8 litres min"~ and an applied voltage of

5 2. ~1 =1 .
“em V s . This corre- .

2500 V the critical mobility is 1.5 x 107
sponds to a radius of about 4 micromstres using tables due to
KMetnieks and Poilak (1941). This indicates that all particles small-
er than 4 micrometres in radius were captured when the voltage was
applied. It was necessary to dry the ion tube thoroughly after use

as condensing water was apt to cause electrical breakdown .across

the necessarily narrow spacing if allowed to .accumulate,
. 8
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CHAPTER 4

THE EXPERTMENTAL PROSIUDURE AND RESULTS

4,1 The Experimental Frocedure

The folloving experimentsl procedures were normally adopted'
in the course of an experimental run:

The storage vessel was Tirst filled with dry, filtered air
by means of a compressor pump. The system was then tested for

;filtefga?by means ol the photoelectric counter through the obser-

vation of the "scintillation effect". When the storage vessel was
free from nuclei, aefo%ﬁ particles generated by the Collison atom-
izer were introduced into the storage vessel continuously,., The
particle concentration was allowed to riss to about 5 x 104 paL -
ticles cm-3 pefore generation was stoppreds It was found that, at
higher concentrations. rapid srowth of fthe nartinlea hy caucemlation
occurred, Measurements of particle numher concentraiiom were tsken
évery 7 minutes throughout each experiment, bheginning as soon as
the aerosol generator was switched on, The psychrometer fan was
switched on at the stgrt of an experimental run and the wet and
dry bulb readings were taken turoughout the experiment at 2 minute
intervals, ) o

A typical variation of particle numher concentrazition with
time from the initial introduction of the particles is shown in
Figure 4.1, Equivalent size measurements were made, when the pariicle
concentration becane steady, using an ion tube. This technique has

already been described in section 3.7. The size measurements were

taken continuously throughout the experiment.

Once the initial size was established, the humidity in the
chamber was raised by introducing water into the storapge vessel,
Selecte@ parts of the walls vere wetted iu order 1o obtain size
measurements at intermediate hwpidity values, If was found that the
relative humidity remained quite stationary over a size measurement,
For example, in the range of humidity bhetween 70 and 80%, the
humidity rose by only 3% during the course of a complete size
meagurement.

The rate of rise of humidity could be increased by introduc-
ing additional water to the vesszel, During & complete experimental
run, at least five size measurements could be made at different
humidity values. In general the lowest humidity attained was ahout
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50 per cent whilst the highest value was usually of the order of

92 pexr cent.

Ae? The Generated Aerosol

A& solution concentration of about 0.005% by weight in the
r'q

Collison atomizer was found to oroduce particles of about 2 x 10 ¢m
mean radius. Analysis of the size distribution was carried out
using the diffusion battery as described in section 3,6, Typical
results, shown in PFigures 4.2 and 4.3, indicate that the distri—
bution was approximately log normal with a geometriec mean radius
and geometric standard deviation of 2.44, 3.16 and 2,78, 2.51 for
sodium chloride and ammonium sulphate.particles resvectively, £

graph of n/no at 0.43 plotted against log 1.8352y using Fuchs!

data vas used to interpolate between Fuchs' curves in order to
obtain values of the geomstris mean radius at internm-diate points.
Mhis sraph 1o shoni Lo Tilguse 3.1) ol tie theory is explained in

section 3.4,

4.3 Coasgulation Effects

A typical expsriment took approximately one and a half hours

L p I A !

s to perform during vhich time onu would expect some coagulation and
an increase in the mean particle size to occur, To check on ihis,

experimental runs were carried out in whiech the humidity was not

e}

"o
4O

altered bhut the particle size wae monit {

Q

convinunusly. In a

-
C

typical experiment *the humidity changed from 62% to 545, Five size
measuremnents viere made which showed no systematic increase with
time, The mean and standard deviation of the 9 measurements wvere
z z
3.047 x 10" cm and 0.1407 x 10 cm respectively. The standard error
P

-3 .y .
was 0.,0704 x 10 “em or about 2.3% which suggeste that the contri-

bution of coagulation to the particle growih can he regarded as

negligible,

4.4 The Bxperimental Results and Discussion

The measurements of particle size ss the relative humidity
vas dncreased are showvn in Figures 4.4 and 4.5 for both ammonium
sulphate -and sodiuwm chloride particlés. The measurements for
ammonium sulphate represent the growth for three initial dry radii

p -
of 2.8 x 10_6cm, 2.9 x 10 "cm and 3.1 x 10" em. It can be seen that
7~
the smallest particle size grows to 4.0 x 10"%cn as the humidity is
increased from 61% to 89%, which represents a size increasse of 43¢,
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\

-0 . .
The 1d£éeﬂt partl 2le size of 3.1 x 10 "cm is increased to a value

of 5.0 x 16~ cm which is an increase of 61%, The growth of godiunm

chloride particles of initial radius 2.5 x 10™ cm, 2.7 x 10—6cm and
: .

