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ABSTRACT

This work was concerned with the measurement of the variation
of the combination coefficient between aerosol particles and small
ions, b, with the radius of the particles. The variation of the
combination coefficieht between uncharged aerosol particles and

small ions, 70, with radius was also examined. -

The ion-ion recombination coefficient,oé, was first evaluated
from plots of small ion decay in an aerosol-free mylar vessel of
volume 3,1 m3. Small ions were produced from corona discharge
‘around the tip of a steel needle, set at a high voltage. 14
measurements of « were méde, giving a mean experimental value of

2.39 (*0.14) x 10~%cmlsec™l.

A technique was developed for simultaneous measurements of the
combination coefficient b and the aerosol particle size. Particles
were produced by blowing filtered air over a glowing nichrome wire,
Methods of number concentration and particle size determination ara
describedf The decay of the 1ons_in.the presence of the particles
in the mylar vessel was recorded and compared with a fauily of
theoretical ion-aerosol decay curves plotted by the computer to
determine b, A total of 26 b measurementé were made and the value
rangead from 0.35 x 10-6cm5$ec'l to 2.24 x 10-60m3sec'1, corresponding
to radii of 0.41 x 10 °em to 4.0 x 10"%cm. The varistion of N, with
radius was also investigated in ten of these b measurement

experiments. Tho value of 7°:ranged from 0.33 x 10"6c:rz|55:ec'1 to



2.39 x 10'6cm§sec'1 for corresponding radii of 1.26 x 10-6cm and

4.0 x 10-6cm.

Various theoretical models for combination coefficients were
discussed. The b and 1%,versus radius results were compared with |
theoretically coumputed values. The discrepancy between the generally
larger experimental values and theoretical values for the combination

coafficients was alsb discussed.
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CHAPTER 1,

GENERAL INTRODUCTION.

lJ.1 Introduction.

Few experimental measurements exist to date of the variation
of the combination coefficient between aecrosol particles and small
ions, b, with the particle size. The only notable series of results
for simultaneous measurements of b and the particle radius have been
made by Flanagan (1965), for eleven aerosol particle sizes ronging
from 0.5 to 5x10-6cm. Moreover, there are no known results of ihne
variation of the combination coefficient for uncharged aerosol
particles with small ions, vo, with the particls size. On the other
hand, theoretical considerations on the vari~tion of these combinétion
coefficients with radius are well established, particularly bvy

Bricerd (1949, 1962), Keefe and Nolan (1961, 1962 and 1968) and

o

Hoppel (1969, 1974). The purpose of this work is to extend %he
experimental study of b versus particle radius and zlso to deternine
how ?% varies with psrticle radius, and to compsre the experimental
results with the theoretical predictions.

The following section gives a description of the properties of
small ions pertinent to tﬁe proposed work, and then the overall
prohlem of measuring the combination coefTicients is outlined in

the inal section ot this chapter.




1,2 5Some Characteristics of Small Ions.

Yhen electrons bhecome detached from atoms or molecules in the
air, they soon attach themselves to a neutral atom or molecule.as
they cannot exist freely at normal temperature aﬂd pressure. But
under the same conditions these so formed ions also cannot remain
stable and hence tend to surround themselves with neutral molecules
and form into aggregates of approximately 10 to 30 molecules, becoming
so called '"small ions", with radii of about 10-6cm. These three
phases leading to ion production require only of the order of 10-6
seqonds to take place. Wright (1936) considered the mass of these
small ions to be equivalent to that of 10 to 12 water molecules,
while Torreson (19"9) considered the size of an ion to be about

that of 4 molecules of oxygen.

The number of small ions present in the air is generally of the
order of a few hundred per cms; where the concentration of positive
ions (n') is found to be 20% higher than that of the negative ions
(n"). In heavily polluted lower atmospheres the small ion concentration
is reduced to as little as 10% or less of its normal value, and the

same characteristic .is shown in clouds.

One of ‘the main physical characteristics of small ions in the
atmosphere (with given temperature and pressure) is their mobility,
wnich describes the speed the ion has in the given eunviromment
under the action of an electric field of 1 volt per cm. Under

normnzl conditions the measured positive ilon @obility (k') is



1.4cm2/V sec and the corresponding negative ion mobility (x") is
2 g . . .
1.9¢m“/V sec. The mobility varies with pressure (p) and temperature

(T) as follows:

) = ko o ato jﬁ ':[. .1
k (pst) (p )PTO (1.1)

where P, and To are the N.T.P. values. The conductivity, A, of the
air arises os a direct consequence of the concentration of small jons

and of their mobility, and is given by:

(k'n’ + k”n”)e (l-?.)

where e represents the elementary charge.

A

Another important characteristic of small ions is their diffusion

- dn - . . cas o
coefficient. Let /dz be the concentration gradient of positively
or negatively charged ions. in a direction 0Z at a given point O.
. . i 2 ) .
The flux of ions traversing a 1 cm  area centred on Q0 and normal to

. dn . . . PR .

0Z is equal to -D /dz where D is the diffusion coefficient of the
A . . 2. =1 m A . . P
ions, with units of cm sec =, The mobility and diffusion coefficients

are connected by the Finstein relation:

€

K N
D "kt " 1o (NT.P) (1.3)

If one neglects the effect of the electric field produced by

the small ion (sufficiently strong to polarise neighbouring mclecules)
one can apply results of kinetic theory and obtain sn expression of

the mobility in terms of the masses m of the small ions and M of the



air molecules introducing the mean free paml,X y and mean thermal

velocity, v, of the air molecules, as in the Langevin expression:

en | m+M )
k = 075 == — [ 5
Mv m
which is probably the most satisfactory expression for the mobility
of small ions. This expression will be used in the analysis of the
experimental results to deduce a value of the mean free path, A, for
a selected value of the ionic mass, m, using the expression v =‘8kT/ M

to obtain the meen thermal velocity of the air molecules.

'Rival' expressions given by Kennard (193%8) for the mobility

of omall ions:

(= B e (M )" (1.¢)

(1.7)

D

I
oo W
EY
>

_
3 s
+
=iz
=
N

have been used by Bricard to deduce a value for \. He sssumed M = m,
and assumed k = l.4 cmz/V sec and found A\ = 1.3x10-6cm. This is
markedly different from the value deduced from viscosity measurements,

for air molecules: A

6.4x10"%cm (at N.T.P.). On< must stress here
that the assumption M = m cannot apply if we accept to any degree
the idea of the small ion cluster comprising of several molecules.

Values obtained by other authors will be discussed in Chapter 5.

In the absence of aerosol particlea, the rate at which the



number of small ions varies with time may be written as:

—;IJ-T';- = cL-—o(nz (ﬂ’=n”=n> -(’-3>

where n is the number of small ion pairs per Cm3,,q the number of ion
pairs produced per cm3 par second by the ionizing agency, and the
quantity « is defined as the recombination coefficient of small ions,

b) 1

having the dimensions of cm”sec” =, The recombination coefficient, K,
indicates the prodbability of a collision occurring per second when

the unit volume contains one positive and one negative ion.

. If the number of ions destroyed per unit time by recombination is
equal to the number produced per second by the source of ions, then

ionizetion equilibrium has been attained (assuming n' and n" are equal).

Hence:
dn 2 2
—_— = - dn = QO = N o: n.. = 1%
dt 1 I e = &

where n, is the equilibrium ion concentration. Integration of the

above equation yields:
| n -1 Neo . . .
Lanh (_n_oo) = noat + Camh (—n—b> ((«g n‘th) (l.lq

n, and n representing the initial and finsal concentrations
respectively. If n >$”n“,then tanh-l(nxyn) tends to "*/n and the

ahove equation simplifies to become:

LR 1 (1.11)

a result which can also be obtained by integration of the equation

dn . . . . Qo
/at =<xn2. Thig result i3 widely used experimentally in determining

o 5, by setlting q == O at & given instent in time (t). 1In this work the

7



equilibrium ion concentration n_,was always strictly comparable with

n in ion recombination experiments, and equation (1.10) was used to

determine the value of .

1.3 "The Qverall Problem.

The rate of chénge of small ions in the atmosphere must include

terms (not required hitherto) allowing for the effect of the atmospheric

serosol content and the fair weather field.

dn

dt

In genersl, we can write:

= 4 ~ xn? - nﬁ, - nfl - n[g(,dal ga%ar] (I.IZ)

whera /3, and ,B; represent the dissipation constant due to aerosol

particles and 'precipitation' particles (for example, cloud droplets)

respectively.

Tue field factor has been evaluated by Gunn (1954) and

accounts for the loss of ions via conduction to cloud droplets, This

"effect only begins to dominate over diffusion losses in field values

of greater than 0.1 e.s.u..

The field factor can normally be

neglecied in considering ionic equilibrium since the fair weather

field is only of the order of 1/300 €e.8.W.. Experiments are carried

out in the absence of precipitalion particles and so the i% term

can be ignored for the ezperimental conditions., So in the case of

small ion equilibrium we are left with the condition:

dn
T

or:

o

where b =

G = (‘L - on?* - nﬂ, = 1-—,xn1— T)onNo - )7nN (I.IB)

+

bZn

w21,

the

(1.14)

total concentration of



particles, NO is the number of uncharged particles per cmj; N is the
5
number of large ions per can”; M is the comhination coefficient for
small ions and uncharged aerosol particles; 7 i3 the combination
coefficient for small ions and large ions of opposite sign. The
effects of multiple charged nuclei have not been included here: for
. : N A S .

atmospheric nuclei of radins £6x10 "cm it is a fairly good approx-
imation to consider that only neutral and singly charged nuclei are

present. From above:

ﬂl

n
~<Q
1
X
S
8
—
a
~—

A solution of the equation dn/dt = q - o(n2 - IB'n can now he obtained
{ =

. - s - - =\ ~ ~ by e Lt R [ P B . P -
using reliation {(1.15) for /3' and¢ denoting tite concenbraticn of small

ions at t = 0 by i

n(&) -+ Cl//-o(l"o()

n(t) - hoo

H

exp-(Afxt +k’> (g

‘ /
where:

A =ng + Yan,

; k' = fn

no + @/&ﬁaa\
Mo — hyo /)
The equilibrium ion concentration (nm) is-clearly dependent upon

(i) the effective recombination coefficient b hetween emall ions and
aerosol particles and (ii) the particle concentration Z and (iii) the

ion generation rate q.

