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R.W.K. Allen

COLLECTION OF HYDROPHILIC AND HYDROPHOBIC PARTICLES

BY SUSPENDED WATER DROPS

Abstract

A new technique has been developed to measure the col-
lection efficiencies of water drops suspended in a free laminar
jet. It involves using a forward light scattering particle
counter to monitor continuously the number of particles col-
lected by a drop. The advantage o% this method is that it
allows the gathering of data fbr any aerosol.

Results are presented for three different hydrophilic
aerosols. They agree very well with those of other workers
and with the theoretically expected values. Results are also
presented for four different hydrophobic aerosols, bhoth liquid
and solid. 1In every case, the hydrophobic particles are col-
lected less efficiently than the hydrophilic particles under
similar conditions.

Furthermore, a theory has been developed to account for
the total change in the surface cnecrgy of the system as the
particle passes through the drop surface. The energy necessary

for complete penetration is derived and used to calculate
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'penetration éfficiencies'. It was found that there is a
correlation between these calculated values and the experi-
mental results. An analysis of the collision process predicts
that there may be two types of collision regime. The first
type refers to lcw cnergies of approach where the particle
does not enter the drop but may still be captured on its
surface. The second regime covers high energies of approach
where the particle either penetrates through the drop surface
or rebounds into the air stream. The existence of this

second regime has been confirmed by the agreement found in

this work between the theory and the experimentation.
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LA CAPTATION DE PARTICULES HYDROPHILES ET HYDROPHOBES

PAR GOUTTES D'EAU SUSPENDUES

Sommaire

L'auteur développe une nouvelle technique afin de
mesurer l'efficacit& de captation de gouttes d'eau suspendues
dans un jet d'air libre et laminaire. Cette technique s'agit
d'employer un spectophotométre a8 aérosol pour conter continue;le—
ment le nombre de particules amassé par la gouttelette.
L'avantage de cette m&thode vient du fait qu'elle permet de
rassembler des données expérimentales sur n'importe quel
aérosol.

L'auteur présente des résultats pour trois aérosols
hydrophiles différents. Ceux-ci s'accordent bien avec les
résultats d'autres travailleurs et avec les valeurs qui sont
d prévoir théoriquement. Des résultats sont également présentés
pour quatre aérosols hydrophobes différents, liquides autant
que solides. Dans chaque cas, les particules hydrophobes sont
captées de fagon moins efficace que les particules hydrophiles.

En outre,.l'auteuf propose une théorie qui vise a
expliquer ce qui se passe 8 l'@gard de 1l'énergie superficielle
du systéme lorsque la particule traverse la surface de la
gouttelette. Il fait une estimation de 1'@nergie requise pour
une pénétrétion compléte et se sert de cette gquantité afin de

trouver 'l'efficacité& de pénétration'. L'auteur a découvert



qu'il y a une corrélation entre ces valeurs calculées et les
résultats expérimentaux. Une analyse du processus de collision
prédit qu'il y a probablement deux genres de r&égimes gouvernant
la collision. Le premier type reporte aux situations ot
l'énergie d'approche est basse et oli la particule n'entre pas
dans la gouttelette bien qu'elle puisse étre captée sur la
surface. Le deuxieme régime comprend les situations ol
l'énergie d'approche est &lévée et ol la particule passe a
travers la surface de la goutte d'eau ou rebondit dans le
courant d'air. L'existence de ce deuxiéme régime se confirme

du fait que 1l'auteur a trouvé un accord entre la théorie et

l'expérimentation.
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Introduction

The study of the deposition of particles from a fluid
stream onto a collecting body is at least 50 years old. The
interest shown in this topic was at first sporadic but has
grown steadily in both degree and scope over recent years.

It now extends to a wide range of disciplines including
meteorology, environmental technology, and aeronautical,
mining, and chemical engineering. In the last 25 years, the
study of particles dispersed in a gas stream has acquired the
status of a new discipline, referred to as aerosol science, of
which deposition phenomena are a major preoccupation.

Concomitant with this increasing interest has been a
growth in'the number of mechanisms proposed for the capture of
particles By collectors. The work presented 'in this thesis is
primarily concerned with one of the oldest of these mechanisms,
inertial impaction. It therefore considers aerosols which are
relatively large in diameter, greater than about 5 microns (u),*
which have sufficient inertia that they deviate significantly
from the fluid streamlines when they are close to a collector.
The modern work on this subject still concerns itself with the
same two parameters that were originally proposed by Albrecht
in 1931 (2). He was the first to introduce the concept of an
eff:ciency and he defined it as the ratio of the projected

area of the obstacle to the area of the stream from which

* -6
ly = 10 metres



particles impinge on the collector. The reciprocal of this
quantity is used today and generally called the collection
efficiency. Albrecht also introduced a form of'the 'impaction
parameter' which is used to describe the magnitude of a parti-
cle's inertia relative to the viscous drag forces.

Numerical solution of the equations describing the
trajectories of individual particles close to a submerged,
spherical or cylindrical obstacle was first accomplished by
Langmuir (41). This led to an alternative definition of col-.
lection efficiency which was equivalent to, but conceptually
differeht from, that of Albrecht. Langmuir's approach reduced
the problem from a consideration of a cloud of aerosol to a
study of the behaviour of a single particle in that cloud.

Thus the collection efficiency was redefined in terms of the
starting poiﬁt in the trajectory of a particle which just touches
the collector. By 1960, Fonda and Herne (31) were able, owing

to the advent of high speed computers, to perform these
calculations with far greater accuracy. Illowever, solutions

have only been possible under circumstances where the equations

describing the flow field around the body can be simplified.

This has meant that there have only been solutions for potential

and viscous flow. These have proved very useful despite the
constraint of using an approximate analytical expression
for the flow around the: collector. Recently, however, Beard and

Grover (5) have overcome this constraint by making use of some



of the modern formulations for the flow around a sphere at
intermediate Reynolds numbers (Re). Their results show that,
at high Re, potential flow assumptions provide a fair estimate
of the collection efficiency.

All of these works rested upon four basic assumptions

which are often referred to as the Langmuir model. They are

that:

a) 1inertial mechanisms dominate the collection process
which is then considered to occur only on the
forward half of the sphere.

b) the drag on the aerosol particle may be computed
from Stokes' law.

c) the particle is sufficiently small that it does not
affect the flow field around the collector.

d) every varticle which i's bhrought to the surface of the

collector is captured.

Each of these assumptions has been examined in the literature.
For example, several workers have found that, for particles
smaller than 1lu, inertial deposition may cause collection on
the rear of a éollector. Others have studied the problem of
two colliding particles of comparable size and found that the
flow fields interact. The last assumption, however, is the
least studied of all, certainly for collisions between aerosols

and liquid drops. Thus, whilst considering situations in which



the first three points are valid, this thesis addresses itself
mainly to an examination of the fourth assumption.

It seems obvious that the tendency of liquid or solid
hydrophobic particles to adhere to a water surface will be
much less than that of hydrophilic particles. The ways and
degree to which this is so are the concern of this work. 1In
order to observe successfully the effects ol hydrophobicity,
it is necessary to have experimental data over a wide range of

aerosol materials. However, there is a paucity of information

with respect to the capture of particles by liquid drops and
this is directly related to the experimental difficulties |
involved in the measurement of such collection. A review of

the results reported in the literature shows that there is a
great discrepancy between the findings of various workers.
Moreover, there is no general method for measuring the quantity
collected by the water droplet.‘ Each experimenter has developed
his own method of analysis applicable to his individual aerosol.
Even the most general of these methods, some form of counting
procedure, carries the constraint that the particle be an in-
soluble solid. In order to study the effect of the nature of
the particle on‘the collection efficiency, a new experimental
technique is therefore required which should be as general as
possible in its application. In the present work, a new method
of measurement is developed which seems to meet this need.

This work thus falls naturally into two main parts. The
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first deals exclusively with hydrophilic particles for which
the capture efficiency can be considered to be 100%. The
method developed is described and the results from it for
completely wettable particles are discussed. The second part
reports the use of'tﬁisuﬁechnique in the study of pydrophobic
aerosols, both solid and liguid, and discusses the collision
process.as it occured under experimental conditions. An
attempt is made to isolate the important factors involved in

the variation of collection with wettability.



PART I

EXPERIMENTAL METHOD AND RESULTS FOR HYDROPHILIC PARTICLES




Chapter 1

COLLISION EFFICIENCIES OF SPHERICAL
DROPLETS IN POTENTIAL FLOW

In order to place the problem of the collection effi-
ciency of hydrophilic particies in context, it is first
necessary to define the terms which are used throughout the

discussion and to review the available literature.

1.1 Definition of Terms and Theoretical Calculation of
Collection Efficiency

The collection efficiency E is a term which has been
used almost universally since its iptroduétion by Albrecht in
1931 (2). As an air stream moves relative to a spherical body,
the fluid streamlines in the immediate vicinity of the sphere
diverge. A particle in the stream is subject both to the drag
forces from the fluid and to its own inertia. Thus not all the
particles in the volume swept by the droplet actually impinge
upon it. Only a central core of the fluid is in fact cleaned
of particles. The collision efficiency of the droplet is
defined as the ratio of the cross-sectional area of this core
to the projected area of the drop. It may bhe expressed either
as a percentage or as a fraction. In this work, it is consist-
ently referred to as a percentage.

There is an alternative method of conceptualising the

collision efficiency which stems from a knowledge of the



trajectories of individual parficles.approaching the arop.

| At large distances, the particle moves, with the streamlines,

. parallel to the axis of the drbp. As it nears the obstacle,

it is movéd laterally by the viscous drag, whilst its own
iﬁertia ;ends to.maintain its instantaneous direction of
motion. Thus particles Qhose trajectories lie initially close
to the axis of the drop tend to collide with it, whilst those
:which are originally far from the axis tend to be swept past.