2.8 x lo—ocm as the humidity is increased from about 60% to about

92% is shown in Figure 4.5. The smallest particles increase in size

by a factor of two over this rang-. A summary of the Tractional

increase in particle size as the humidity is inereased to the maxi-

mum value is given in Table 4.1 for boith salts,

Initial nadiusg Minal adluf I'ractionel
Fumidity| (x 10%em)| Humidity (x 10°cm) | size
(%) (%) Increase
E 52 2.8 89 3.9 0.36
.2_93
ég 53 2.9 92 4.7 0,62
a
53 54 3.1 92 5.0 9,61
£ 56 2.5 90 5.1 1.04
}S - e 0, !
-é‘fo— DL 2-7 9d 5.0 ':)-‘5)

Table 4.1 Typical Experimental Growth of Ammonium

Sulphate and Sodiuwm Chloride particles,
P 3 I

A comparison is made between the experimental growth curves
and the theoretical predictions according to Iquation 2.12. Two
theoretical curves for ammonium sulrvhare, between which the exper-
imental points are approxim%tely bounded, are drawn for initial dry
particle radii of 2.4 x lo"bcm and 2:6 x 10"6cm in Figure 4.6. The
comparison shows good agreement between the experimental values
and the theoretical curves renresenting particle sizes of 2.1 x
10-§cm and 3.3 x 10_6cm at 50¢ relative humidity. Similar theor-
etical curves are drawn for sodium chleride in Mgure 4.7 for

zZ
initial dry particle radii of 1.8 x 10“50m and 2,0 x 10" cm. These
yield values of the theoretical radii at 60% relative humidity of
2.8 x 10 cm and 3.1 x 10 ‘cm which compare favourably with the
initial experimental values.' _

The experimental points lie very close to the predicted lines
vith some variation which may be explained in terms of the particles
going into solution and recrystallising before entering the humidity
chamber. When the particles are generated hy.the nebulizer they are
droplets of solution. Bince they are dried to about 55% relative
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hunidity a proportion will recrystallise but some will remain in a
supersaturated solution form. This mixture of particles is then
introduced to the storage chamber where the humidity is increased,
The supersaturated droplets would ha expected to follow a cu.ve
similar to the theoretical curve as shown by curves (a) in Figures
4.5 and 4.7 but the dry particles, on reaching a critical humidity,
will go into solution and grow significantly over a very small
range of humidity. At this point some spreading of the points will
start to occur, Work by Orr et al. (1956) indicates that particles
tend to dissolve at a precise value of the humidity but recrystal-
lisation can occur over a much wider range and cannot yvet bhe satis-.
Tactorily predicted. The same work suggests that sodium chloride
and ammonium sulphate particles with initial radii .o the order of
0.01 micrometres would completely dissolve at about 70% and &3¢
relative humidity respectively.

A spread of results is indeed observable in the sadinm ehlav.
ide curve at a value of 735 to0,74¢ relative humidity. There appears
to be & lack of spread in the experimental values For ammonium
sulphate which probably indicates  that only a small percentage of
particles recrystaliised after generation. It can be seon that

maximun particle growth cccurs for the two salte at the higher
values of relative humidity. Ixperimental measurements at constant
humidity indicate that coagulation plays little vart in the growth

of the aerosol particles compared with the g

rowth due to the con-

densation of water vapour,
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CHAPTIR 5

AP AVALYSIS OF THE ATHOSFHIRIC ATROSOL SAUPLED
AT DURHAN UHIVEBERSITY

51 Introduction

In order to czlculate the effect of relative humidity on the
growth of atmospheric n“TLlClLu it is desirable to kncw the shape
of the pariticle gize distribution. Similarly, knowledge oi the
size distribution is essential in order to make accurate prediclticas
of the effect of particle growth on the exitinetion coefficient.