A similar equation to (L.13) c¢an be written for large ions:

dN
At

Similerly, if large ion equilibrium exists, dﬂ/

= q,,nNo -~ NN

(LI7)(Mu1tiple charging ignored)

at = 0 and:



PNo = N (1-18)

Putting r)/Vo- = 2 and Z = .NO +2N one may write in the case of large
ion equilibrium:

_ 2 n,J |19
b=y ()

For non-equilibrium the factor f is introduced as a measure of the
departure from equilibrium, such that NO/H = £ ,(where £ = 1 for

equilibrium). ‘hen we have:

Lo Ll fy90)
,70 {!2 + 2
As stated in ihe introduction, the purposs of the work described

in the following chapters is firstly to obtain a set of values of the
combirnation coefficient b for—different values of radii, including the
range commonly encountered in the atmosphere (a ~ 1 to 5x10—6cm), and
secondly to procure measurements of 7% versus fadius. The latter
section of the experiment is accomplished by simultaneous measurements
of b, Z/No, (Z/No)o° and radius. U is then evaluated through the use
of equation (1.20). Experiments involve measurements of size and
concentration of aerosol particles produced by & glowing nichroms
wire, and the measurement cf the decay of small ions in the presence
of the aerosol particles in a mylar reservoir, of volume }.1m3.
Decay curves for the small jons obtained for a particular size and
concentration of aerosol particles were compared with theoretiéal
decay curves plotted from relation (1.16) using a'family of curves!'

technique to evaluate f}(and hence b ). Values of 'vocould then be



determined by application of equation (1.20), using the measured

values of (4/No), (A/No)“)to obtain £ and £ .

It was necessary to find a value of o for the small ions
measured in the enclosed storage vessel, in order that =211 the
parameters of equation (1.16) could be associated with conditions
in the storage vessel, The following chapter gives an account of
the method employed for measuring « and displays the resulis
obtained over the period during which ion-aerosol combhination
coefficient measurements were performed., A full survey of the
experimental procedures undertaken for b and vomeasurements is given
in chapter 3. Chapter 4 discusses various theoretical models proposed
for predicting the relationships of b and 7% with radius, giving
particular attention to the importance of inage capture and three-bhody
trapping in calculating the ion~ aerosol at.achment coefflicients for
aerosol particles of small radii. The final chapter gives an analysis
of the results obtained from this work znd discusses fthem in the
light of theoretical considerations and previous experimental

me asurements.



CHAPTER 2.

SWMALL ION GENERATION AMD MEASUREMENTS OF ION

MOBILITY AND RECOWBINATION COEFFICIENT, ©X .

2.1 Small Ion Production.

The small ions for this work were produced by corona discharge
at the point of a steel needle. The design of the ion source apparatus
was based on the small discharge vessel which Nolan and 0'Toole (1959)
used for the production of condensation and small ions, but was

modified to suit the requirements of this experiment.

The discharge vessel comprised of a brass cylinder llcm long and
6.3cm in diameter, shown in figure (2.1). The needle used was an
ordinary steel sewing needle, which was set at a positive potential
from an B.H.T. supply; the brass ring and the whole of the brass
cylinder were earthed. The ions produced by corona discharge around:
the needle‘were dissipated by a filtered air flow, and the ions were

3

collected in a 3.1 m° rectangular mylar vessel, where all experiments

were carried out.

The positive potenfial applied to the ncedle was carefully ch&sen
such that it was below the critical voltage for condensation nucleus
production, buy abové the critical voltage of ion producticn. Nolan
and Kuffel (1957) have exsained the critical voltages required for
nucleus production and for small ion production by point discharge,
and have shown that in the latter case the critical voltage was

lower, for a particular needle. 'They also found the predictable

10
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result that the critical voltage depended on the sharpness of the

needles.

The actual threshold voltage is lower than this, as illuatrated

in figure 2.2 below:

1

Z
nucleus or
small ion
concentration FIG, 2.2

/

threshold Sritical  kV—s

voltiage voltage
The critical voltage is thus the voltage at which Z begins to in&rease
rapidly. ‘More recent work by Nolan and O'Toole (1959) indicates that
the threshold voltage for small ion and nucleus production ars2 the
same. This infers that although the value of the potential wvas
adjusted to be below the critical voltage for nuclsuz production
for all experiments, there may have been a very low concentiration
of nuclei actually produced. However, the Nolan-Pollak photonelgctric
counting system employed here for measuring nuclei concentrations
(see chapter 3) registered less than 100 particles per cm5 with 16cm-Hg
overpressure for samples of ions faken from the mylar vessel. This |
low concentration revealed that there was 10 nett increesse in nuclei
in the enclosed space due %o the ion production mechinism, taking
into sccount the =fficiency of the mylar vessel in excluding all
aerosols from tha laboratory environment. It may be noted that

concentration measuremente were not only taken just after productiocn

11



of ions, when condensation nuclei if produced are likely to be very
smalls they were also taken after being stored sufficiently long to
allow coaguiation out of the unobservablé gize vegion of the

photo-electric counter, but no significant increase in concentration

was observed,

Corona point discharge is caused by a non- uniform field of
considerable strength in the region surrounding the point. Such a
field is also a very efficient collector of the ions, so that a high
velocity flow rate is required to free the ions from the electric
field in order that a high concentration of small ions can emanate
frém the ion source. Hence the relatively inefficient producer of
'free' ions used by Nolan and 0'Toole (1959) has been modified to
suit the purpose of this work by the introduction of the narrow slit
ta', shown in figuré 2.1. The width of 'a' was chosen for s suitable
yield of small ions, with the potential in the range of 2 to 3 kV,
and with a flow rate of 40 litres per minute. The needle was
positionedlsuch that its tip was concentric with the slif, a8 in
figure 2.1. Such medifications to the apparatus follow the principles
of the sonic jet small ion generator described by Whitby and Mcrawrland
(1961), but the velocity across the nsedle point here was only of
the order of 1/20 the_ velocity of sound. Nevertheless a concentration

3

ofale7 ions per cm” was usually recorded at 2 distance of sbout 15cm

from the source, which proved an adequate initial flux of ions.

A multi-needle ion source was also constructed (using the same
principles as the single needle source) in cese higher ionic
concentrations were required, but this was found to be supexrfluous

in subsequent experiments.

12
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2. Measurements of Number Concentration and Mobility of Tons.

Ionic concentrations were measured using a cylindrical aspiratilon
capacitor (small ion tube), shown in plate 1 and schematically in
figure 2.3. Air from éhe mylar vessel was drawn through the
cylindrical electrode A at a flow rate of 50 litres per minute. 'his
electrode is shielded from stray electric fields by a larger earthed
concentric cylinder énd insulated from it by P.T.F.E. rings. A
positive polarising voltage is applied to electrode A which causes
ione of the same sign to be deflected towards the central rod 3,
insulated from the other two electrodes by the P.T.F.E., spacer, C.

A solid stete Keithley electrometer (model 602) connected to tho

1 1 ’ 3 . - L3 5
central slectrode B records the resulting ion current. The air was

~drawn through the ion tube by means of an electric pump and the flow

was monitored by 2 0 to 100 litre/min rotameter.

If V is the potential difference between the cylinder A and ihe
central electrode B, then the eleciric intensiiy, E, at 2 point r from
the central axis is:

E; = —————EZLé—— < 2.1)
~ ’Qoﬂ e Vb
where a and b are defined in figure 2.3. Ions of mobility w move a
radial distance dr =<»Edt in pime dt. Consider an ion starting at
the outer cylinder A-and moving inwards toward thé central.electrode

B; the time taken to traverse ithe cadial distance dr is:

jit ~ QO Q4) dP ‘
at = we T | ?'(:)V (2'l>

The total time taken to get from the outer ¢ylinder A to the central

L3
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olectrode B is:

22 a
t = (0., b> ‘ ’Qo/ar& /b N Z
2 v o D

wV
Duriné this time air will have moved a distance ut along the cflinder,
where u is the velocity of the air flow. If this distance 1is less
than L, then all inward moving ions will be collectzd. Hence all ions

are collected if u < L, or:

| 2wVL '
u < (a.'z__ bz) ’0098 Cb/b (2 ) 4’)

So we can define a critical mobilitycoc, and for & particular V and

volume flow rate Q ( = u'ﬂ(azn b2)) all ions with mobility ¢, will
be captured, wherecoc is given by the relation:
. A p \
wc — l_q AN /D (2 5_}
217V, [ - '

By varying the voltage, V a mobility spectrin for the small ions can

be obtained experimentally using the method described by Israsl (1971).
The concentration of small ions is plotted as & funciion of the applied
voltage, as in figure 2.4. Israel shows that the intewcent 0P (i dl)
on the ordinate axis gives directly the total number of ions with
nobility w > g 9 where W, is calculated from the corresponding V values
(equation 2.5). Hence OP - OP' gives the number of small ions trappad
in the voltage range_yc' to Vc (corresponding to the mobility range

]
w, %o w, ).

Experimental results of small ion mouility uwsing this tscunique
are shown in figures 2.5 and 2.6. Small ions were i.troduced into the
mylar vessel for 3 minutes, and then the vesael was 'closed off' for a

period of time sufficiently long for the small ions to &ttain a state

14
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of equilibrium (about 10 minutes). The resulting ion concentration

(~ 2000 per cm3) was sampled by the ion tube at 30 litres/min. for
voltages ranging from O to 6 volts. It was necessary to calibrate

the electrometer hefore commencing the experimont so that it would
display a reading of zéro with zero volts across the co-cyliandrical
condenser. Without this adjustment a small negative ionic concentration

was recorded for zero volts.