- In between these two extremes, there is what is known as the
grazing trajectory, which occurs vhen the particle just touches
t the droplet at the equator (See Figure 1.1). If the initial
distance of this particle from the axis is Y g then all parti-
cles closer to the axis than Yoo are collected, whilst all
~those further from the axis than this value are not. If the
radius of the drop is R, the collection efficiency can be

found from the grazing trajectory by:

Y - | '
E =26 o (1.1)

As the particle approaches the collector, its inertia
tends to bveycdme.the viscous drag of the fluid so that it
moves téwards the body. However, an infinitely small particie
with no inertia follows the streamlines and does not collide.
A convenient measure of the ratio of inertial effects to

viscous effects on the particle is the quantity referred to in '

A



Figure 1.1

PARTICLE TRAJECTORIES AROUND A SPHERICAL BODY
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this work as the impaction parameter K. It is defiﬁed by:

K = -9— . -—.—m—B . (1-2)
Du _ .

whefe d is the particle diameter, U_ is the free stream velocity
of the aerosol, ﬁ:is the viscosity of the gas, and Po is ﬁhe
density of the particle. This dimensionless group has variously
been.termed the Stokes criterion or number, the inertial para-

. meter, or the impact number. It comes from the Stokes law of .
viscous drag which, when substituted into the dimensionless
~equation of motion of the particle, gives a coefficient of %

to the velocity term. .

| . The collection efficiency of aerosols larger than 5y is
predominantly a function of K. For this reason, graphs of
collection efficiency versus impaction parameter are used
exclusiyely in this work to represent both the theoretical and
experimental results. Various methods of presenting this
relationship are to be found in the literature, such as E

versus lnK, E versus K,‘Vﬁ—versus 1ln K,W/E.versus K, and 1ln

E versus 1ln K. éince none 6f these methods offers any parti-
cular advantagé, the data in the oresent work are presented

ip the most commonly used format, which is a plot of E versus

.1n K.

The collection efficiency exhibits a dependence on three
other dimensionless quantities besides the impaction parameter:l

- the radius ratio a/R, the gravitational settling velocity G,
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: an& the Reynolds number. Thg'radius ratio is a measure of the
effect of interceptibn on the collection efficiency. Inter-
ception is the mechanism which accounts for the finite size of
the aerosol such that only the edge of the particle rather
than Fhe centre has to impinge upon the collector to ensure
collision. At low radius ratios the effect is small, whilst
at very iarge values qf a/R the flow field of the aerosol
particle affects the flow around the collecﬁor and the fluid

- mechanics change.

The dimensionless gravitational settling veiocity is the

ratio of the terminal velocity, calculated'according to Stokes

.law, to the free stream velocity:

1 2 : '
G = I8 * 10 (op - pf) - o (1.3)

[}

"

where Pe is the density of the fluid. As thé particle gnd
collector approach each other, the vertical component of the
particle's velocity ié reduced owing to the gravitational
settling effect. The collection efficiency is thereby dimi-
nished. The effect of G is fairly small in mést practical
situations.

The last dimensionless group on which the colléction

efficiency depends is the Reynolds number.* It is the second

%
Re = PwaD/Ll
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most important parameter in that it characterises the flow
around the collector and thus the trajectories of the particles
before collision. Before calculations of the theoretical col-
lection efficiency can bé made, the value of Re must be assumed.
Up until the work of Beard and Grover (5), computations of E
had only been made for potential and Stokes flow, the two condi-
tions where an analytical expression is available for the fluid
flow around the forward half of the collector. These situations
provide two almost parallel curves on an E versus K plot. They
are widely used as approximations to real situations which can
be expected to lie between the two curves. Beard and Grover's
work (4, 5) has made use of the numerical results of Le Clair
et al (4la) for the stream functions about spheres at inter-
mediate Re. . They have calculated E versus K curves for Reynolds
numbers of 1, 10, 20, 100, 200, and 400. Their results werec
found to fall between the viscods and the potential flow sit-
uations.

For the second part of this work, it was necessary to
have a theoretical model to describe the trajectories of a
particle approaching a water drop. It was decided to use
potential flow assumptions to approximate the flow field
around the forward half of the sphere sincc the work presented
here is only for situations where inertial forces are important.
This necessarily means high values of K and of Re. Comparison

of the potential flow model with Beard and Grover's calculations
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for K > 1.0 at Re = 400 show that there is only a difference

of 6%. The potential flow model is therefore adequate for

the work involved in the second part of this thesis. However,
the experimental results for hydrophilic particles taken at
lower values of K will be compared with both Beard and Grover's
calculations and the potential flow model.

The computer program listed in Appendix A2 was used to
calculate the trajectories of particles close to a spherical
collector. This program is a version of the one described by:
Reay (59). It follows the method of Fonda and Herne (31)
which uses the Langmuir model. 1In dimensionless terms with
respect to the free stream velocity and the drop radius, the

particle's equation of motion in the x direction (x vertically

downwards) is:

M > i\l_ (U' - U'._ - G) (1.4)

__E.y__ = ..J:. ' - t
T R (U py U fy) (1.5)
. o _ - _ , -
with boundary conditions at t = 0, U'px l, and U by 0,

where U' is the dimensionless velocity and subscript p refers
to the particle and subscript f to the €luid. The velocity

of the fluid around the sphere may be found from the potential-
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flow solution. In dimensionless cartesian coordinates with

the origin at the centre of the sphere the fluid velocity

is given by:

y,2 _ 2X'2
U = =] - (1.6)
£x 22 + g12)572
ST LA AL A 1 (1.7)
fy 1(x'2 1 y12)572

The particle trajectory was computed by numerically
integrating Equations (1.4) and (1.5) using the fourth order
Runge-Kutta-Merson technique (40) starting from a point 15
drop diameters upstream of the collector. An initial value
of Y'w was set at 0.65 and the valué of y'w, which gave a
grazing trajectory, was found by a dichotomous search. The
collision efficiency was then equal to the square of this
dimensionless value. The logic klow chart of this program
is shown in Appendix Al. A trajectory was considered high if
the particle missed the collector, that is, did not come
within a distance of 1 + a/R of the céntre of the drop before
it reached the equator. A trajectory was considered low if
the centre of the particle did come within that distance.
Trajectories were calculated until the values of y_ for the
most recent high and the most recent low trajectory differed
by less than 0.1%. A sample output is shown in Appendix A3.

The results obtained for values of K between 0.1 and
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10 and for various values of a/R and G are shown in Figure
1.2. The collection efficiency curve for viscous flow around
the collector is also shown. The results are identical to the
computations of Fonda and Herne and of Flint and Howarth (20).
With a means of predicting the collection efficiency of a
sphere at high Reynolds numbers, the next step is to compare
these calculations with experimentally measured values to see

whether or not the Langmuir model is appropriate.
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Figure 1.2

THEORETICAL VARIATION OF COLLECTION
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1.2 Review of Previous Experimental Work

This section briefly reviews the work that has been
reported in order to compare the results obtained both between
workers and with the theoretically predicted values. There
have been relatively few experimental investigations of the
collection of small particles by larger spherical collectors
despite the theoretical interest which has been shown in the
topic. One of the earliestexperimental works is by Ranz and
Wong (58) who studied the collection of a sulphuric acid mist
(0.3 - 1.3y) flowing horizontally onto a 0.9 mm. platinum
sphere. They obtained results which lie parallel to the theo-
retical curve but considerably above it.

Chronologically, the next stuéy is by McCully et al (47)
who were cdnéerned with rainfall formation. They allowed
water drops to fall through a column containing a polydisperse
dust of glass beads from 1 to 15y in diameter. They present
graphs of collection efficiency versus particle diameter but
do not give details of either the size or the terminal velocity
of the drops. It is therefore impossible to correlate these
collection efficiencies with the impaction parameter. Picknett
(57) also reported an experiment to measure the collection
efficiencies of free falling water drops in air. The drops
used were 0.04 mm. in diameter and the aerosol was a water mist
(2 - 20u). He gave values of E as a function of a/R and found

that the collection efficiency increased as the drops became
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of comparable size.

The classic experimental work on this subject was pub-
lished by Walton and Woolcock in 1960 (70). They suspended
a water droplet on a glass capillary in an upward flowing
aerosol of methylene blue (2.5u and 5.0p). They measured
collection efficiencies at air velocities of 670, 390, and 200
cm./scc.  Their results, which are generally considered to be
the best available, are shown in Figure 1.3. As may be seen,
they correlate with the theoretical line which lies 5 - 10%
above the best fit curve through their experimental data.

Goldshmid and Calvert (25) studied the impaction of
pblystyrene (0.8 - 2.85p) and sulphur (0.6 - 2.94p) aerosols
on a series of different collecting drops. Their data were
gathered at low K and correlate with neither the theory nor
the experimental results of Walton and Woolcock.

Rosinski et al (62) conducted a set of experiments to
measure the collection efficiency of zinc sulphide particles
(1.14u) by condensing and evaporating water droplets. They
took readings at a single, very low, impaction number and
obtained results which varied considerably according to the
droplet growth rate.

Starr and Mason (68) studied the collection of pollens
by falling water drops. They used three types of spores
(4.5u, 5.2u, and 12.8y) and measured values of E as a function

of the drop diameter. They found a maximum in collection
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Figure 1.3

EXPERIMENTAL DATA O WALTON AND WOOLCOCK (70)
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efficiency for collector diameters of 0.4 mm. Their data may
be reexpressed in terms of the impaction parameter and from
this it is evident that the results cover only K values between
0.2 and 0.4 and between 1.5 and 6.0. However, their results
correlate well with those of Walton and Woolcock and seem to

be the second best available.