3,

Few mnarticle size distribution messurements have bean pub-

lished which ¢xtend over periods longer than a few days, Heasure-

ments of the salt content of the air sampled between 100 and 1509

jsud

-

hours in July and August 1970 have been wmade by Blanchard and Syz-—

Azt L1070) 5% Cabid b diewalle Junge and Jaenicke (1Y71) have prescrit-

ed data collected over 24 days from 13 Anril 1949 during the

Atlentic expedition of the R.V. lieteor and Whithy et al., (1975)

[

have published data collected over 24 hours on 1

\O

and 20 Bevtember
1972 along the Harbor PFreewsy in Los Augeles, CaliTornia,

The results presented here are bhased on measurements of the
natural aerosol sjize distrihutimn in the radins range 0.25 to 5.0

micrometres rudius: over a 49 day period from 21 July teo 8 Septem—

ber 1975 at Durham Chuservatory. an attempd is nmade to correlale ithe
particle concentrztion in five size rarges with some common meteor—

ological parameters, in particuluar humidility snd wind speed.

5.2 fhe Instrumentation and leasurement Procedures

A Royco model 225 optical prriticle vias used. It allowed the
zerosol particlie size range to be classified into five radius cate-
gories, viz., 0.25 - 0.35, 0,35 - 0.7, 0.7 - 1.5, 1.5 - 2.5 and
2.5 - 5.0 micrometres, The rcounter was precalibrated with homogeneous
sources ol Latex particles over the Tive ringes.

Heasurements were made at Durham Observatory, situated about
2 km S°' of Durham uluy in the Horth of Znglend. The city has a
pOpulation o 28,250 and some }ight industry. Continuous records of
windspeed, wind direction, temperature znd humidity were available
at the site.

&ir vias drawn in at a height of 4m above grbund level, 4n oil

s . ' L ~1 )
free Diaphragm pump operating at a flow rute of 70O 1 min was used



to draw the air throush & mixing vessel from which a sample was
drawn to the onlkiral counter sensor head via a short piece of
antistatic tubing at a constant flov rate of 2.33 1 min—l. Calcul-
ations showed, using the fractional loss formula for particies
settling in a horizontal tuhe (Pnomcs, 1958), that negligibie loss

of particles occurred in the sampiing tube, The number concentration
For each size category was printed onto an automatically operating
digital line printer and subsequent wnalysis of the measurewments

was carried out on an- IBIl 370/168 COIULET

5e The TFxnerimental Results
P !

Yesulis are described of coniinuous neasuremenis over 49 da

Ry S

from 2] July to 8 september 1975 of the particle size distribution
in the radius range 2.25 to Y micrometres at Durham Ovservatory. In
addition an analyeis ic made of asrosol particle size measurements

PP -

MSUSLY LVArF wiuuwe uver & O Aay period rrom 1Y July

to 21 July 197% in Imrhiun,

Lieasurenents of the particle rading cate Sy

Ne35 = 0,7y D7 = 15, Lo5 - 2.5 and 2.5 - 5.0 micrometres were
taken sueccessively over & period of te1: minutes so that an entire
sampling eyelc took fifty minutes. The diurnal variation of the

individual particle size cetegpories aversszed over the 49 continuous
L ) pe

ohservational days is shovn in Figure 5.1. It clesrly shows maxi-
mum numbher concentiaztion occurring in 211 sisze

exception of the largest particles, during the period frow 2200 to
08609 BST (British Standard Time). The afternoon period frow 1490
up to about 2020 hours RBST ig charasclterised by a disztinct wminimum
in particle concentration for the lower particle size categories.
The hourly vartations of particle concentrabtion in three of
the size ranges isg shown in Figure 5.2 over the total period of
measurenent. Two curves are omitted Tor clarity but they follow the
same general patitern of variation shown hy the 0,29 < 0,35 micro-
metre range. The increuse in particle numbers at night followed by
an afternoon decrease can be observed hire, A general increase in
the numbor condentrétion can-he seen to occur from about the 3rd

to the 15th of August which corresponds to a significant increase
in the daily average temperatures for the period. This is reflected

in the positive correlation coefflicient values shown in Table 5.3
and probably 1ndlonues that photochemicnl TCQCulonS are making an

important contrjhutlon to particle production.