In the experiment the electrometer was connected to an ultra-
violet recorder so that a continuous record of current wss recorded
for each voltage chosen. FEach point on figure (2.5) corresponds to
an electrometer reading averaged over 90 seconds, after allowing for
the logarithmic rise due to the response time or the eleciromater.
Tangents at chosen values of V enabled the mobility spectrum in
figure 2.6 to be determined. Values of the parameters in equation 2.5
were: a = 1.T742cm, b = 0.63%cm, L = 37.3cm, = 30 litres/min. The

2y=lgac™t,

mean mobility is estimated to be 0.68cnm
An experiment was devised to estimate the number of small ions
produced per second at the slit of the ion source. Thkis involved
having the ion aspirator flush with the ion source; the ion source
had beeﬁ designed to fit snugly into the outer cylinder of the ion
agspirator. With 20V across the ion tube, and a flow rate of 50 litres
per mipute across the needle, a time-averaged valne of 1.1 x 10-9A
was recnrded on the electrometer. This value was obtained by analysis
of the continual tracz on the U/V recorder output: fluctuations in
the output only amounted to a maximum of % of the magnitude of the
reading. This corresponds to a concentration of 8.3 x 107 ions per

3

cm”. The initial absolute value of the small ion qoncentration is



difficult to determine, gince the decay of ions at such high
concentrations is very rapid, as found by Whitby and McFarlend (1961).
However with' a flow rate of 50 litres/min. through the narrow orifice
(7mm diameter) the time taken to reach the electrodes is only of the
order of a few hundredths of a second. Hence 108'ions per cm3 as an

order of magnitude would appear to be a good estimate for the

ionisation rate 'q' of the source,

2.3 Measurement of the Recombination Coefficient, of

Determination of the recombination coefficient, o was made using
the same arrangement asz for the mobility measurement. Decay of
small ions in a closed space with no source has been examined by
Whitby and McFar.ind (1961), and they have shown that the concentration:
of ions left after time, t is independent of the size and shape of
‘the closed spacc, and hence that the decay rate of the cloud of ions
is only dgpendent on thg properties of the cloud itself. The
diffusion of ions to the houndary of the vessel should however bhe
considersd as an agent in the decay of the ions; this has been
examined by Flanagan (1965). He modified the equation for small
ion decay in the presence of seroscl particles by the inclusion of

a diffusion loss term, DV?'n, in the equatio'n:

g—? : szh o+ % - bZ" - °<Inz (26>

with the boundary condition that n = 0 at Lhe walls of the vessel.
For equilibrium conditions in & spherical vessel this equetion has

the solution:_

16
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where k° = b_Z/D and n_ = 9/v2. For a balloon of radius 60cm (half the

width of the rectangular mylar vessel), and with k = 0.50m"1, the
diffusion lossg is regligible apart from within the region about 10cnm
from the balloon wall. The diffusion loss for air free of aerosol.
particles was estimated from squation 2.7 by puttiné K u(Xn/D‘

This effectively calculates the loss of positive ions by diffusion
and recombination, and estimates showed that the diffusion loss
would again be negligible within about 10cm from the walls of the
vessel. In all experiments in this work the ion-tube was projected
about 30cm inside the mylar vessel, so that the diffusion loss was

unlikely %o affect the resnlts,

The pame me"nod was applied for every « determination. Initially
the mylar balloon was almost completely filled with filtered air:
'then'the small ions were introduced into the vessel via a filtered
air flow of 40 litres per minute, until the iﬁitial concentration was
of the order of 10,000 ions, when the air flow to the needle was
switched off. The particle decay was monitored on the U/V recofder
with the electrometer set on the appropriate scale for current
measurement. In each experiment a trace of the decay was obtained
on U/V paper starting from en initial concen%ration of around 4000
particles (where the time, t, was arbitrarily set to zero).to the
equilibrium value of generally arvound 2000 particles. Figure 2.7
is a.roplica of the decay recorded in the fifth experiment to measure
) o<; This curve was analysed to give a value for o through the use of

equation (1.10) from chapter 1. A value of the equilibrium concentration

17
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n_was taken after leaving the apparatus running for 10 minutes.

Samples of the concentration along the decey curve were taken every

30 seconds for 3 minutes starting from the inltial concentration

chosen, at t = 0. Then values of tanh'l(n“%n) vere plotted versus

time, and from the slope of the graph (= n «), the value of X could

be determined. Figure 2.8 shows the result of this procedure for

the decay curve given. The erroxr bars on the graph were evaluated on
the assumption that all concentration reedings from the U/V paper

were accurate to = 0.1 cm (or : 32 ions). Thic entails that as the
value of nf/n gets larger, the error increases. The tanh'l function
tends toward infinity as nf/n approaches unity and it magnifies the error
as the concentiration approsches the equilibrium value, The best
straight line was fitted ‘through the points end a value for « calculated
from its slope. The error in < was estimeted by drawing lines of the

maximun and minimum realistic slope through +the error bars.

Two sets of « mgasurements vere carried out, one preliminary
to the first set of b measurements, the second efter the second sat
of b (end no) measurements. The results for the 14K determinations
corried out are tabulated on. the following page. The weighted nmcan
of all the results gives a value of 2.39 (% 0.14) x 10‘6 for &,
This is noticeably different from the accepted value of 1.6 x 10-6
for the atmosphere ( Chalmers, 1967), but comparable with the value
of 2.5 x 10'6 obtainea by ﬁhitby and McFarland, where investigailons
were carried out under similar conditions of high concentratioun of

ions. The value of « = 2.39 x 10"'6 was used in the czperiuental

determinations of b, for combination between ions and particles.

18



Table 2.1 Results of « Determinations.

Set and Run No.| ng (ioms. en3) | & (10" Pcmdsec™t)
(1). 1 1393 (I 32) 2.52 (*0.10)
2 1961 " 2.65 (20.27)
3 2319 " o (¥0.21)
4 1929 © 2.13 (*0.17)
5 2025 " 2.22 (*0.12)
6 1993 v 2.80 (%0.10)
(2). 1 1639 ¢ 3,03 (%0.30)
8 1639 " 2.84 (¥0.32)
9 1543 " 1.99 (%0.19)
10 2025 " 2,11 {%o0.16) °
11 1704 " 2.33 (Z0.17)
12 1639 1.96 (%0.11)
13 1993 " 2,51 (%0.14)
14 1915 " 2.54 (20.28)
* *
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CHAPTER 3.

THE EXPSRIMRHTAL DETeRMINATION OF THE VARIATION

OF COMBINATION COEFFICI®NTS o AND N, JITH SUB-

MICRCHETRE ARROSOL PARTICLES OF RADIUS x.

3,1 The Mechanism of Sub-micrometre Aerosol Particle Production.

Pariicles were produced by blowing filtered air over 2 glowing
nichrome wire, which was enclosed in a cylindrical container, 18cm
in dieameter. fThis cylinder had conical ends, so that the airflow
through the inside was a8 stream-lined as poséible. A 50cm length
of 24 s.w.g. (0.0559cm) nichrcme wire was used, which was coiled
around the shank of a Gallenkamp immersion thermocouple (type
PX-09h), consisting of a platinum-iridium junction surrounded by
an aluminous porcelain sheath of 1 cm external diameter, The
thermocouple was connected to the appropriate pyromeier (tyve
PX-075). The ends of the nichrome wire were connected to & power
supply, capable of delivering a current of 10 A with a potential

difference of 18 V across the specimen.

'The productién of condensation nuclei by a heated wire was
first observed by Coulier in 1875. Since then, many investigators
rasearching the behaviour of aerosols have used these nuclei as a
gsource of sur-micrometre particles. Megaw and Wiffen (1964), using
neutron activation tecnriques, have demonstrated that the nuclei

produced by heated wires contain atoms of the constituent of the

wire; for nichrome vires the nuclei consist mainly of chromium.
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0'Connor and Roddy (1966) distinguish between 'transient' snd
'permanent' nucleus production from heated wires. The transient
type of nuclei are due to surface contamination, and are produced
at lower temperatures than the threshold temperature for permsnent
nucleus production. All the 'layers! of contamination nuclei will
be driven off the wire if the current is increased enough for the
wire to glow brightly. KEach wire used@ was subjected to a current
of 8 A for an hour, before experimental investigations into the
aerosol particle size and concentration were made, to remove all
the transient type nuclei from the environment under study. The
wire is then said to be 'fatigued' and only capable of permanent
nucleus production. O'Connor and Roddy chezked that the prodgction
was indeed permanent by keeping a 1%cm length (34 s.w.g. diameter)
wire heated to about 90000 continuously for saven days.while passing
filtered air over it at a flow rate of 5 litres per minute. The
value of % varied diurnally by almost 40% of the average value of
266000, but did not show a tendency to decrease with hime. “These

fluctuations may have heen due %o changes in room temperature.

Small nuclei are produced in this way and subsequently grow
by coagulation. Previous work by Nolan and Kennsn (1949) and |
O'Connor and Roddy.(i§66) indicate that the minimum size measureable
using a diffusion method is about-1x10_7cm. Low concentrations
and high flow rates are required for the aginimum size, to suporess
coagulation hefore the particles are measured for size and

concentration. In this work, however, a range of sizes is required,

so the facility of storage is necessary %o allow particles to

21



coagulate, and the mylar vessel was used for this purpose. The initia

concantration of nuclei from the wire was ﬁaried by means of the
current through the wire. In experiments, currents ranged from

6.8 A to 8.5 A (with corresponding temperatures of 570°C and 700°C).
A high flow rate of 40 litres per minute was passed over the wire
to decrease the degree of heterogeneity of the nuclei, snd to ensure
that a large concentration of nuclei could be transported per
gecond into the mylar vessel (without large diffusion loss to the
inter-connecting 4" pneuflow tubing ). %ith this arrangement, a
conceﬁtrat;on of upto 200,000 particles per cm5 could be recorded
from the mylar vessel after 4 minutes with a high . current
through the wire, and conversely a concentration of around 30,000
particles per cm3 after the same time hed elapsed with a 1ow.

current. With a suitable time for storage a size range from 0.5

" -6 e . . N
to 5 £ 10 “"cm was obtained for experimental investiigeitions.