In a study of the trajectories of individual glass beads
in the vicinity of a 1 mm. glass sphere, Berg et al (6) found
4 values for collision efficiency, all of which agree well with
the potential flow theory. However, their results only cover
a small range of impaction parameter.

In a recent series of papers, Hampl et al (28, 29, 36)
reported measurements for the collection of submicron aerosols
by small falling droplets. They found a correlation in their
results between the Peclet number and the collision efficiency,
suggesting that collection is not by inertial meané for these
small aerosols. However, in a study of the collection effi-
ciencies of small drops supported by an airstream in the
U.C.L.A. wind tunnel, Beard has found results for an indium
acetylacetonate aerosol (0.8u) which agree with his computations
for the inertial mechanism at low K (4).

Wherever possible, the experimental results found in the
literature have been converted to common units of E 'and I and
plotted on a single graph to facilitate comparison. Figure 1.4

gives this comparison. Results of all workers appear to show
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Figure 1.4
COMPARISON OF PREVIOUS EXPERIMENTAL WORK

Theoretical curve

Ranz and Wong (58)

Walton and Woolcock (70)

Goldshmid and Calvert (25) (polystyrene)
Goldshmid and Calvert (25) (sulphur)

Starr and Mason (68) (lycoperdon and black rust)
Starr and Mason (68) (éaper mulberry)

Berg et al (6)

Montagna (49)
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approximately the same trend of increasing E with increasing
K. However, there is a wide divergence between the various
pieces of work. The plot indicates that the results of only
three workers agree well with the theoretical curves but that
only one of these sets of results covers the entire range

0.1 <K < 3.0. Thus there is still a need for more experi-
mental data on the collection efficiency of hydrophilic parti-
cles. Some such further results are presented in this work

using the method described in the following chapter.
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Chapter 2

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Whep fhe'literature was reviewed to decide on the method
to use for the measurement of collection efficiency, two factors
became clear. First, the data for most experiments of this sort
are very scattered. Thus meaningful results may only be obtained
if large numbers of readings are taken. The method qsed had
therefore to be efficient and simple. Secondly, the majority
.of workers use one of two general types of analytical method to
establish the quantity of aerosol collected by the drop. The
particles had to be either solid and insoluble so that they
could be.physiéally counted, or sol&ble so that theyv could be
assayed byié:procedure linked to the physico-chemical properties
‘of the specific aerosol Qsed. In the latter cése, a ﬁumber of
.drops are normally collected and analysed by such procedures as
titration, cohductance measurements, and spectrophotometfic
analysis. This reliance on the physico—chemicai properties.éf
:the aerosol did not suit the aim of this work in dealing with
a fangé of aérqsols. Consequently, it was decided to develop
a new ﬁethod of measuring the number of particles collected

by the drop, designed to be independent of the type of aerésol

used.
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2.1 Principle of Operation

One further point arose from the preliminary literature
survey. All workers in this field expose the drops to the
aerosol in one of two ways, either by allowing the drop to
fall through a static cloud of aerosol or by supporting the
drop and moving the aerosol past it. Both methods have certain
disadvantages. For the stationary drop, the effect of the sup-
port on the fluid flow in the wake is not known. For the free
falling drop, a large apparatus is required to ensure that the
droplets are travelling at their terminal velocity. Moreover,
the drops in this case tend to sweep the same area of the static
aerosol cloud so that the concentration in this region is not
necessarily the same for each drop. It was deéided to use the
static drop method which seems to give better control over the
operating variables and to circumvent the limitation on the
range of K caused by the terminal velocity in the free falling
drop system.

As noted above, the greatest experimental difficulty is
encountered in the measurement of the quantity of aerosol
collected by the drop. A single droplet of 0.15 cm. diameter
sweeps out an area of 1.77 x 10—2 cm.2. At a velocity of
400 cm./sec., in an aerosol of concentration 50 particles/cc.,
it therefore sweeps 353 particles/sec. 1If the drop has a
collection efficiency as high as 60% and the particles are of

20y diameter and unit density, this means that the droplet



picks up only 5.33 x 10—5 gms. of material per minute. Thus
gravimetric analysis is not feasible. However, this small
weight of material is equivalent to 12,723 particles. It is
clearly advantageous to avoid the use of analytical methods
involving the assay of the concentration of aerosol material
in the drop and to rely instead on counting methods. One of
the most convenient aerosol counting methods available is the
forward light scattering particle counter which counts auto-
matically the number of particles in an air sample. In the
present work, such a counter was used to analyse continuously
the aerosol collected by drops which were supported on a stain-
less steel hypodermic needle. The analysis was performed by

isokinetically sampling the aerosol ‘from the area immediately

- behind the droplet. The difference between the particle counts

without the droplet and with the droplet was then taken to be
the number of particles collecteé per unit time. Thus the
only limitation on the type of aerosol used was that it should
not corrode the particle counter. The experimental equipment

is discussed in greater detail in the next section.



2.2 Experimental Equipment

The aerosol was made using a spinning disc aerosol gen-
erator and conducted to a working section where it was formed
into a laminar free jet. 1Its velocity was measured before it
was exposed to the droplet which was suspended from the support
and sampling probe assembly. The portion of the aerosol imme-
diately behind the drop was then passed through a particle
counter. The apparatus is shown schematically in Figure 2.1,
and a photograph is given in Plate 1. All electrical power
was supplied from a regulated constant voltage source. The
experimental equipment has three main sections, thé aerosol
generator; the droplet support and sampling probe assembly,

and the particle counter.

2.2.1 the aerosol generator

The aerosol was generated using a spinning disc apparatus
(Model 8330, Environmental Research Corporation, St. Paul,

Minnesota). The generator is shown schematically in Figure 2.2.

Its principle of operation is simple. The aerosol material, in

a solution or slurry of volatile solvent, is fed to the centre
of a smooth, stainless steel disc which is rotating at higﬁ
speed (60,000 r.p.m.). The liquid spreads on the disc surface

and is thrown to the edge where it forms long ligaments of
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Figure 2.1

SCHEMATIC DIAGRAM OF APPARATUS

Working section

Droplet holder'and sampling probe assembly
Syringe pump |
Timer

Hot wire anemometer

Digital voltmeter

Contoured nozzle

Conical section

"Flow divider

Auxiiiary.fag for flow divider

Aerosol genérator

Peristaltic.pump

Stirred holding vessel for aerosol feed
Camera

Auxiliary fan

Calibrated differential pressure type flowmeter

Air pump

Particle counter optics

Particle counter electronics
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EXPERIMENTAL APPARATUS
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Figure 2.2

SCHEMATIC DIAGRAM OF THE AEROSOL GENERATOR

————b direction of air flow
1. Spinning disc motor

2. TFeed needle

3. Aerosol classifier

4, Satellite blower

5. Main air blower

6. Mixing chamber

7. Heater

8. Filter

9. Small air compressor supply to protect disc

motor bearing

10. Power supply
11. Peristaltic pump

12.

Feed vessel
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fluid (46). These ligaments then break up into two types of
particles, the primary particles which are 30 to 50p in dia-
meter and the secondary 'satellite' particles which are very
much smaller. These secondary drops are removed by an air
stream which is created by a satellite blower and pass verti-
cally down through an annular gap around the disc. The pri-
mary drops have sufficient momentum to carry them over this
annulus and are thus transported away in the main flow stream.
The solvent from the primary droplets evaporates very quickly
leaving the non volatile aerosol material as particles. This
process is aided by a heating unit built into the géneratof.
The diameter of the final particle is thus governed by the
size of the primary droplet and the concentration of the aerosol
material in the original feed. The primary droplet diameter

d_ is related to the angular disF speed g the disc diameter

Ds’ the fluid surface tension o, and the fluid density P by

the expression:

o 1/2
d =k, (———) (2.1)

P 1 2
Ps®d p
s
The constant kl is theoretically equal to (12)1/2 but is normally
found to vary from 2 to 7 depending on the disc speed and on the
liquid used (17).

The aerosol material was fed to the disc by a precisely

controlled peristaltic pump (The Peri-Pump Company, Trenton,
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Ontario) at flow rates of between 4 and 10 cc/min. fhe flow
through this unit was found to be constant during the course
of a run, but slightly pulsed at the lower rates. The main
blower on the generator had a minimum capacity of 5 ﬁo 10
d.f;m. which was in excess of the requirements for these ekperi-
ments. Provision was.tﬁerefore made to draw off the surplus
- aerosol using an auxiliary fan controlled by a variable trans-
former. The stream was divided at a plexiglass ;ecfion in the
"line, the.auxiliary portion being taken off through a down-
wardly inclined arm so that the number of particles carried
away in the excessvair would be minimised.

Three ae;osols were used for the hydrophilic experiments,
ferrous sulphate, methylene blue, and water. The ferrous sul-
phate aerosol was obtained using a 20% aqueous solution with
,16% ethanol added. This ethanol lowered the surface tension
of the feed so that the disc of %he generator was well wetted.
The methylene blue aerosol was made from a 1.3% solution of the
dye in 56% ethanol. The water aerosol was formed from dis-
tilled water with 10% ethanol added since pure water does not
wet the disc well. The water aerosol proved to be the most
difficult one t6 work with. The small droplets evaporate
very quickly so that the air stream had to be saturated in
order to slow this process down. The experiments with this
aerosol were performed on a very humid day and steam was

injected into the air intake of the generator. The resultant

)
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aerosol proved to be more disperse and less stable than the

others used.