A.
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Table 5.1
Summary of Jtatistics of Particle Concentration

Diameter 0.5-0.71 0.7-1.4| 1.4-3.0] 3.0-5.0]| 5.0-10,0
Range (/Am)
Geometric 20,2958 | 0.49%0 | 1.025 1.937 3.538
ilean Radinus
of Interval
(pm)
Arithmetic 9,372 2.065 9.0354 4.978 5.55
ean of x 10—1 x 1077 x 1072
Concentration
(cm_3)
Arithmeti 5.509 2.899 1.372 5.722 5.480
Standard x 1072 x 1073
Deviation
@)
Arithmotic 1002 0 S.455 3.5%0 C1.099 Le993
_Standard x 107t x 107 | x 1072 x.1073 x 1074
Error (¢ %)
Geometric 3.353 1.084 5,178 3.559 3.@9£_--
Mean ' x 1070 | x 1072 | x 1073
tiedian 3.647 9.559 4.770 3.531 3.884

x 107t x 107 x 1077 x 1072
Number of 1147 1175 1184 1182 1184
Cases
Humber of 1157 1175 1184 1182 1170
Cases >0
dH 43,51 5.850 2.730 0.2243 0.01845
dlog(r)
Standard 1.315 0.2810 0.1205 7.505 5.292
Error on X lO—3 z 1074
d
dlog(r)
dv 4.727 3. 4455 112,30 5.822 3.41%
dlog(r)
(r inum)
Standard 0.1426 0.,1428 0.5433 0.2233 0.09793
Error on
av
dlog(x)
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A frequency distridution of the individual observations over
the 49 days saupling was caleulated using suitable class intervals,
‘The cumulative frequency distribution, Which expresses the percent-
age of observations lesz than a selgcted value of partiecle concen- .
tration N, was caleulaied snd plotied on probability paper.

The results of the cumulative distridution of the five size
renges are shown in Pigure 5.3. A line of hest fit using the weigh-
ted least squares procedure which also allows Tor the exaggeration
of the deviations due.to vrobahility sczle is dravm in each case.
Tiris procedure was develoneﬂ by Kotiler {19%0). It csn be seen thet
the vnarticle concbnhjatlnn follows closely a 1og»norma1'distribu—
tion in each case,

The geomelric mean, Zg’ and the geometric Su@ﬂuard ceviation,

5

at, cein he obtained divectly Trom the praph since Z . corresponds to

the 505{ nrobabhility value and

ed .
munver o O een trat le" _ 50% mutey . concentration

MWADET COAGENbraslon | 155, nnmher coneent

e values of Z. and o, obtaiczd frum the curves of Figure
5.3 compare wsell withbth; cn;puteﬂ values as zewr in Table 5.2,

The particle size distridbuation, avervaged over 49 days of cone-
tinuous measurcment, 1is presented in Figure 9.4 as a log-radius

number distribution following Junge (19463). The graph sugpests that

the aerosol ponpulation may be formed of itwo zeparate components
widceh would zeccount Tor the alight deviation ol the central size

ange,. Howvever five points are insufficient Lo resolve ithe com

2

O
nents s0.a single distribution following a distribution deseribed

by Junge has been assumed. The equation used by Junge is

AN _ o o8 . (s

dbgr

v
L]
—

~——

where 4 is the number of particles per Pm3 in the range ¢ log r
and C is a conshent depending on the total number, N, of particles
per cm”.,

A weighted line of best Tit vields a slope Bof 3.04. 4 study
of the effect of sampling frequeﬁcy on the distribution of particle
nunber concentration was made. leas UIPHPth of “the partirle concen-—

trution in the si=z

\J

e range 0.25% — 3,35 micromatre radiuvs were taken
every minute for a 8§ day period from 15 to 21 July 1975 giving a
total of 7500 counts., There is an interval of 67 seconds hetween
successive counts since an interval of T seconds is required for-
nrintout gnd resetting procedures., The cumulative percentage of -
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readings of particle number concentration which were less than
selected values. of the percentage deviation {rom the mean of all
tlie measurements is shown in Pigure 5.5. The solid line represents
the one minute sampling weasurements. The clese proximity of the
measured values for the ten and twenty minute intervals indicate
that the sampling frequency may be increased by at least twenty-
fold from a one mimite sampling frequency without significant loss

of information.

Particle 0.25 - 0,35 - D.7 - 1.5 -
Radius Range . 0.35 0.7 1.5 2.5

(pm)
Ceometric 3.75 0.93 0.48 0.0

mean 72 of
&

iR
[ ]

(@AW ]
1

0,004

w
n

particle
nannantonati o

_3(

S

cm from FPig. 5.6

Computed value 3.85 1.08 0,52 0.036 | 0.0039
of ZE from all.

measuremnents

Computed value 3.65 0.96 0.48 | 0.035 | 0,0039

of' the median

Ceometric 3.13 3.19
Standard

N
*
N
N
n
L]
-
]
N
e
vy
=3

~

Deviation o ,
&

of particle
concentration
(from Pig. 5.6)
Computed value 2.84 3,05 2.67 2.21 2.44
of o.