3.2 'The leasurement of Concentration of Sub-micromeire Aerosol

Particles.

Thes2 condensation nuclei are so minute that they cannot be
seen with any optical. microscope directly, but their presence can
be shown by conversion into 'droplets, which magniiies their size
several time~. The number of nuclei can then be counted assuming
that each droplet is formed from only one nucleus. The formation
of droplets around the condensation nuclei in a fixed volume of

air saturated with water vapour can be achieved by creating a

22



selected supersaturation through the increase of the pressure
in the vessel. The sudden expansion of the enclosed volume of
air occurs adiabatically with a resultant degree of super-

saturation in the vessel,

Concentration measurements for this work were made. with a
photo-electric condensation nucleus counter, where the concentration
is obtained by measuring the extinction of a light heam passing
through the fog formed by the expansion using a photocell. This
is known as a relative condensation nucleus counter, for the
droplets are not counted directly. The one used was a standard
direct heam photo-electric counter, following the specifications
of Nolan and Pollak (1946), and shown schematically in figuwe 3.1.

The vertical brass tube_shown is 60cm long and 3.8%cm in
diameter, and is lined with moist blotting paper, cresating a
saturated atmosphere inside. The ends of the %ube are sealed
by glass plates and rubber compression rings. Tho inner sides
of the glass plates are coated with a plastic demist film which
prevents quantities of water condensing out on the surfaces. A
lamp gsystem is fitted at the top producing a paxrallel heam of light
which strikes a photocell at the bottom. The photocell current (Io)
is set at a conveﬁient velue by adjusting the stakie power supply
to the lamp. Air samples under investigation for nuclei eare drawn
through the fog-tube for a time sufficiently long to ensure that
the previous content is completely remcved and the fog-tube is

filled with the air under investigation. Filtered air is pumped

23
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into the counter until an overpressure of 160mm Hg is reached.

This is maintained for sufficient time to allow the air to

become saturated with water vapour and lose its heat of comprgssion.
The pressure is then released and the photocucrent (Io) is measured.
The sudden expansion cools the moist air and the resulting fog

causes a drop in the photocurrent to a new value (I).

Nolan and Pollak (1946) have determined experimentally the
relationship between extinction, E = (Io - I)/Io and the concentration,
Z and tabulated their results for variocus overpressurss. The
absolute values of concentration measurements with the Photo-

electric counter are accurate to within 10%,

The photocell current was amplified so that I and Tn could
be recorded on a digital voltmeter (of O - «0CwV vange) with a
paper-tape printout. The amplifiexr circuit used is shown in

figure 3,2.

The 820/ resistor across the output of the amplifier
effectively converts the variable current output to « 0 - 200mvY
voltage cutput, suiteble For the digital voltmeter. The linearity
of the amplifier's'véltage output was tested by varying the
current %o the lamp supply, and plotting the direct photocell
output versus the volitage ocutput recorded on the digital voltmeter,
This plot is shown in figure 3.3, verifying that the choice or
resistors gives a linear output with sufficient gain over the

range of interest.
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It was necessary for all experiments to have an autcmatic

gsystem for concentration measurements,

operated solenoid valves,

and hence all the electrically

the galvanometer and the digital voltmeter

were connected to a Rotaset programme timer, with a two minute

cycle time. The cams on the timer discs were adjusted to give

the following mode of operation :

TINE (secs)

" FUNCTION OF 'TIMER

OPERATION

0

58

open valves 1 and 2

close valves 1 and 2
open valve 3

close valve 3
photocurrent to D.V.M.
trigger D.V.M.

open valve 4

trigger D.V.M,

current from photo-
cell cut off

close valve 4§

reopen v.olves i and 2

ajir samvle drawn through
counter using pump, flow
measured with rotameter

filtered air pumped in

until required overpress-
ure is reached (160mm Hg)

record I
0
sudden expansion

record. I

(cycle repeats)

The valve numbers here refer to diagram 3.l. ‘These timings -

comply with the necessary conditions stated by Nol=an and Pollak

for satisfactory operation of the counter. ‘The time betwaeen

the expansion and the dgecond trigger of the D.V.M. was fixed so

as to give the minimum extinction reading, and was equal to

3.5 seconds.
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¥ith the counter operating continually in this mode, and
vwith an average air flow-rate of 5 litres per minute througzh
the counter. during the first half of each cycle, it was necessary

to remoisten the blotting paper in the counter every 20 hours,

to ensure that each sample became saturated with water vapour.

All metal to metal screw- thread connections to the counter
were sealed with P.T.F.E. tape, and the counter system was tested
for leaxs before commencement c¢f use. Plate 2 shows the assembled

counter system.

3.3 The Measurement of Size of Sub-micrometre ierosol Particles

The relati i hetween the fraction of aerosol particles
penetrating a series of narrow channels and the diffusion
coefficient of the particles was firstg investigateﬁ by Townsend
(1900), and was first applied to atmospheric porticles by Holan
and Guerrini (lQﬁ)) using a diffusion battery containing a numver
of parallel rectangular channels. Timoney, working with Nolaﬁ
and Guerrini, developed an equation for the diffusion loss of
particles in the parsllel plaie battery which was later correcteq
by Gormley in an appendix to a paper by Noian and Nolan (1938),
If the psrticle concentration entering the hox is 2 and Ehe

concentration emerging from the box 1is Zv’ then:

!

L = 0910+ 0053, (3-1)

3:77 bDLC D

where « = =

— ————

aQ kQ




Here Q is the volumetric flow rate, C the number of channels, 2a

the spacing between the parallel plates, L the height of the channels
perpendicular to the direction of air flow, L the length of the
diffusion tube and D the diffusion constant of the aexosol particles,
The quantity k is a constant for a given box, Two diffusion

batteries were used for this work: the battery for larger size

1" 5.7o4x10“’cm'1,
whereas the battery for the smaller size range (0.25 - 1x10-6cm)

had k, = 8.545x10'6cm'1.

aerosol particles (in the 1 - 5x10'6cm range) had k

The discussion above refers tc monodisperse aerosols, whereas
most aercosols are polydisperse. Pollak and Metnieks (1957, 1959)
found that when using the Nolan and Guerrini method to msasure

the diffusion coefficient for nolydisperse serosols, the values of
PO LY 3

)

D calculated by means of equation (3.1) from experimental observations
increased with the rate of flow. These authora proposed to malke use
of this result for the determination of the size disgtribution of

the heterogeneous aerosol (from the distribution of diffusion
coefficients). The aerosol is resolved into a number of discrete

8ize components by using the so called 'exhaustion' method, which

is described in their 1957 paper. This lengthy procedure was not
adopted in this wofk; for several size determinatione were required -

here,

Natural aerosols and aerosols in the labhoratory are commeonly
found as a continuous size distribution of particles which follows
a log-normal probability law, where the probability density is

given by:
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where rg is the geometric mean size and f% is the geometric

standard deviation. Megaw and Wiffen (1963) showed experimentally
(using electronmicro-photographs) that aerosols produced by atomising
a O.M% solution of potassium permaenganate and allowing the drops

to evaporate,end by heating a tungsten wire to a temperature of
1000-1200°C in a current of filtered nitrogen both closely followed

a logarithmic probability law. For such an aerosol only the parameters

rg and ﬁ% are needed to define the size distridbution.

Fuchs et al. (1962) have devised an indirect method by which
-these two parameters can be jbtained with the diffusion hattery.
They used the penastration equation of DeMarcus (1952) as a starting
point:

v

——

Z

- [-% n __22.335( _ . "
= O"“He | 8:e¢+ 0-0592 ¢ - 0026 ¢ 151 e¢ (

Using an electronic computer they plotted a system of curves Zv/z =

!
=
~~
<
g

(where y = 1/kQ) for aercsols having a logarithmic probability
distrivution, so that experimental values of Zv/Z conld be compared
with them. This was done for several values of the mean geometric
particle radius Lg from 107" to 1072 cm, and for values of ﬁ% from
1 (corresponiing to a monodisperse aerosol) to 2.5. Thece curves
are shown in figure 3.4, which is copied from Fuchs's paper. (Here
n'/n.0 corresponds to Zv/Z , and log 1.88%2y = log (l/kQ). Mi.llikan's

equation (1923) was used to relate the diffusion coefficients to



the particle radii, on the assumption that the psrticles are sphericals

. A>\ _ f I“//l" - Cr/)\
D = kT ( | + /v B( ) e ) (3.4)
6y r -

where A = 6.53x10-60m is the mean free path of the air molecules,
M = 1.83x10"% dyn s om™? is the viscosity of the air (at 23°C and
760mm Hg), A = 1.246, B = 0.42 and C = 0.87. These values were
found by Lillikan for oil droplets, There is a variation in the
value of the constants with the nature of the droplet (liillikan,
192%; Wasser, 1955). However the uncertainty in the value of the

particle radius due to this variation does not exceed 2-%a.

The important feature of Fuchs's methoed is that sach fomily

Lrod
')

of curves for a pavticular v _ and varying ﬂi intersect when Lv/q
. /J:, v

y3]

=]

has a value heiween 0.4 and 0.45 . Hence ii the air-flow through

the diffusion battery is adjusted such that the value of Zv/z is
between these values, then the radius obtained with this flow-rate
will be the geometric mean radius of the aerosol. ‘ﬂg and rg can

be obtained for a particular aerosol under study hy determining
values of ZV/Z for three different aim-flows, (with une value

between 0.4 and 0.45). The results are plotted on tracing paper
with Zv/Z as absciéSé, log(l/kQ) as ordinate, and having the same
scale as figure 3%3.4. Comparison of these points with the thecretical
families of curves then yields values of 8} and rg. Megaw and Wiffen
(1963) report that good agreement has been found in experiments in
which the geometlric mean size of various asrosols as given by Fuchs's
method has been compared with thai obtained from electronmicro-
photographs of samples of the aerosols. Thes Fuchs method hag been

used in this work for all determinations of aexcsol size. Figure 3.5
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DETERMINATION OF PARTICLE SIZE DISTRIBUTION IN POLYDISPERSE AEROSOLS BY THE DIFFUSION
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shows the extrapolation curve used between Fuchs's values of the radius,

to determine the intermediate radius values.