2.2.2 the droplet support and sampling probe asscmbly

After the flow divider, the aerosol was conducted, through
a conical section to reduce deposition, into the base of a 1 %"
diameter aluminum cylinder. This cylinder contained a contoured
hozzle %".in diameter which was used to produce a free laminar
jet in which the drop was suspended. Turbulence in this jet
waé damped out by means of a honeycomb of parallel-sided, thin-
walled plastic cylinders upstream of the contours to act as
flow straighteners. A cross-sectional view of the nozzle and
of the wholé'assembly is shown in Figure 2.3, and a photo-
_ graph is given in Plate 2.
' The sampling probe was made from thin-walled stainless
steel tubing. Its leading edge was tapered to a sharp, smooth
poiht'at an angle of 30° to reduce turbulence. Furthermore,
the first %" of the probe was turned down to a wall thickness
of 8 thousandths of an inch so that the fluid streamlines
would be disturbed as little as possible in the sampling area.
Two'probe sizes were used in the experiments, 0.135" I.D. and
0.103" I.D. The droplet was supported on either 28 or 30 gauge

stainless steel hypodermic needle tubing coaxial with the

sémpling probe. The droplet support needle was bent through

A3
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Figure 2.3

CROSS-SECTIONAL VIEW OF THE.DROPLET

HOLDER AND SAMPLING PROBE ASSEMBLY

Sampling probe

Probe clamp

Distilled water feed from syringe pump
Droplet support needle

Reéractable hot wire anemometer.probe

Protective plexiglass housing for anemometer

probe

Contoured nozzle

Flow straighteners
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Plate 2

DROPLET HOLDER AND SAMPLING PROBE ASSEMBLY
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a right angle and entered the side of the probe 1" from the
leading edge. It was earthed so as to keep glectrical effects
to a minimum. . |

Distilled water to form the droplets was. fed to the
‘needle from a continuous syringe pump operated by an electric
timer accurate to 0.25 seconds. The support needle was coated
with varnish to prevent the drop climbing up the needle. The
sampling probe was fixed by quick release clamps to a rigid,
_vertical, aluminum support which could be moved ho;izontally
by sliding it along a platform attached to the nozzle cylinder.
The droplet and probe could thus be positioned in the centfe
of the jet.

The whole assembly was edcloséd in an airtight plexiglass
wofking section. A variable spéed.fan took the waste aerosol
from the top of this secﬁion.anq discarded it to the fume hood.
Provision was made to photograph each droplet during the experi-
ment using a 35 ﬁm. Nikon F camera Qith bellows and a 105 mm. |
lens.‘ This arrangement gave a subjeét to image magnification
of approximately 1.7. The droé diameter could be measured f
from theée photographs using the dropiet support as a scale.

A typical dfop is shown in Plate 3. ' V

The last feature of the sampling probe assembly was a
retractable arm on which the hét wire anemometer probe was
mounted for measurement of the velocity'and thé turbulence

of the gas stream. ‘The arm'could be moved in order to take

A



Plate 3

SUSPENDED WATER DROP
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reaéings at the exact position of, the drop and then withdrawn
into a plexiglass housing.when the aeroéol was being generated
so that the probe would not be contaminated by the aerosol
‘material.

?he‘anemémeter (DISA, Herlev, Denmark) works by making
the small length of heated wire between the tips of the probe'
into one resistance in a Wheatstone bridge t?pe circuit. The
machine measures the amount of power necessary to keep the
wire at a constant temperature and giQes as an output a D.C.
voltage which is related to the air velocity. Thié output
voltage was measured by a digital voltmeter.(DANA, Irvine,.
California) which could be read‘to 0.1 mv. The anenometer
could also be used to measure the turbulence in the jet. It

gave an A.C. -voltage from which the percentage turbulence could

be found by:

¢ turbulence =100 . V

where V is the D.C. voltage reading at a particular velocity,

VRus
reading at zero gas velocity.

is the A.C. voltage reading, and Vo is the D.C. voltage

The hot wire probes used in this work were all of the
.right angle type; that is, the wire supports are bent through
90° from the main probe. The calibration necessary was per-

‘formed by passing air through a wet test meter (Model AL20,

‘+



American Meter Company) and through the contoured nozzle. The
flow rate could thus be measured using a stopwatch. The hot
wire probe to be calibrated was placed in the mouth of the
nozzle and the velocity was calculated from the known diameter
of the jet and the volumetric flow rate. Results for a typical
calibration are shown in Figure 2.4 where the squares of the
voltage readings are plotted against the square roots of the
air velocity. As may be seen, the result is a straight line,
so that velocities intermediate to the ﬁeasured pointé could
be determined by linear interpolation. Another calibration
had to be made each time one of these very fragile probes

was broken.

The jet produced a flat velocity profile across its
centre region with a very low level of turbulence. A typical
traverse across the jet is shown in Figure 2.5. The velocity
profile in the jet is clearly fiat for 0.5" which is at least
5 times the diameter of the largest drop studied. The turbu-
lence in the jet is confined to its outer region. Thé droplet
holder assembly was placed directly below the optics of the

particle counter to minimise deposition in the sampling line.

2.2.3 the particle counter

The counter was a forward light scattering particle

counter (Model 200A, Royco Ltd., Menlo Park, California).
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Figure 2.4

CALIBRATION CURVE FOR HOT WIRE ANEMOMETER
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Figure 2.5

. VELOCITY AND TURBULENCE PROFILES

IN THE JET
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This machine can be used to count either particles in any one
of 15 size ranges from 0.3p to 8y or all particles greater

than a specific size range. It consists of two main units,

one of which houses the optics, and the other the electronics.
The aerosol sample is passed through an intense beam of light
in the op£ical system. In this beam, the particles scatter
light onto a photomultiplier tube which produces a current
pulse for each particle. The current pulse is converted to a
voltage pulse by a preamplifier and the resulting signal is
passed to.the electronics section of the counter. Here the
voltage pulse is first amplified by a 40 dB. amplifier and the
signal then goes through an attenuation circuit to the dis-
criminator. The pulses are sized and, aepending upon the
counting ﬁode, are ignored or registered on the decade counters.
The machine has built-in timing circuits so that samples can

be taken for 0.3, 1.0, 3.0, and i0.0 minutes. Provision 1is
made for the counter to be calibrated in the field using pulses
of known magnitude created by a light chopper in the optical
unit. A block diagram of the counter is shown in Figure 2.6.

A drawback in using this counter is that it is calibrated
to operate at a flow rate of only 300 cc/min. As the particle
passes through the illuminatea section of the optics, the
magnitude of thé pulse it creates depends notlonly on its
diameter but also on its velocity. Thus as soon as the sample

flow rate is changed, there is an error introduced in the



Figure 2.6

SCHEMATIC DIAGRAM OF THE PARTICLE COUNTER
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particle sizing. An increased velocity makes the particles
appear smaller. Unfortunately, the requirement for_isékinetic
sampling from behind the droplet meant that sample flow rates
of up to 1200 cc/min. were necessary. During these experi-
ments therefore, the counter was used to obtain only the

number and not the size of the particles in the sampled aerosol.
It was used exclusively in the total count mode so that every
particle which passed through was registered. All of the
aerosols used were sufficiently large that their pulses could’
not be ignored by the discriminator at the higher flow rates.

The sample was drawn through the optics by an air pump
(Model 1094, Fisher Scientific) and its flow rate was measured
using a calibratea orifice. The préessure drop across this
orifice was obtained from an inclined micromanometer (Lambrecht
Ltd., Gottingen) which had methanol as the fluid.

The particle size was detérmined from a sample of the
aerosol collected on a 0.8) membrane Millipore filter. Imme-
diately after the sample was taken it was photographed, using
polaroid film, under a microscope (Reichert, Vienna) at 400
times magnification. These photographs were later analysed
by comparison with a photograph of a stage micrometer taken at
the same magnification. The measurements from the photographs
were made on a vertical travelling stage microscope. For the
liquid aerosols, the sample was taken on a teflon filter and

the same procedure followed. The sizes obtained were corrected
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for the deformation of the particle on the filter surface by
the method given in Chapter 3. All the particle sizes used

were the mean from measurements of 50 particles.
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2.3 Experimental Procedure

A typicél run was as follows. The aerosol solution was
made while the apparatus was warming up. The tip of the feed
‘needle to the spinning disc was adjusted, using a feeler gauge,
to be '0.029" from the disc surface, and exactly centred with
respect to it. The value of the anemometer reading at zero
‘gas velocity was checked and then the main and satellite air
blowers in the'generator as well as the two auxiliary blowers"
Qere adjusted to obtain the required velocity. The flow
through the counter was next regulated to ensure that the
sampling was isokinetic. This was checked by traversing across
- the jet with the hot wire probe. The retractable arm was with—
drawn and the system was left fﬁr 15 minutes to ensure that the
-backgrouhd céuﬁt of particles was negligible. During this
time, the particle countér was field calibrated. The disc
motor in the generator was then started and the peristaltic
pump switched on. The system was left for a further 5 - 10
hinutes sb that the aerosol concentration could settle down to
a steady state as shown 5y the readings from the particle
counter. Three particle counts were then taken through the
séméling probe, each for 0.3 minutes. Immediately after these
counts, a droplet was foimed at the tip of the needle and three
more reédings Wefe taken. The droplet was photographed, then
diséarded, and further readings were taken. The number of

particles collected by the droplet was taken to be the difference

A}
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between the averages of the readings with and without the
droplet in position. This process was repcated for the

desired number of droplets. Each drop was suspended for

.appfoximately two minutes during which time there was no dis-

cernable change in diameter. The aerosol was then sampled
onto a filter and photographed.
The whole procedure was repeated at various velocities
and particle diameters to obtain the required range of impaction
parameter. The method used for data reduction and the experi-

mental results are discussed in the following chapter.