2

Tahle 5.2 A comparison of the statintics obtained from the
cumulative curves with the actual values obtained directly

from the data,

This Tinding is reinforced by a similar analysis carried out
on the measurements of particle concentration over the 49 days. In
Figure 5.6 the solid lines represent the fifty-minute sampling
measurements for the smallest and largest radius intervels. The
relatively close proximity of the values for 150 and 250 minute
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sampling frequencies compared witih the 50 minute solid curves
illustrates the the sawpling frequency can be extended to these
large values particularly ovér long measurement periods. The curves
indicate that about 30% of the total number of measurements are l
within 50% of the overall mean concentration value for the smalles#
particles and about 50% of the mcasurements lie within one standard
deviation of the mean. Higher cumulative percentage values apply
to larger particles.

A correlation analysis was carricd out on the 49 day results,
The Pearson product-moment correlation coefficients between the 5
particle concentrations and windspeed, wind direction, humidity and
temperature are shown in Table 5.3. The coszfficients have a signi-
ifcance levei of 0.1% unless otherwise stated. The measurements of
wind direction may not be sensitive enough to yiela any detailed
results since the wind was classified in guadrant intervals due to
Tho 3oater OF BhT plovs Troa Lbiids Dylive pidsouid Luuo cusilhulitugléylle
There was insufficient rainfall during the period to include this
as one of the parameters. There is high ~orrelation between adjacent
size rangee and, with the exceptibn of the largest particles, a
relatively high correlation of particlz number concentration with
windspeed was obtained,

A scatter diag~aﬁ of windspecd in knots versus pariicle conw

entration in the range 0.25 - 0.35 micrometres is shown in Figure 5.7.
& . D & Z

3,

-t

12 of regression of the param ;lloa pil onsen~
tration)} on X (windspeed) is
[ «
Y = -0,0588 X + 0,8953 o (5.2)

The decrease in particle concentratien with increase in windspeed
occurs for all size categories examiﬁed and can probably be attri-
buted to increased veriical transportation of the particles due to
an increase in almospheric turbulence.,

.Figure 5.8 shows a scatter diagram of the relative humidity
versus particle conceniration in the same range. Poor correlation
is obtained although an increase in concentration with humidity
might be exﬁected if the varticles grow since there are more small
particles than large ones,

Table 5.4 éhows the percentage 6f narticle counts made with
the wind in each cuadrant. -

5.4 Discuszsion and conclusions

The diurnal variation of the natural aerosol particle sizc
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digtribution in the size range from 0.25 to 1.4 micrometres in
radius is distinetive in that it sssumes a shape vhich is approx-—
imately an inverse relation to that normally measured for the sub-
micrometre Aitken particle distribution,

The diurnal variation oi the total particle concentration in
the size range 0.7 to 5.0 micrometres averaged over 49 days at
Durham Ohservatory coupares Tavourably with measurements made by
ilarple, Sverdrup and Vhitby (1976) along the Harbor Freeway in
Los Angeles, California. Their measuremunts, made in the size range
0¢5 to 5.0 micrometres, were taken during the dates 19, 20, 21, 27,
28 and 29 September using an aversge of 15 measurements per hour.

The mean volues in the radius range-0.% - 5,0 micrometres are shown
)

¥ind Humber of [ . %
direction particle
counts

NE 255 02,

SE 83 Ted
swo 489 A1.1
W 349 2943

Table 5.4 %iind direction during

period of counting

in Figure 5,9a. The diurnal shape compares Tavourably with the
diurnal variation of the total concentration of particle size in
the radius range 0.7 - 5.0 micrometres averuged over 49 days at
Durham Observatory, plotted in Figure 5.9b.

The general increase in particle concentration particularly
in the lower size ranges in the period 0000 to 0600 hours can
probably be partly attridbuted to the in¢rease in humidity, as also
reflected in the positive correlation between the parameters, seen
in Table 5.2. The distinet minimum in the period from about 1400
to 2000 hours may be partly due to coagulation with Aitken particles
which have been shown by several workers to have a high concentra-
tion in this period.

The results from Figures 5.5 and 9,5 indicate that particle
size distributions can be made less frequent, by as much as twenty—
fold, without significant loss of information. This is important
since the operating time of the measurement system cun be increascd
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before servicing is required and in addition the volume of particle

size data required for analysis can be substantially reduced,
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