3.4 Ion-tube Measurements on Charged Particles.,

When large ion equilibrium exists in aerosols, due to frequent:
collisions with small ions, then the Boltzmann distribution law can -
be applied to the nuclei if the electrical energy is included. Keefe,

Nolan and Rich (1959) have shown that under these conditions:

Z 21KT ('5_6>

P?.
where Z is the total number of aerosol particles per unit volume, NO
is the *total numb:¢ of unchérgéd particles per unit volume and p is
the number of charges per particle., Experimental results of Nolan
and Kennan (1949) for values of Z/ND for nuclei of different sizes

produced from hot platinum give good agreement with this hypothesis,

A conventional ion-tube is normally used to measure the ratio Z/No.
The ion-tube used for for this work is shown in figure 3.6. The mode
ot action of the ion-tube is well described in a paper by T+4.Rich .
(1959). Using b and h ;s defiped in the diagiam, tha critical
mobility at which alllcharged particles passing through the.tube are

caphturcd is given by:

Qh ,
We = v (3.6)

3

where @ is the flow rate in cm sec-l, and V is the voltage =2cross the
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plates. A voltage of 2.5kV was chesen in the experiments, This
ensured that all singly charged particles with radii less than
1.5x10—4cm were captured with a flow rate of 3 litres per minute,
uszing the tables of Flanagan and Tayler (1967). An Americium o foil
source of strength 125/LC (shown in figure3.6) wes placed in line to
ensure that the aerosol under study was in charge equilibrium. Tests
were made to make certain that the « -source did not produce condensation
nuclei. With the a(;source in line, the ion-tube was used for
measuring (No/Z)°° . The equivalent radius of nuclei could then bLe
determined using the tables of Metnieks and Pollak (1961) for (No/ZL”
versus radius. Preliminory experiments showed that the value of the

eqgquivalent radius measured with the ion-tube differed by only 5% from

ct
[}

LY

0 £ th P

. ot . : :
value of the geometric mean radius measured by the diffusicen

battery.

In this work, the ion-tube was primerily used bto measure (No/z).
The diffusion baftery method was used for size détermination, (giving
more accurate values of size for r < 1.0x10“6cm) from which (No/zhw
could he determined from Metnieks and Pollak's tables. Hence for the
majority of time, the « -source was removed, and the ion-tube -.in
conjunction with the diffusion battery - was then capavle of measuring

the departure of the aerosol from charge equilibrium. This procedure

was adopted for the measurement of nbversus radius, outlined in the

next section of this chapter.

3.5 Experimental Determination of b versus radius and 7hversus radius.
{

Now that an experimental value for o« had been obtained, and

having checked that the photo electric counter, the diffusion battery
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and the jon-tube were working satisfactorily, the wain set of
experiments in this work were ready to he performed. The lay-out
of the apparatus for this is shown in figure 5.7 and in the two
photographs, plates 3% end 4. Inter-connecting pnzuflow 3" tubing
was made as short as possible to minimize diffusion losses. As with
the ot determination, the aeroscl particles were initially drawn |
through the small ion-tube and then through 1" diameter rubber tubing
to the rotameter and pump. The flow rate cmployed was 50 litres per
minute. The sample line to the counter, through the diffusion
battery or large ion-tube or equal volume tube (to the diffusion
battery) was all of 4" pneuflow tubing, connected to the main sample
1iné'from the mylar vessel by a 'Y' piece. (It should be noted here
that rotameter readings through the small ion-tube were only made
with no flow of air through the photo-electric counter, sc¢ that one
junction of the 'T! ﬁas effectively blocked., Thz choice of routes

o the counter was determined hy two-way electrical sclensid valves.

For measuring b versus radius the following procedure was adopted.
The mylar vessel was filled with filtered air using pump A. Aerosol
particles were introduced into the vessel uging pump B with a 40 litres
per minute flow rate. If small particles were requiréd, then filtered
air from pump A was used td £111 the vessel for the majority of the
time, with aerosol production using pump B only for the last few |
minutes before the vessel was full. This production time for 5mall
particles of size ranging from 0.5 to 1.0x¢0-60m varied from two to
twenty minutes, If large particles were required, then the zerosols
were produced for a much longer time; from one hour duration for
particles 4,2.0x10—6cm upto 80 minutes for the largest particles

obtained. ¥orxr the large particles the amount of filtered air pumped
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into the vessel was reduced, and for the largest particles no filtered
air was pumped into the vessel from pump A. It should be mentioned
hera that the current through the nichrome wire was wvaried for

different size requirements as indicated in section 3.1.

Concentration measurements were then made every two-minutes on
samples of the aerosol. The zerosol was stored for a pe¥iod depending
on the size required for each experiment. For small particles this.
was between 10 and 20 minutes, and for larger particles for more than
an hour. Duping this time, air was passed through the diffusion
battery with trial flow rate values to determine which flow reading
would give a value of Zv/z of between 0.4 and G.45. The size was
then determined accurately using the following analysis scheme,

with concentration readings every twc minutes:

(1)
(2)
(3) =

Bl

measurement withairflow through equal voluxe tube,

[N
e e e e

(4) 2 )

v
(5) z, measurement througn diffusion battery with asme
; low rate as for (1), (2) and (3).
(6) 2
v
(1) =z
. (8) z measurement with airflow through equa! volume tube.
(same flow rate).
(9) 2

For the very small particles there was often insufficient time

before reading (1) to find the correct flow rate for év/z to be A 0.4,

33



80 it beceame necessary to perform a preliminary expgrimenf to obtain
this value. After flushing with filtered air, the vcssel would again
be filled using exactly the same parameiers for aerosol production as
in the trial run, and then the main experiment could be carried out,
using the flow rate value previously obtained. The geometric means
of the six Z and three Zv readings were taken to give the ratio Zv/é,
generally around 0.42; the size measurement was rejected if the ratio
was outside the limits of 0.34 and 0.50. Immediately after the last
Z measurement (number(9)) small ions were pumped into the vessel from
the lower ion source for a time long enough for the ion concentratiop
inside (measured on %the U/V recorder connected to the small ion-tube
via the Keithley electrometer) to be above 4000 ions par cm3.. Then
the flow rate to the needle was stopped and the decay of ione inside
the vessel was recorded on the U/V paper, as in the method for
determining o« , outlined in Chapter 2. When the ions had reached
equilihrium, aerosol concentration measurements were again taken and
another size measurement made, identical as before. It was not
possible toc muke eeroscl concentration readings during the ion decay
time as the electro-magnet;c valves interfered with the electrometer
whaen they were switched on or off. A check on the value of n , was
made five minutes after completion of the decay run. The decay time

(from n  to nco) varied between two and six minutes, so there was no

)
apprecisble gap of time between the two size determinations, and in
most cases increase of size over this time due %o coagulation was
minim2)l, PFor experiments where some coagulation was found %o occur
the flow rate through the diffusion battery was reduced slightly
for the second size determination. Geometric means were again taken

to evaluate the average size and concentration during the decay of

the iona.
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An experimental decay run is shown in figure 3.8, The initial

ion concentration corresponding to t = 0 was chosen to be 4000 ions

3

per cm“. The geometric mean size for this aerosol sample was found

to be 2.02x10_6cm, and the average concentration of nuclei during the

3

run was 15,810 particles per cm-. The corresponding set of theoretical
curves for this decay, plotted by computer, is shown in figure 3.9,

These curves rcpresent a plot of the solution (1.16) of dn/CH; = q - o(nz- 'Bn
for values of‘B from 0,005 to 0.050 (in steps of 0.005). Families

of curves as in figure 3.8 were plotted for a particular value of n ,

3 3

ranging from n_, = 100 ions per cm” to 1500 ions per cm”, at 50 unit

intervals, (For the larger values of n,, the values of}B plotted

were from 0.001 to 0.015, at 0.001 intervals. These sets of cuzrves

correspond to the decay

lac]
)

[aX)

[

™

~ se 4 a
v lo Lil OO

I

mples of small si particles,
where the value of ﬂ will also be relatively small unless the
concentration of particles was very large, which did not =2pply in any
of the experimental runs.) Figure 3.9 is the theoretical set of curves
with the value of n __ closest to that obtained experimentally in
figure 3.8. A comparison of the experimental decey curve with the
family of curves for the first two minutes gives a value of ﬁ of 0.034.
From the relationship ﬁ = bZ, b is then determined to he 2,46x10_6cmﬁsec"1.
The error in b was evaluated from the error in'B and the error in 2.
The error in ﬂ was estimated from the fluctuation of the expsrimental
decay curve from the theorgtically computed curves. The error in Z
was taken as &b for all experiments, corresponding to the accuracy

of the photo-electric counter. For the above quoted b value the

error was found to be ¥ 0.27x10—6cmssec-1.

For the measurement of Y) versus radius one extra measurement
/
has to be introduced in the experiment, that of the number concentrution

of uncharged particles, No. This is achieved using the ion-tabe.
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ag indicated in section 3.4. The analysis scheme for vomeasurement

vas as follows:

(1) =z
(2) 2z

(3) =z

N St N v

(4) 2
(5) 2
(6) Z,

<
S e

(7
(8) 1z

(9)

[N
[N N N

S}

=
~

(10)

Nt N

(11) L

measurement with airflow through the equal
volume tube.

measurement through diffusion battery, with same
flow rate as for (1), (2) and (3).

measurement with airflow through aqual volume tube,
(same flow rate).

measurement with ion-tube, (same flcw rate).

Ion decsay measurement.

Stages (1) to (11) in reverse order.