Chapter 3

EXPERIMENTAL RESULTS FOR HYDROPHILIC PARTICLES

3.1 Data Reduction

The particles were sized by measuring the photographs of
the aerosol on a vertical travelling stage microscope. Measure-
ment could be performed to an accuracy of * 0.3 thousandths of
an inch. An average of 50 readings were taken for each aerosél,
and the mean and standard deviation in diameter were caldulated.
The relative standard deviation of all the aerosols was in the
range 7 - 10% except that of water which was 12.3%. The mean
particle size was used in all calcuiations.

When the liquid aerosols were deposited on the teflon
filter and sized, the diameter-optained was not the true dia-
meter of the original particle owing to the deformation of the
liquid as it lay on the surface. When a volume of liquid is
deposited on a surface which it does not wet completely, it
spreads out to a certain degree depending on the angle of contact
which it makes with that surface. Provided that it is not so.
large that gravitational effects are significant, the volume and
hence the true diameter may be calculated. The geometry for
contact angles less than 90° and greater than 90° is shown in

Figures 3.la and 3.1lb respectively. It may be seen that:



Figure 3.1

GEOMETRY OF DROP ON FILTER SURFACE
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L = ag Cosec 0 . : ' ~ (3.1)

L(l - Cos 0) | - (3.2)

p

where L is the diameter of the sphere of which the drop forms
a segment, ac is the apparent radius of the wetted perimeter
of the filter, and b is the height of the spherical cap. The
volume Vp of the spherical cap is given by:

v = np? - 2 (3.3)
Thus the volume of the liquid on the filter may he expressed

in terms of ag and the angle of contact as:

vV_ = -fé—j-— (2 - CosO (2 + sin20) (3.4)
P 38in70 ‘
The ratio of the true diameter to the apparent diameter is
therefore given by:
1/3 :
a_ _ [2.- cose(2 + sin®0) -  (3.5)
a 4.Sin30

fhis is the same result as that obtained by Bexon and Ogden (7).
For contact angles of less thanv90°, the apparent diameter

is 2'af. For céntact angles greater than 90°, the apparent

diameter of the drop is larger than the diameter of the wetted

perimeter and is equivalent to 2L (See Figure 3.1b).

+
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Thus in this situation, ag may bg determined from Equation (3.1)
and the true diameter then ob£ained from Equation (3.3).

?he contact angle was measured by dispensing very small
drops of the liquid onto the filter and photographing them with
a 35 mm. camera by means of a bellows attachment. The contact
angle.was then measured from the photographs at magnifications
of approximately 50 times on a vertical travelling stage micro-
scope which has a vernier scale readable to + 2 minutes. The
results.were very reproducible. For water on the teflon filter,
the contact angle was found to be 107°36'. This is in good .
agreement with the value of 108° reported by Fox and Zisman (22).

The densities of the liquid aerosol materials were deter-
mined by standard proceaures in a pycnometer bottle. The mean
of four readings was used as the particle density. The density
of the solid particles was determined by similar means but the
results were not so consistent. .Aerosol material collected
from inside the apparatus after a long run was used for the
ﬁeasurements. It was élaced in the pycnometer covered with
. behzene, and subjected to vacuum from a water pump for 1 minute.
‘The density was then determined in. the standard way. Since the
results varied,'the mean of at least 12 readingé was taken.

The collection efficiency is defined as the ratio of the
number of partiéles collected to the number of particles
in the swept volume. If the sampling rate through the counter

is Vc cc/sec., the jet velocity U_ cm./sec., and the drop

\)
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- diameter D cms., then the number of particles N swept by the

drop during an 18 second counting period is:

N
N=1 .U, . B | ~ (3.6)
c .

where N is the number count for 18 seconds. If the number of
particles collected by the drop during that time is Nc’ then

E is given by:

Nc Nc 4VC
P ™D U,
But as the sampling is isokinetic:
nnpz
VC = - 21 . Um | (3.8)
where Dp is the diameter of the probe.
Nc D 2 :
’e E = f\]— . —E-Z ) (3-9)
P D

‘This equation was usea to calculate the collection efficiencies
from the experimental data. Provided that the sampling. is
isokinetic, which can eaéily be checked by the anemometer,'
Equation (3.9) has the advantage that, apart from N, Np, and
D, it depends only on the probe diameter which is precisely

measurable. Exact knowledge of the volumetric sampling rate

A
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and of the sampling time is not therefore required.

All - the raw data were analysed by means of the computer
- program listed in Appendix B2. The program calculated the
velocity and turbulence directly from the anembmeter voltage
readings and the calibration data. Provision was made for
two types of calibratioh in thé pfogram but, in practice, only
‘the wet test meter type calibration was used. It also calcﬁ-
lated the air density and viscosity from the readings of atmos-
pheric pressure ahd temperature which were taken during the
experiments. Two sorts of output variables were generated.
The first applied to the canditions prevailing in a complefe
run and the second referred to those for a particular droplet.
The first_group of -variables was'printed at the beginning of
each run énd‘the second was printed directly underneath. The

output of the program is the list of experimental results given

in Appendix B3.
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3.2 Experimental Results

The operating conditions for all of the experiments per-
formed in this work are given in Appendix Bl. The results for
each run are given in Appendix B3. The4hydrophilic aerosols
were ferrous sulphate (Runs 100, 101, 102 and 121), methylene
blue (Runs 110, 111 and 120), and water (Run 109).

Collection efficiencies of the ferrous sulphate aeroéol
as a function of the impaction parameter and of the Reynolds
number are given in Figure 3.2. The potential flow curve is
shown for comparison purposes, and the curves at Re of 400,
200, and 100 taken from Beard and Grover's work (5) are also
included. The average Reynolds number for all the ferrous
sulphate experiments was 242. The results correlate well
with the Re = 200 line. The average Reynolds number for the
experiments with the methylene blue aerosols, shown in Figure
3.3, was 467. The data again correlate well with Beard and
Grover's theoretical calculations. The majority of points lie
just above the Re = 400 line and below the potential flow
curve. The results for the water aerosol run are given in
Figure 3.4. The average Re of this run was 494. The agreement
with the theoretical lines is quite good but the best fit
through the data lies a little below the Re = 200 line. This
divergence between the experimental results and the theoretical
curve may be partially due to the somewhat inferior quality of

the water aerosol, but is more likely attributable to instances’
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Figure 3.3

COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY
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of non-coalescence between the water aerosol and the water
droplet. The work of Whelpdale and List (72) shows that, at
velocities of 4 m/sec., there can be a small amount of non-
coalescence between colliding water drops, especially for
particles which impinge upon the collector near to its equator.
On the whole, however, these results are very encouraging.
The agreement with the theory, and in the case of methylene
blue with the data of Walton and Woolcock, is excellent. It
seems that the experimental technique used was successful.
Nevertheless, there remain a few points for further discussion.
Whilst the scatter in the data is evidently no greater than
that found by other workers, it is still appreciable. It is
therefore important to examine the accuracy of the measurements

used and the cause of this scatter.
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3.3 Discussion of Experimental Method

In general, the experimental technique worked very well.
The most common problem encountered during a run was caused by
a droplet climbing up the needle and blocking the sampling
probe. Such an occurrence required the cleaning of the entire
sampling system. Experience showed that, with the sampling
probe behind the droplet, larger drops could be held, but the
effect of the aspiration through this probe is a little obscure.
The distance between the leading edge of the probe and the tip
of the heedle proved to be important. If there was too large
a gap, the droplet was found to be less stable but, if the gap
was too small, the drop tended to climb up the needle so
blocking the sampling system. An oétimum distance of approxi-
mately one pfobe diameter was reached. Some of the larger
drops were found to vibrate at the higher air velocities but
no difference could be perceived between the results obtained
from vibrating as opposed to static drops. This finding is in
agreement with the experiments of Goldshmid and Calvert (25)
using oscillating glass spheres. Nevertheless, owing to the
difficulty involved in determining the diameter of a deformed
drop from the negatives, vibration was avoided wherever possible.
The larger drops were found to be slightly prolate with a ratio
of major to minor axes of approximately 1.05. The horizontal
diameter was used in the calculations. Both the drop support

needle and the aspiration of air from behind the droplet
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obviously affect the flow in the wake, but it is reasonable
to assume that the flow conditions over the forward half of
fhe collector are undisturbed by the sampling probe and that
they approximate those of the potential flow theofy. This
assumption is supported . by the fact that a traverse across the
jet with the hot wire aﬁemometer showed a flat velocity profile
when -the probe was aspirating isokinetically.

One effect which has been ignored up until this point is
' that of electrostatic charge on the particles. The 6riginal '
generator was supplied with a radioactive ioniser to neutralise
tﬁe charge on the aerosol. However, it was found that the large
partic;es required for these experiments were too easily depo-
sited in the horizontal section of this ioniser. Consequently,
the generatbf was modified so that the aerosol travelled verti-
cally out of the machine. This meant, however, that the charge
on the particles could not be neutralised. 1In order to keep
the el. ~trical effects to a minimum, the droplet holder was
earthed. _Nevertheiess, it is desirable to form some estimate
of how much these charges may affect the coLlection efficiency.
Whilst it was not possible to measure the charge on an indivi-
dual particle, a useful gstimate»of its order of magnitude can
be made. | |

When the aerosol is generéted, all the charges on the
primary drops remain on the final particles. Liu and Pui (42)

-show that the maximum charge which can be encountered on

A3
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atomized droplets of 50u diameter is in the region of 100
electrons. Kraemer and Johnstone (37) have developed an
expression for the force Fe on an aerosol particle near an

earthed spherical collector as:

P =g 2D _ 2on o2 "%
e p 3 2 2.2 2 )
8re H ne_ (4H"-D7) 24¢ H
(o] (@] (o]
., pc_R.. - ‘
-9 —RJ1 | (3.10) -
- P gewn .

where Qp is the charge on the particle in coulombs, €6 is the
permittivity of free space (8.85 x }0—21 coulombsz/dyne cm.2),
H is the sqrface to surface separation, Cp is the particle
éohcentratioﬁ, and.Rj is the radius of the aerosol jet; The
first term in this equation represents the force on a particle
owing foAthe attraction between itself and its image in the
collector. Undgr these'circumstances, it is dominant. The
‘'second term is due to the repulsion of‘the surrounding aerosol,

and the third is the force on the particle arising from the

total charge induced in the collector by all the other particles
17

in the jet. For Cp = 50 particles/cc., Qp = 1.602 ¢ 10 ', and
D = 0.2. Equation (3.10) reduces to:
F, = 2.31 x 10716 _ 3.69 x 1071 _ 7.41 x 10715 (3.11)
2

3 (4n%-p%) 2 H
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AThﬁs this force can only becoﬁe appreciable when the particle
is close to the collector. The electrical effects are there-
fore confined to an area very near the drop and conséquently
cannot modify the collection efficiency to any significant
degree.

Kraemer and Johnstone also defined a dimensionless para-
meter KG to describe the ratio of electrical forces to viscous

forces for a charged particle in the vicinity of an earthed

collecting sphere:

2
C o “c_ R, ,
K = — P P "]

G 3r7u A U € D
© O

They found that collection due to eiectrical effects varied
with'KG. .Tﬂey showed experimentally that, for KG = 10-3, the
.collection efficiency was aroung 1%. The largest value of Ké
that was encountered in the present experiments was of order
10-8.' It may be concluded that electrostatic effects are not
impoftant under the expérimental conditions.

Althqugh every attempt was made to measure each variable
as precisely as possible, the data were still found to be
scattered. it is pertinent theréfofe to analyse what errors
were involved in the experimental technique. |

The air velocity was measured with a high precision

anemometer calibrated in situ against a wet test meter accurate

to t 1%. The veloéity readings were thus accurate to * 0.5%.

Al
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They were found to remain constant to * 0.6% during the course
of a run. The drop diameter could be measured from the nega-
tives to * 0.3 thousandths of an inch which, at a magnifi-
cation of 1.7, means that the drop diameter was measurable to
8 x 10—4cm. The particle density was measured reproducibly
to within * 0.4% for the liquids. For the solid particles,

a larger error is possible due to the variations found in the
results. However, the values obtained are in good agreement
with others found in the literature (70). The particle size
was determined microscopically by photographing the aerosol

at 400 x magnification. Each particle could be measured to

an accuracy of ¥ 0.1lu. The arithmetic mean of about 50 parti-
cles was taken as the average diameter for the aerosol in each
case. E#cept for water, the aerosols were found to be mono-
disperse with a relative standard deviation of 7 - 10%. The
contact angle measurements gave éeproducible values which were
in good.agreement with those of other workers.

All the errors were thus relatively small and not enough
to explain the scatter in the data. It therefore seems that
the extent of the scatter is mainly attributable to statistical
error in the sampling and counting technique. The statistical
error involved in counting Np particles is (75):

Fractional Error = (3.13)

||~
o)

\
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.

It is clearly desirable to register as large a number of
particles as possible. From Equation (3.13) the count is
accurate to i/Np particles. Thus the error involved in the

measurement of collection efficiency is given by:

Error = ' —P- (3.14)

Experimental conditions were chosen sé as to keep this
error value to less than 10%. This was not always possible,
and for some droplets the value rose as high as 12;5%. Results
for droplets having more érror than this wére discarded. When
third order polynomial regressions weré made through the data,
the standard error of the estimaﬁe for E for ferrous sulphate
was found to .be 4.59. Using a medién E reading of 51, this
amounts to an averagé of-8.3% error. For methylene blue, the
standard error was calculatéd to.be‘2.98, giving an average of
12.4%. .The average experimental error for water was found in
the same way to be 20.3%. The scatter in the data for ferrous

sulphate and methylene blué is therefore approximately what

would be expected. The fact that the water aerosol was more

polydisperse may be the reason for the extra scatter in this

.‘.

run. '
It seems that the technique proposed has been reasonably

successful. It can measure collection cefficiencies within a
maximum random error of 10 - 12%, as demonstrated for the

)
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hydrophilic aerosols. It remains to apply this method to' the
study of the collection efficiency of hydrophobic particles.

This is the concern of the second part of this work.



PART II

COLLECTION OF HYDROPHOBIC PARTICLES BY WATER DROPLETS




,»ﬂ... N

- 66 -

Introduction

One of the basic assumptions inherent in the theory pre-
sented in the first part of this work has been that every par-
ticle which is transported to the surface of the collector
drop is captured. It has been shown experimentally in Part I
that, for hydrophilic aerosols such as methylene blue and
ferrous sulphate, this assumption holds true. However, in
recent years, its validity with regard to all aerosol parti-
cles has been increasingly challenged. There has been a
growth of experimental and theoretical evidence to suggest
that there may be sufficient rebound of hydrophobic particles
from the surface of a collecting water drop that‘the overall
collection efficiency may be reduced. This idea is in oppo-~
sition to the persistent and widely maintained viewpoint that
wettability effects are not very.important. Several authors
(70, 23, 71) have effectively dismissed this factor, and
Beard and Grover have recently stated that as long as a parti-
cle, whether wettable or non wettable, is transported to a
droplet surface, it will stick there by the action of van der
Waals forces (5). Such a statement is erroneous as will be
shown in Chapters 5 and 6. The only way that this debate over
wettability can be resolved is by good experimental evidence
to prove conclusively whether non wettable particles are col-
lected less efficiently. The major thrust of the work pre-

sented in the second part of this thesis is to provide and
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analyse such data for certain solid non wettable aerosols and

also for aerosols of hydrophobic oils.
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Chapter 4

DEFINITION OF THE PROBLEM

It has become very fashionable in recent years to
include in papers on the subject of aerosol impaction pheno-
mena an acknowledgement that not every particle that reaches
the surface of a collector necessarily sticks to it. Some
authors have gone so far as to define a capture efficiency
or sticking probability (62) or, in the case of colliding
droplets, a coalescence efficiency (50). 1In general terms,

such efficiencies are defined by:

where E is the total collection efficiency; EC is the capture
efficiency defined as the ratio .0of particles which are actu-
ally captured by the collector to the number which are brought
to its surface; and EA is the aerodynamic collection effi-
ciency as used in the first part of this work. However, very

few authors have made more than a gesture in this direction

and the problem, both in theoretical and experimental terms,

remains substantially unsolved.



4.1 Literature Review

The first workers who seem to have considered theoreti-
cally the idea of a non wettable particle impacting with a
droplet were McCully et al (47). They noted that a head-on
collision of a particle into the forward stagnation point of
the collector would maximise the chances of collection and
that a glancing collision would lessen those chances. They
derived an expression for the minimum kinetic energy that a
particle must possess if it is to penetrate into the drop

during a head-on collision:

KE . = 0ﬂ2a2
min

This is fundamentally the same equaéion that was derived by
Evans (19)'tWo years previously in connection with the flota-
tion of suspended particles in water.

These rather superficial analyses were improved upon by
Pemberton (54) who calculated the energy required to penetrate
the surface tension barrier for completely non wettable parti-
cles during glancing collisions. Pemberton was very concerned
with the problem of 'shoot through' of the particle whereby it
travels so fast that it can pass completely through the col-
lector. This is theoretically possible but it can be arqgued
that the effect is more likely to be evident for wettable.parti—
cles than for non wettable particles. Pemberton defined a para-

meter M which is the ratio of the normal velocity required for
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penetration to the free stream velocity. He computed collec-
tion efficiencies as a function of thié parameter and of K.
In so doing, he implicitly assﬁmed that penetration and collec-
tion are equivalent. His results for several values of M are
shown iﬁ Figure 4.1.

This analysis was extended by MacDonald (43) to situa-
tions for 90° < 0@ < 180°. He considered that the only forces
~on thé particle were due to the surface tension of the drop
~and that these forces acted in a direction tangential to the
water surface at the point of contact. He derived an expres-
sion for the resistive force during penetration which he then
l.integrafed to produce an equation for the entry work of the
particle. His final expression was, the same as Pemberton's

except that it differed by a factor of Cos 9. M is thus defined

as:

S .
M= ] (4.1)

Pemberton's original calculations could therefore be used in
cohjunction with this newly defined parameter to predict E for
ény system.

| MacDonald ﬁade one.particﬁlarly important prediction. He
'showed that a water surface will do work upon a particle to make
it penetrate if it has a contact angle of less .than 90° with th§

aerosol material so that it is only for situations where 0 > 90°

)
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Figure 4.1
VARIATION OF COLLECTION EFFICIENCY WITH
IMPACTION PARAMETER AT VARIOUS VALUES OF

M ACCORDING TO PEMBERTON (54)
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that capture efficiency is reduced. However, his approach was
conceptually wrong in that he considered only the interfacial
tension forces due to the liquid-vapour interface. There are
two other interfaces present, the surface enefgies of which
play a part in the penetration process. Although MacDonald's
work is thus inexact, it remains, along with the paper by
Pemberton, one of the only published theoretical analyses of
the situation. Other discussions of the effect of wettability
have been either qualitative or experimental.