The geometric mean value of No was found, corresponding to the average

value during the decay, b was determined using the mzthod described

above, and then 1% could he calculated from equation (1.20), where f

L
and { values were determined from the measured values of ( o/z) ond

(NO/Z)a; using the ion-tube and diffusion battery respectively.
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The full results of b versns radius and noversus Tadius
experiments are tabulated in chapter Y, where they are algc nlotted

graphically.
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CHAPTER 4.

THECRETICAL CALCULATIONS OF COMBINATION COEFFICIENTS.

Combination coefficients between smell ions and aerosol éarticles
have been well studied for the situation vhen the radius_of the
particle is larger than the ionic mean free path, using the diffusion-
mobility equation:

pz(DQLﬂ + ?L_L'{Kn):consb.zgé (4-1)

dr A ' ( the tonic {lux)

where D is the diffusion coefficient, K the mobility and n the
concentration of small jions, and U is the electric potential at
distance r from the centre of the particle, of radius a. Bricaxrd
(1949) made sllowance for the image charge of the nucleus in the
expression for the potential gradient, but his expressions for the
combination coefficients required modification in the case of a 2 the
'ioniq mean free path, The same author in 1962 introducad the mean
free path, A\, of the ions into the calculaticns by defining a
"limiting.sphere" of radius A+4a concentric with the aerosol particle,
where A i5 of the oxrder of the size of the mean free path of the
small ions. The small ions undergo their last collision outside this
sphere, so that in the layer of thickness A the ions move around as if
in empty spaoce, traveliing at the mean thermal velocity, c.
Smolukowski (1918) had calculated the value of A assuming fhat the
departure of tue diffusing small ions from the extérnal sucface is
equaily probable in all directions, and Bricard used his result for

a value of A given by:

l , )
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which gives A = >\ for smazll a, and A= >\/2 for 'a' very large. Outside
the sphere of radius A+a the diffusion-mobility treatment holds,
whereas inside the sphere collision treatment of kinetic theory is

applicable. The ionic flux dareaching the particle iss

%a = ‘ﬂ/o.zz':l’lm_‘A (4..3)

where n51+A is the small jion concentration at the outer surface of the

shell. At equilibriums

Q/ﬂ = /dau\ (4'4>

Bricard substituted the R.H.S. of equation (4.4) in the diffusion-
mobility egquati 4.1 d obtained the effici s 1d

ity equation (4.1) and obte the coefficient le and 72D
(of nuclei carrying elementary charges of the same sign as of the amall
ions and of opposite sign respectively) in & similar way to his
previous method,

- e?—
’IT a. C l T "'F

T]I,P = kT P kT(a+a)
2
PE‘T’ f —exP--__e'2 ] :
k1 (a'f-l.\), (4_5
2= €2 e*
mp = TP % &P TEraTRY

P el -

N v
P kT(cL+A)

Bricard (1965) showed that in particular for uncharged particles

the combination coefficient 7}0 reduces to:

O (4-6)

C_ a?.
’ YWD A a

However, these modified values of the combination coefficient were

evaluated with the simplification of neglecting the inage charge.
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Xeefe, Nolan and Rich (1959) discuss how the ratios of the
combination coefficients ‘U/no , nlynﬂ ) Wz7n23etc. (where %, is the
combination coefficient for uncharged asrosol particles, n is the
coefficient for collisions bhetween singly-charged aerosol particles
and ions of opposite sign, nzﬂls the coefficient for collisions

.which change dcubly-charged to singly-charged particles and vice-~versa

for ‘Vﬂ) can be chtained by application of the Boltzmann distribution

law; for under equilibrium conditions, >
-— No . H Nl | >
%’7]; = U ) B-I:). = (l,_. 7
N, Y Ny

where No, N1 and Nll are the number concentrations of uncharged, sinély
and doubly charged particles respectively., Keefe snd Nolan (1961)
extended this study to the influence of image ferces on the

combination coefficient nkof small ions with uncharged aerosol nuclei,
They congidered three cazes for different ranges of radius, a, of the
nuclei; (i) a >, (ii) 2 < A and (iid) a ~A. Size ranges (ii) and
(iii) are of more relevance here. 'hen the size of the uncharged
particles is umch small2r than the mean free path of the small iona,
the effective capture cross-section is enhanced bneyond the geometrical
size due to the attraction of the image charge. VIith this conzideraticn,
Keefe and Nolan obtained the following equation, assuming a Maxwellian
velocity distribution of the small ions:

% = Tra25(|+ _TTe? ) (4-8)

akKT

In the case where a is of the owder of A (typical of atmospheric
nuclei) the volume around the nucleus is split into twc regions, as

described earlier. This then modified as:
1

N = MTa*c (' + _?:T_';L%‘— > (4_q>
|+ YN
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/
where X is the affective distance out from the nuclear surfsce to

-6
the boundary between the regions. For small radii (<10 >

em) this

equation tends toward the form of (4.8); for large radii (:>10"5cm)
- s

‘vo tends to MX¢a. )\ was evaluated by equating this asymptotic value

to the result calculated for large nuclei in case (i), (a >A); nk= 4ad,

Hence:

- ‘Te?
2 o
1Th C (l+ 2a kKT )

P (4..!0)

"o

Keefe, Nolan and Scott (1968) extended the study on the effects
of the image charge attraction to the combination of small icng and
chérged nuclei. Fizure (4.1) shows the image capture sphere for the
case when the small ion is attracted towards the nucleus. The radius
of the image capture sphere, soa, is the minimum apsidal disiauce
for ion trajectorieé with correspouding impect parumgter boam Orbits
with impact parameter ba > boa will escape capture aflter passing
through an apse, whereas those with ba < boa will spirasl inte the

nucleus.

Jons move under an attractive force towards Q0: the central
force, Hence the sngular momentum of an ion about O remains constant.
When the ion is at the apsidal distance, sa, the radial component of
itz valocity in the equation of conservation of energy becomes zero.
Using this fact, and inclﬁding the image force term in the poténtial
enexgy expression, the following equation can be derivea foxr ciarged

spharical targets:

bz _ 3 2pY \/‘__ g 11
'é;_ — I -+ "%” + sz(s'l. _ D ( )
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2
e 2 . . .
where Y = /amc s b and 8 are the normalised impact parameters

and apsidal distances respectively. p is the numbexr of electronic
charges on the nucleus and is negative for attraction. The minimum
value of the larger root of this equation is that for the closest
passing orbit which just escapes capture, This minimum value occours
when the two roots are equal; when b = bo and 9 = solin_diagram (4.1).
In this situation the capture cross-section for ions approaching in

& given direction with velocity ¢ is enhanced toTrboaz/ﬂ;2 » The

enhancement factor (denoted E.F.) is thus boz.

Keefe et al obtained values of b02 from graphs of b2 against s

for varicus values of p and Y, and then plotted the enhancemeni factor

2

(E.F.) agoainst a, where a is deduced from Y, setting Zmc” = 5/2 kT

wji=

(for T = 290K). Curves for p = 1,2 and 3 were evaluated for hoth
the attractive ail the repulsive cases. These curves come together
for large values of the radius, where the enhancement factor is

"approximately given by:

boz = |+ 2]JY (4

This erprnssjon is also obtalnod for unohmr ed szerosol particles (v = 0),
puttinb /ds = 0 in equation (4.11): this result would be expected
since the relatlve importence of the image force with respect to the
coulomb force increases a3 the radius incresses. Also for larger

radii the geometric cross-seation deminates over the electrical

forces and he~ze the E.,F, is small.

The variation of the normalised image capture distance, 8.1 with

aerosol particle radius can be found directly from the minimum

a2



condition of (4.11), where for the attractive case:

| l :
TR T ey ()

and Y _ ez

3aKkT

As Y > 0, a >0 and 8, tends to unity; but for ¥ —o00, a -»0, and

p(soz- 1)2—> 8,» giving the endpoints of the attractive curves
s = 1.49 (p-1), 8 = 1.55 (p=2) and 8.~ 129 (p=3). |

To obtain realistic values of 5E.T. for varicus radii, Keefe et
al. made an average over the Maxwellian velocity distribution of the
small ions. Formulae were derived by trial from the single velocity
boz"values which had been evaluated over a wide range of Y values,
a3 indicated earlier. Five values of p wevre included, and foxr the

attractive case, the equaetion:

” ' (414)
b = 1+ (2p - WY ¢ 2 /(5T (4
gave a fit to within 2%. "he average enhancement factor using the

Maxwellian small ion velocity distribution, f(e), is expressed by:

I ebZ 50 de
7§04

Substitution of bo2 values from (4.14) and integration gives:

EF = Lv P TS o) v 4 (2 + 25 -%)

for the attractive case, where y = e2/

E.F

o|—

(46

/
The table 4.1 compares

2akT’
valuzs of the enhancement factor evaluated by Keefa et al. (1968)
from a single velocity (bod) and those evaluated from the velocity

distribution <b§, for the p=1 attractive case:

by
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Table 4.1

S .

2 x 10™ om 1 3 10 30 100
| b°.2 9.5 | 4.27 [ 2.31 | 1.64 ] 1.32
Y 12,5 | 5.29 | 2.61 | 1.75| 1.35

A comparison of these two sets of resuits has shown that for small
nuclei, integration over the Maxwellian velocity distribution can
be replaced by using a single particle equivalent initial energy of
%m02= kT, whereas for large nuclei the equivalent initial energy

turns out to he 1.25kT.

For the special case of p=0, integration over the Maxwellian

distribution gives:
c - - " { 4
c.r- = ] **/‘Hyf kl""“/

. .
Equatizg (4.12) and (4.17) gives TTme” = 8kT, and hence the equivalent

single velocity of the distribution is the mean velocity.

Hoppel (1974) compared the relative importance of image capiure
and threo-body trapping, the lattexr effect being desecribed in his
1969 paper. Both etfects were then encompassed in a aingle theéry

and used to calculate values of the combination coefficionts.

The three-body tr;pping Qiatance, 8 , is determined by the amount
of kinetic energy lost by the ion approaching the nucieus in its last
collision with a molecule: if the erunergy removed by the moliecule is
large enough, the ion will become trapped in the coulomb field of the
nucleus. 5 is defined as the average separation diétance where the

average energy removed from the ion by the third body is just

)



gufficient to ensure capture. Three-hody trapping becomes important
when S is greater than so&, the image capture distance. This does
not occur for neutral nuclei, but for ions end nuclei with charge of
opposite sign there is a critical nuclear radius below which three-

body trapping becomes important.

Hoppel used a modification of Natanson's (1959) three-body
recombination theory to determine empirical values of the ion-ion
trapping distance for various atomic masses of the small ion.
Natanson's expression for the ion-ion recombination coefficient can

be written as:

oL = \ d{d+X) kgT / [\ (d+X) KgT

4 (’LZED-'C(')KT ' €>\ \lovr :
o 4J-k?e : (I Ak 7 ”**’KBT/"")

vhere k is the mobility, )\ the mean free path, Er the mean relative

Tt (1 + 2= o (o)
1

velocity of the ions; d is the ion-ion trapping distancas and f£(g)
represents the probability that either ion suffers a collision

while traversing the trapping sphere:

£(3) = 200 - 2 (4-19)

where: (y =‘+2[§;g’+i%_L]axld (}___20(/
7Ty S

Figure (4.2) gives the recombination coefficient as calculated from

equation (4.18) as a function of trepping distance for severszl ralues

of ionic mass, Values of the mean free path were found using the

Langevin expression (1.%), with a value of 1.2 cmzvolt"lsec“l for k,

and using a value of 4.58 x 104cm sec'l for v, the average thermal
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velocity of the molecule. A value of 1.62 x 10'6cm for the ion-ion
trapping distance d was determined for calculations using Nolan's

(1943) value for et ard an atomic mass of 150 a.m.u.

The ion-aerosol particle trapping distance is da2termined from
the ion-ion trapping distance by calculating the kinetic energy gaihed
by one of the ions between the separation distances d and d+)\(in the

laboratory system): '

_ J‘d dr o & _d (4.20)
S N 2 (44N

E gives the excess kinetic energy which an ion muat possess if it is
to lose sufficient energy upon collision with a molseculs %o esansure
trapping. The ion-aerosol particle trapping distance S is thus

determined by:

g(5) - 4(5+)\) = (4.21)

where the electrostatic potential energysﬁ(S), including both coulomdb

and image charge forces, is given by:

2 -82 -3

5) = B
ﬁ(b) o 251(5-2_az)

Figure (4.3) shows the variation of O with radius (determined by (4.21))

(4'.22)

compared with the corrésponding variation of'soa, determined hy Hoppel
using the substitution -,’;-_mc2 = kT, It is apparent from this diagram
that the effec. of three-body trappring is important for aerosol particle

radii below about 2.0 x lcmscm, but can be ignored above this value.

Hoppel applied a collisjion treatment inside the sphere of radius

4k
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Sq-X to compute the flux of ions I_, entering the S-sphere, and

)

found: .
Ly = Farf(x)o’en, (4.23»>'

where ¢ is the average veiocity, X is the enhancement of ions

entering the S-Sphere resulting from electrical forces:

Yy = |- ¢(5) ,:T}é-(&)\) ,(4“24’)'

f(x) is the total probability that an ion passing through the S—sphere
will be captured, and is given by:

f(x) = | L [l _ c--?_xcosec (, + ZxCOSQC)J (4_.25)

2x*

g, 19 the critical angle, measured from the radial direction, which

an ion must have to just miss the aerosol particle, detesrmined by:
. 3 bc
b, = = - (4.76)

(soa)"[ | - ﬂ5°“')k‘ #(2) ] - (4.27)

where:

b 7

c

Outside the sphere of radius (§+)) diffusion - mobility theory
holds. Hoppel showed that the total flux of ions to the aerosol
particle from this outside region is given by:

02
ATD [ no —ne X7

r 2

—
{

(4.28)

as derived from the diffusion - mobility equation (4.l1), and using
the condition that the ion density at a large distance from the

aevosol particle is n,. He then matched the diffusion - mobility
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solution to the inner conditions given by 15 and obtainod'the following

expression for the attachment coefficient:

Fs | ([ |
- F.Zﬂ)
75 = €¢(6+'\)/KT+ Fs j‘ | ¢(o.x)/k_r

e
$TDa |5, x dx

a
where Fg = 15% f(x). Equation (4.29) is valid for 5}>soa. If s a> 5,

then.7 is obtained by replacing 5 by 8 _a and F¢ becomes:
5,8 o )

Feo = Ta*c (E.F) (4 -30)
where the E.F. here refers to the values computed by Keefe et al. (1968)

in the image capture theory. The value of ¢ was evaluated from:

—_ _ BkT I’ZL.BI\
.C = A/ Tm ( 1 j

Lon

and with an ionic mass of 150 a.m.u. and a temperature of 288K, ¢ =

2,01 x 104cm sec"l.

Hoppel calculsted values of the combination coefficients 7M 7 and
le (using the Keafe and Nolan notation) for different radii using
eqgquation (4.29). Under equilibrium conditions it can be shown that:

Lo - 27°['+‘Z,_2]' (4-32)

+
%

neglecting the effect of triply charged aerosol pariicles. The
variafion of b with radins can now he evaluated using Hoppel's values
of m, v, and an, and the results for this are given in chapter 5.
Values of b versus radius from Keefe and Nolan (1962) are also shown.
Values of qoversus radius from Bricard (1962), Feefe and Nolan (1962)
and Hoppel (1974) ere presented end compared with the experimental
ra.ults. |
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CHAPTER 5.

THE EXPERIMENTAL RESULTS OF b AND N, VERSUS
I

RADIUS COMPARED WITH VARIQUS THEGRETICAL MODELS.

5.1 Expafimental Results.

Tables 5.1 and S.é show the results of all the b and Uo
measurements made at different radii., These measurements are plotted
graphically in figures 5.1 and 5.2. Two sets of b versus radius
experiments were carried out: the first set corresponds to runs where
oniy the combination coefficient b was evaglueted, and the sacond set
corresponds to runs where both b and h, were determined. The run

: {
nunbera are tabulated in chronological ordex. The experimental

procedure used for both these sets of measur.uents is. given in section

3.5,

Figure 5.1 illustrates the'wide veriation in b wvalues obtained,
The values tabulated in table 5.2 seem to follow a more linear trend.
Twc parameters ara considered to be responsible for the fluctuation
in b values; s the initial concentration of small ions, and Z, the
concentration of the aerosol particles. n here refers 4o the initial
concentration of ions into the mylar vessel, before setting the time.
t = 0 (for neo = 4000 ioﬂs per cms). This initigl concentragion was
proiably of the same order as the particle concentration for Z less
thaa or equal %o approximately 15,000 particles per cm3. This initial

concentration of ions could be reduced in two ways: (1) by having a

high concentration of aerosol particles, Z, whick would 'quench! the
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fable 5.1 Variation of b with Radiua.

Run no. | Geometric¢c mean size Concentration of b
of aerosol particles.| aerosol particles, (1 -6 3 -1
-6 -3 0" "cm’sec ).

(10" "em). (em™’).
1 0.52 15460 0.34 (%0.04)
2 0.70 10870 0.55 (10.06)
3 0.41 12900 0.35 (20.04)
4 0.44 16190 0.36 (£0.04)
5 0.45 19850 : 0.43 (0.05)
6 0.42 15010 0.37 (¥0.04)
7 0.51 18580 ' 0.48 (10.06)
8 1.39 24000 0.67 (X0.07)
9 2.:0 T 17280 1.16 (Z0.15)
10 2.30 12500 2.24 (¥0.29)
11 2,40 9130 | 3.07 (0.41)
12 _ 1.72 26070 1.34 (*0.16)
13 2.02 13810 2.46 (fo.27)
14 0.77 29400 . 0.61 (%0.08)
15 0.95 13620 1.10 (%0.16)
16 . 1.05 11160 1.57 (%0.21)




TABLE 5.2. Variation of b and no with radius

16

-6 Concentration of No No b N,
Run No. Size (10 “cm) aerosol particles N £ 1= 2 (10—6cm35ec_l) -6 3 -1
_ (cm—3) Jo (10 cm'sec )
17 1.49 26040 5.01 0.75 6.67 0.58 (£0.06) 0.35 (£0.04)
18 2.65 41320 1.88 | 0.68 2.76 1.21 (*0.15) 1.01 (%£0.13)
1% 4.00 22310 1.40 | 0.78 1.79 2.24 (x0.22) 2.39 {+0.13)
20 4.17 i21e0 3.68 2.16 1.70 2.06 (%0.27) 1.95 (+£0.25)
21 1.26 9310 12.77 | 1.27 10.05 0.50 (1£0.06) 0.33 (*0.04)
22 2.29 _ 25540 . 4.83 | 1.48 3.30 0.94 (*0.11) 0.79 (£0.09)
23 2.43 . 21250 4.33 | 1.41 3.08 1.10 (x0.16) 0.94 (+0.09)
24 2.€8 13220 4.10 | 1.53 2.68 1.13 (%0.11) 1.02 (z0.10}
25 2.12 37730 2.16 | 0.59 3.68 . | 1.19 (+0.14) 0.86 (+0.10)
26 2.31 30350 2.08 0.63 ;3.28 1.36 (+0.18) 1.03 (%0.13)
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high flux of ions, and (2) by careful manipulation of the air supply
to the needle in the ion source. Theae twe constraints wers gn
general applied to the second set of runs which are hence more
represantative of conditions found naturally in the atmosphere; The
variation of b with concentration of aerosol par£icles is shown ia the
diagram by the symbols on each experimental point. Larger values of

% tended to give the smaller values of b, bhut this variation also
depended on n which was not recorded since this would have required
rapid changing of the sensitivity scale of the electrometer just before

each decay.