Experimentally, the question of whether non wettable
particles may bounce off a collector has also been open to
debate. However, it seems that this can be the case since it
has been observed by McCully et al (47). They used aerosols
of wettable and non wettable glass beads of 5-50u diameter
issuing from a hypodermic needle surrounded by an air stream,
and they photographed what happened when the particles impinged
upon the drop at air velocities of 3 m/sec. They actually ob-
served particles bouncing off the drop, but their observations
were only qualitative. They also measured collection effi-
ciencies of drops falling through columns of aerosols and
found that the non wettable material gave a reduction in col-
lection efficiency of approximately 12% for particles greater
than 18u. The authors did not attempt to define their 'non
wettability' nor did they give details of how it was achieved.

Chronologically, the next definite statement to be found

in the literature is by Walton and Woolcock (70), who concluded
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that surface tension effects were irrelevant in their experi-
ments. They deduced this from the fact that there was no signi-
ficant variation in collection efficiency when surfactant was
added to their drops. 1In view of the fact that their aerosol
was methylene blue, which is water wettable, ﬁﬁis is not sur-
prising.'

Nakes (51) did some laboratory experiments to determine
whether non wettable material was scavanged more slowly by
rainfall than was wettable aerosol. He used two chambers in
which he generated an artificial rain and recorded photometri-
cally the change in aerosol concentration with time during the
course of a shower. The wettable aerosol that he used was
ammonium chloride (0.6u) and the non wettable particles were
oil (0.8u), paraffin wax (0.8u), and ammonium salicyclate (2yu).
The data obtained are very inconclusive and differ considerably
between the small chamber (0.134m3) and the room which served
as the large chamber. In the small scale experiments, he found
that readings of light extinction were lower at a given time
for ammonium chloride than for tﬁe 0il cloud. He therefore
concluded that the non wettable particles are less easily
scavenged.

In a quite comprehensive piece of work, Goldshmid and
Calvert (25) investigated collection efficiencies of supported
drops. They used five different liquids as collectors; water,
glycerol, phenol-m-methoxy formamide, and n—hexadecane; and

two different aerosols, polystyrene (0.8-2.85u) and sulphur



(0.6-2.65u). They suggested that mutually non wetting pairs
gave a lower collection efficiency than wetting pairs. However,
there is much.confusion in their data. Whilst there appears to
be a lowering of the value of E with inérease in @ from 20° to
87°, fheir results for wettable aerosols seem to exhibit exactly
the same variation. They do not consider contact angles greater
than 90°, which is the normal limit for non wettable behaviour.
Moreover, their results for hydrophilic aerosols do not consis-
tently agree with those presented in Part I of this work. On.
the whole, their findings seem inconclusive.

Rosinski et al (62) conducted an experimental study of
the capture of hydrophilic and hydrophobic particles by conden-
sing and evaporating water drops. They used zinc sulphide
powder (l.l4p) as their aerosol and made it hydrophilic by
exposing it to a surfactant solution. Unfortunately, they did
not undertake a series of experiments at zero droplet growth
rate which could be used for comparison. For a growing droplet,
they found that hydrophilic particles exhibit a greater collec-
tion efficiency than hydrophobic particles but, again, those
conclusions were qualitative since no attempt was made to
define the degree of wettability of their aerosol.

A meteorological study of particle retention under field
conditions was conducted by Esman (18) who. investigated the
capture of particles by rainfall as a function of wettability.
Starting from the assumption that the capture efficiency of

soluble particles is 1, he went on to draw some conclusions



about the retention efficiencies of insoluble (and by impli-
cation non wettable) particles based on analyses of the atmos-
pheric aerosol immediately before and after rainstorms in
Pittsburgh. He concluded that the capture efficiency for in-
soluble particles could be taken as approximately 67% inde-
pendent of rainfall intensity and aerosol concentration. His
figure of 67% was the average of 6 values ranging from 52% to
85%.

The most recent piece of work on the effect of particle
wettability on collection efficiency is by Montagna (49). He
studied the effect on collection of adding surfactant to a -
suspended drop. The aerosol consisted of sulphur particles up
to 5y in diameter, at velocities of 625 cm/sec. He found an
increase in collection with increasing concentration of sur-
factant or décreasing angle of contact. The major deficiency
in this work is the lack of defihition and control of the
wettability aspects of the experiments. The method used to
obtain 0 was inaccurate in that the contact angle was measured
from an advancing interface travelling at 5 cm/sec. It is
well known that measurements of 0 for moving interfaces give
results which are heavily dependent on the velocity. Phillips
and Reddiford (56) have shown that Vélocities of up to 0.1
cm/min. can produce a 72% increase in 0 for water on a dimethyl
silicone surface. Thus correlation of Montagna's experiments
with other work is very difficult. The normally accepted

figure of © for an air-water-sulphur interface is about 60°
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(25). If this is so, it means that Montagna found a decrease
in E for contact angles of less than 90°. This is in agree-
ment with the rather dubious data of Goldshmid and Calvert
but in contradiction to the theoretical predictions of
MacDonald.

It is therefore evident that there is a great deal of
confusion in this particular area. A review of the literature
indicates that there are three basic requirements for further
study. First, there is a need for experimental data on solid,.
hydrophobic particles for which the wettability parameters
are well defined and for which direct comparison with wettable
aerosols can be made in order to resolve the question of
whether non wettable particles are collected less efficiently.
A second requirement is for an experimental investigation of
the collectién efficiencies for hydrophobic liquids such as
oils for which there are no expefimental data available.
Finally, there exists a need for further theoretical analysis
of at least two aspects of the problem. The first of these
involves the interfacial energies of the colliding system
and their effect on penetration into the droplet. The second
aspect concerns the relationship between penetration and col-
lection.

The aim of the work presented in the remainder of this

thesis is to fulfill these three objectives.
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4.2 Experimental Procedure

Of the three objectives outlined above two are experi-

mental, the gathering of data for solid and for liquid hydro-

~phobic acrosols. The objective of using liquid acrosols stems

from the lack of any experimental data for this relatively
common situation. This lack of data has been caused in large
part by the absence of an accurate method to analyse the
quantity of aerosol collected by the water drop. The new
method, outlined in Part I, for the measurement of the number
of particles collected by the droplet overcomes this difficulty
and results are now attainable.

In order to fulfill the two objectives, experiments were

undertaken with 4 different hydrophobic aerosols; paraffin

wax and talc for solid particles, and paraffin oil and dioctyl
phthalate (D.0.P.) for liquid particles. The experimental
procedure and eguipment were exactly the same as reported in
Chapter 2 with the exception of the conditions for the gener-
ation of the aerosols and the measurement of the size of the
liqﬁid particles.

All four of the aerosols were generated using the spin-
ning disc generator described in Chapter 2. For the talc runs,
depending on the particle size obtained, either 100 gms. or
175 gms. of talc powder was slurried in 400 ccs. of distilled
water to which 100 ccs. of 95% ethanol was added. This slurry

was agitated in a holding vessel from where it was fed to the
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disc by the peristaltic pump at flow rates from 4 to 10 ccs/min.
The aerosols produced were collected isokinetically onto a
filter and analysed in exactly the same way as for the solid
aerosols described in Part I. Under microscopic examination,

it was found that the particles were not perfectly spherical
but were composed of aggregates of the original talc fragments
in the slurry. Nevertheless, they were quite monodisperse,
having a relative standard deviation in measurced diameter of
0.072.

Paraffin wax aerosols were obtained by making up a 25%
solution of the wax in benzene. This solution was maintained
above the melting point of the solid by immersion in a hot
water bath. A spherical particle of rough surface texture was
obtained with an average of 0.084 for the relative standard
deviation in diameter.

Paraffin oil aerosols were‘generated using a 30% solution
of paraffin oil in benzene. They were collected, in the same
way as were the water aerosols in Part I, on a teflon filter
and photographed immediately under a microscope. The photo-
graphs were later analysed on a vertical travelling stage
microscope to determine the apparent diameter of the particles.
The true diaméter was then obtained using the contact angle
between the teflon and the o0il in conjunction with Equation
(3.5). The contact angle was measured using the method pro-
posed in Section 3.1 and was found to be 58°27'. The relative

standard deviation of the particle size was 0.079.
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Three different D.0.P. aerosols were generated.using
three concentrations of D.0.P. solution, 10%, 15%, and 30%,
in 95% ethyl alcohol. The aerosols éroduced were measured by
the same method as for paraffin oil. They were sized at 9.8y,
11.4y, and 15.7y, with an average relative standard deviation
of 0.091. The contact angle of the liquid on the filter was
found to be 63°49°',

Each material was analysed in order to determine its
degree of hydrophobicity. The contact angle between the paraf-
fin wax and water was measured at 102°17' from 12 readings,
with a relative standard deviation of 0.0118. A similar tech-
nique was used for a compressed tablet of talc powder but with
far less consistent results. The average reading of 63°42'
was comparable to the figure found by Rebinder et al (60) but
completely at variance with the values of around 90° gquoted by
McHardy (48) for freshly cleaved talc surfaces.

The surface and interfacial tensions of the two liquids
were obtained using a Fisher Tensiomat. This device uses a
torsion balance to measure the force on a platinum ring which
is pulled through the interface. The measured force must be
adjusted to account fér the weight of the film in the ring

and the dimensions of the ring. The adjustment factor F'may

be calculated from:
1/2

Fr= 0.725 + o_ég_l_45_2_g + 0.04534 - 1'579 (4.2

c (pl_pz)
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where c is the circumference of the ring, P is the dial reading,
Py is the density of the lower phase, Py is the density of the
upper phase, and k is the ratio of the ring diameter to the
diameter of the wire. The results for both paraffin oil and

D.0.P. are shown in Table 4.1 in which YSV is the surface

tension of the liquid, and YqI is the interfacial tension

between the liquid and the water.