5.2 Cemparison with Other Fxperimental Results,

The variation of small ion concontration with time’ in the presence
of artificial nuclei in a sealod zoom has bi¢fn examined by Burke and
Dalu {1969). They fcund that vzlues of the combination coefficient, b,
deduced by Keefe and Nolan (1962) for equilibrium conditiona, depcuded
on the nucleus concentration, vwhich mainly contvolled the ionic
concuntration. However, exparimental values of combination coeflficient

b were not determined.

#lenagan (1965) describes two series of measurements of b versus
radius. Swmall ions were p?oduced in a tetrahedral vessel of aluminium
walls by having Cobalt 60 sources in the wvicinity. The ionizsation
rate could be varied according to the position of the sourecsa.

Aerosol particles were pioduced by passing filtered air over glowing
nichrome wire and also by bubbling filtered air through water, forx a
larger size range of particles. The radius of the particles was

measrred by ths diffusion battery method.
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Tn the first series of experiments the ionic concentration (n)
vas measured for different aerosol particle concentrations (%) end
the ionization rate kept constant. The vessel was filled with
aerosol particles and both Z and n were mesassured. Filtered air wasg
then pumped in and new values of 2 and n were récorded. This process
was continued until the vessel contained no aerosol particles. The
size of the particles was measured duvring the run, and the ionization
rate determined by méaauring the ionic concentration in filtered air
both before and after the run. b was evaluated by plotting n versus
Z and calculating Zn/(q - n2) for each point and then taking the

average.

.
In the other sseriss

*
[2]

- Eomr de e man mmm b N .
xperiments ths lonization rale () vas

ny
A

varied hy the positioning of various Co,., scurces near "the hallooa.

60
The ionization rate produced by each source 1ad been measured in a
separate set of experiments. The concentration, Z and size of the
aernsol particles in the vesselwere first measured, and then n was
determined for different values of q. Then Z and size wers again
measured after a nscessarily long time lapse aud the mean of the two
measurements was used for each run. n was plotted againct g and b was
calculated from the linear relationship q = bZdn in the regicn n = 0 to
10C0 ions cm"s,(neglecting the n2 term). Table 5.3 on the following
page summarises the resultis of the two series of experiments. These
rezults compare fairly well with the lower values of b presented in
figure 5.1, The accuracy of Flanagan's radii measuremerts are gueried,
for thn length of time necessary for sach run should allow for
noticeabls coagulation of the particles within the vessel, Tlanagen.

in the second series of experiments was required to make seven separate
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measurements of the ionic concentration for different ionizeticn

ratas before he could obtain a second value of the particle radius,

Pable 5.3 Results of Flanagan (1965).
Radius. 2 q b
(10"60m). (cm-j). ion pairs. em™ daec™t (10"6cm5890"1)
3,46 0 - 25,000 6.6 1.89 (%0.12)
3.49 0 - 33,000 12.6 2.26 (fo0.12)
5,83 0 - 11,000 4.7 3,13 (£0.17)
0.53 130,000 0 - 120 0.15 (To.o1)
0.63 60,000 " 0:50 (%0.02)
1.41 32, 400 " 0.76 (£0.03)
1.57 12,610 " 0.81 (10.04)
1.67 9,593 " 1.00 (Z0.06)
2.57 13,330 " 1.65 (¥0.07)
3,43 27,070 " 2,05 (%0.10)
4.31 4,321 " 2.36 (20.10)
2.3 Theoretical models for b versus radius,

Pable 5.4 shows values of b for different serosol radii

computed from Hoppsl (1974) compared with values given by Keefe and

Nolan (1962). Hoppel's values were evaluated using equations (4.29)

to (4.32) with an ionic mass of 150 a.m.n., & maaun free path, X ’ of

Vs . - 6 » - . - ‘ﬁ "‘1 -
2.1 2 10 “em, and mean iom veloaity, ¢, of 2.0 x 10'cm zec” . Values
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of the trapping distances used are given in chapter 4. Keefe and
Nolen's b values were obtained from the variation of qnwith radius
according to equation (4.10) by applying the Bolitzmann equilibrium

condition:

| + l/f + l/ﬂé +'/£n. 4 ... (5.,)

b, _
° 522 o

)
where { = exp.(ez/zakT). This expression takes account ;f multiple
charged nuclei. For these b values the emall ions were considered as
a cluster of eleven water molecules, following the suggestions of
Wright (1936). A velue of 1.76 x 10%cn sec™t was then used f&r ¢,

and 6 x 10-6cm for X .

Table 5.4. Theoretical mndels for b varsus radius,

Radius. v (Hoppel) b (Keofe and Nolan)
(10'6cm). (10'6cm5sec'1). (10'6cm-sec-1).

0.2 0.03%7 -

0.4. 0.103% -

0.6 0.179 -

0.8 0.261 ' -

1.0 0.343 0,355

2.0 0.740 0.790

4.0 1 1.72 o 1.77

6.0 2.82 2.86

8.0 - 4.00

10.0 5.00 -

These two sets of theoretical values lie slightly below the

lower experimental vrlues of b on figure 5.1. An investigaition was



mede into the effect of increasing the value of « in Hoppel's
theoretical model from 1.4 to 2.4 x 10-6, which was obtained
experimentally in chapter 2. This involved extrapolating the 150a.m.u..
curva in figure 4.2 so that the ion-ion trapping distance,d could bhe
obtained for K= 2.4 x 10'6. This gave a value of d % 4.5 x 10'6cm.
Calculations of the combination coefficient 7 were then made using’
Hoppel's method (chapter 4), for aerosol particle radii of 9.4, 1.0

and 4.0 x 10-6cm. An ionic mass of 1950 a.m.u. was used, =28 indicated
above, and Hoppel's value for ¢ was used. The mean free path used

was l.2 x 10'6cm, which was evaluated from the experimental value of
the mobility (chapter 2), using equation (1.5), with m;on= 190 a.m.{;.
and M = 28.8 a.m.u. The integral in the dencminator of equation

molecule

(4.29) was solved numerically on the computer for each serosol radius

chosen using the Romberg iteration method. Values of 7 calculaked
for the 0.4, 1.0 and 4.0 x 10'60m cases were bigger than the
corresponding values caiculated by Hoppel by factors of 1.64, 1.48

end 1.08 respectively. However, since b is detormined from:

Lo 2mliem] (50
| r 25

and only the coefficient 7 is affgcted by the change in < (as M, and
V'lare not evaluated on the basis of 3-body trapping theory), the net-
increase in b for the three radii is only of the. oxrder of: }%, %% and

3% respectively. This does not account for the discrepancy bdetween

the lower experimental b valueas and theoretical values. The

uncertainty ian the values of mion’>\’ and ¢ are the more likely

caunsas of difference. For example, Hoppel (1974) showed that decreasing

‘the ionic mass from 150 to 60 a.m.u. would increase i% by upto 503,
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and increase'b’by 1% for particle radii less than 4 x 107%cn. 1f
one assumen & similar percentage increuse for ?fl, it can be shown
that the value of b is increased by 46%, 41% and 304 for perticle

radii of 0.4; 1.0 and 4.0 x 10'60m respectively.

Unfortunately the theoretical models for the calculation of
attachment coefficients between ions and nuclei do not take into
account the relativa.concentrationn of no eand Z, so a direct
comparison of the experimental and theoretical values of b is difficult

for the larger values of b obtained.

5.4 Comparison of Y, versus Radius Values with Theory.
!

Figure 5.2 shows a plot of all the experimentally determined
values- It was .apossible tomobtain values of Ub for radius,
a < 1.0 x 10'6cm by this method, since in this case the relative
'number of charged particles is less than 11% of-the total particle
concentration and is therefore approaching the limiting accuracy of
the photo-electric counter. As shown in table 5.2 these Tk values
were all evaluated from the second set of. b versus radiuns runs.
Theoretically calculated velues computed from Bricard (1962), Keefe
and Nolan (1962), and Hoppel (1974) are given in table 5.5. ''ne
values of mion’ ) and é used by Keefe and Nolan and Hoppel are
discussed in the previous section. Bricard used a value df 1.5 x 10-6
for A, based on the Langevin expressiona.ﬂn?diffuﬂion ana mobility,
(given in chapter 1). He assumed that small ions are single molecules
wi£h either an extra electron or with an electron missing, and that

m

fon = Mmolecule’ with ¢ = 4.59 x 104cm sec"l. This is contrary to




the idea of a small ion considgting of a cluster of molecules. The
70 values from Bricard are computed from equations (4.2) and (4.6).
They are noticeably smaller than the other two sets of nbvalues
given, mainly due to the fact that the image fexrce term has beeon

neglected in this derivation.

Table 5.5 Theoretical Models for Y), versus ladius.

Radius. (Bricard) (Keefe and Nolan) (Hoppel)
(10-6cm). (10'60m3sec'1) (10'6cm33ec-1) (10"6cm5ﬂec'1)
0.2 0.0057 - c.019
0.4 0.022 - 0.056
0.6 0.049 - - 0.1202
0.8 © 0.083 - 04157
1.0 0.124 0.197 0.218
2,0 0.396 0.55% 0.579
4.0 1.069 1.48 1.40

6,0 1.886 2.54 2.25

8.0 - 3.65 -

10.0 - - i 3.98

The experimentﬁi-points give falrly good agreement with Keefe
and Nolan's and Hoppel's fk values. As with the b versus radius
results, the theoretical values are somszw.\t lower: the mass,
mean velocity and mean fres path of the ionsa could again account

for this,
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5.5 Conclusion,

The comparison between the experimental results and theory
indicates that the technique adopted here for measuring combination
coefficients TP and b with radius is satisfactory providing careful
control is applied on the initial ion concentration entering the
mylar vessel. The higher b values obtained indicate that theories
for calculating the attachment coefficients could require modification
in conditions of high ionization, or when the ionic concentration is
of the same order as the particle concentration. I'inally, agreement
needs to be sought on the valuea of m, ¢ and X of the small ions
before sxperimental and theoretical regults can he accurately

compared,
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