A total of 14 runs were performed with the hydrophobic
aerosol materials. During these, it was observed that the
solid aerosols collect on the outside of the water surface
and eventually form a thin crust if the drop is left exposed
to the stream for over 5 minutes. The two liquid aerosols
were found to affect adversely the adhesion of the droplet to
the support such that it would fall off the needle prematurely
at velocities lower than those used. The experimental oper-
ating conditions and the results‘are given in Appendix B. In
order to complete the two objectives, the data must now be

compared with those obtained for hydrophilic particles.
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(a8

1

4.3 Comparison of Results for Hydrophobic and Hydrophilic

Aerosols

-

In this section, the experimentai results for hydrophobic
particles will be.compared tolthose obtained for the hydro-
philic particles in Part. I. It will be shown that all four
; -hydrophobic aerosols are collected less efficiently, and that
 ﬁ cannot be predicted using either potential flow theory or
the more accurate computations of Beard and Grover.

It was found that the results for any aerosol varied
according to the size of the particle and the velocity at which
the experiments were conducted. The 14 runs performed thus
grouped themselves naturaily into 8 different sets of results,
3 for paraffin wax, 3 for talc, and'l each for D.0O.P. and paraf?
fin_oil; Ah£hird order polynomial was fitted to each set of
data points using the 'STATP2K' routine from the McGill 'MUSIC'
program 1i5rary. For the sake of clarity when comparing the
experimental results, the smoothed best fit iines from these'
éolynomials, rather than the points themselves, have been
piotted. Graphs showing individual experimental points may be
found'in~Chapter 6. Figure 4.2 compares the experimental
results for the eight hydrophobic aerosol data sets with tﬁe
reéults obtained for wettable particles, as well as with the
computaﬁions of #eard and Grover and with the collection effi-
ciencies calculated from potential flow assumptions. The

Beard and Grover results are not.plotted for K < 3.0 because

v

Iy
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they are indistinguishable from the line for the wettable
data. Curves 3, 4, and 5 are for paraffin wax at three dif-
ferent, successively lower velocities, and curves 6, 7, and
8 are for talc again at descending velocities.

It is immediately apparent from the data obtained that,
under the same experimental conditions, the hydrophobic parti-
cles are collected less efficiently. For example, at an impac-
tion parameter of 2.0, collection efficiencies of around 59%
were found for wettable aerosols while efficiencies of only
33% were found for paraffin oil and 23% for D.O.P. At X = 8.0,
paraffin wax gave a collection efficiency of only 14%. Clearly,
the theoretical values calculated using either potential flow
assumptions or Beard and Grover's computations are inadequate
for predictions of the true collection efficiency of the hydro-
phobic aerosols.

In addition to this importént finding, the experimental
data also show that the collection efficiency varies according
to the velocity at which the experiments were conducted. This
effect was predicted by MacDonald but has never before been
experimentally verified. However, whilst his predictions were
qualitatively correct, his theory is not adequate to describe
guantitatively the experimental data. Figure 4.3 shows the
results for paraffin wax and his corresponding theoretical
lines obtained by interpolation. Thé;e is a large divergence

between his theory and the present data.
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The two experimental objectives have therefore been ful-
filled. Experiments have shown that both solid and liquid
hydrophobic particles are collected less efficiently than the
hydrophilic particles discussed in Part I. The third objec-
tive, however, is more complex. The collision process has
proved very difficult to study theoretically, and the mecha-
nisms which influence a particle close to a collecting surface

are not completely understood. This must largely explain why

a complete discussion of the collision of hydrophobic aerosols

and water surfaces has never appeared in the literature. How-
ever, in the next two chapters, the theoretical background
necessary to an understanding of the collision process will be
outlined and the problem will be discussed in terms of the

prevailing conditions in the experiments summarized above.
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Chapter 5

COLLISION DYNAMICS FOR HYDROPHOBIC PARTICLES

This chapter will introduce and review the theoretical
background to the discussion of the experimental results in
chapter 6. There are three principal sections. TFirst, an
analysis of the collision process is presented in terms of a
unified concept which links the outcome of the collision with
the magnitude of the various mechanisms involved. A criterion
is developed for the rebound of an aerosol particle from the
droplet. 1In the second section, a new theory is introduced
which predicts the circumstances under which a particle will
penetrate the droplet surface.

The last section reviews the complex areas of van der
Waals forces, electrostatic forces, and viscous forces. Since
methods adequate for the exact calculation of each of these
forces do not exist, the work presented here is approximate.
Consequently, the discussion is limited to situations which
are pertinent to the experiments described above. This restric-
tion allows calculation of the order of magnitude of the various
forces such that the important factors may bhe isolated. An ‘
experimental situation has been introduced as an illustrative
example to provide a handle on the mechanisms involved. A
20y paraffin wax particle is the case used. However, before
considering this specific example, it is first necessary to

look more closely at the collision process in general.



5.1 Energy Considerations in the Collision Process

Consider a particle approaching a water droplet in
potential flow. At large distances its motion is parallel to
the axis of the drop. As the separation decreases, however,
the fluid drag tends to pull the particle around the droplet
whilst the particle's inertia acts to maintain its instantaneous
velocity. Thus, depending upon its initial distance from the
axis, y,, which determines the aerodynamic collision efficiency
as calculated in Part I, the particle may or may not collide |
with the droplet. These aerodynamic considerations dictate at
what point a particle which started at a given y_ will reach
the surface of the dron. For hydrophobic aerosols, however, it
seems certain that, once the dropleé to particle separation
becomes very'small, surface to surface interactions will deter-
mine whether or not a specific particle is actually captured
by the droplet. If this particle is approaching.a liquid
spherical collector such that a << R, the droplet surface will
appear to the particle as a flat wall. The ensuing discussion
will therefore deal with collisions between particles and flat
surfaces; Suppose that the particle has approached sufficiently
near the drop that surface to surface interactions are signi-
ficant. TFrom this point on, the particle is acted upon by
several forces: viscous drag in the draining film between it
and the collector; surface forces of the van der Waals type;

electrostatic forces; and the surface tension forces which
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resist the motion of the particle through the surface of the
drop itself.

Assume that the particles are perfectly smooth, solid,
non rotating spheres. Assume that the tangential component of
the velocity of the particle is conserved throughout the col-
lision process such that the dynamics of the collision are
determined by the particle motion normal to the drop surface.

There are then two basic possibilities which can result from a

collision:

a) the particle does not enter the droplet, in which
case it either rebounds from the drop surface into
the free gas stream and is not captured, or it is
brought to rest on the outside surface of the drop
where it remains and is so captured.

b) the particle enters the droplet despite its hydro-

phobicity.

5.1.1 collisions where complete penetration does not

occur

The ultimate aim of an analysis of a collision process
such as this is to develop criteria to predict when a particle
will bounce from or adhere to the surface. Although this
problem has been subjected to much study by surface scientists, .

it is still not possible to predict accurately the conditions



under which the rebound will take place, esvecially since
there is no exact knowledge of the van der Waals (V.D.W.),
electrostatic, and film drainage mechanisms involved. However,
these are the forces which must be discussed in any study of
the collision process, What is required in order to simplify
the analysis is a line of approach which will allow the calcu-
lation of the relative effects of these various forces such
that their magnitude may be estimated. For surface forces,
Dahneke (1l1) proposes the concept of a particle-surface poten-
tial well, and analyses collisions between solid surfaces in
terms of this and other derived parameters. Since the approach
suggested by his method is useful here, the collision process
will be discussed in terms of the effect of the various sur-
face forces on the kinetic energv of the particle.

The particle on approach has a certain kinetic energy
due to its normal velocity Uit éonsider the particle to have
reached a sufficiently small distance from the collector sur-
face for any of the surface forces outlined above to be effec-
tive. The kinetic energy at this point will be referred to as

the approach energy Ina' Define the following energy poten-

tials as:
IVi = energy given up to viscous effects on the wav in
IVr = energy given up to viscous effects on the way out
Ie = energy of electrostatic interaction, assumed

negligible on rebhound



energy of VDW interaction

H
i

fraction of the particle's energy dissipated during

rh
il

the contact period.

Then the kinetic energy at the instant of impact is given by:

I . =1 -I . +I -1 (5.1)

and the kinetic energy at the instant of rebound is given by:

Inr = Ini (1-£) (5.2)"

When the particle rebounds it must do work to escape the influ-
ence of the drop. Consider a particle which has just succeeded

in escaping. Its kinetic energy is given by:

I =TI -1 + I (5.3)
np nr vr s :

The particle will be captured when:

I = 0
np

that is, when:

I = I - I
nr vr s
and:
Tor = Ig
Ini = (1-£y =~ Tha = Tys v I ~ Ig (5.4)

Thus for a rebounding particle to escape, its approach energy
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must obeyv the inequality:

(1, - L))

s vr s e X - :
Tna. (1=%) | + Ivi Ie + Is (5.5) .

where the term onvthe‘right hand side represents the total
energy lost during the entire collision process.

It is pertinent to discuss the quantity £ thch is anal-
gous to the coefficient of restitution between éoiid surfacesf
It has been included in this formulation.to cbver such aspects
as viscous dissipation in the droplet, heat losses, and energy
dissipated due to the creation of surface waves. Recent compu-
tations, such as those by Foote (21) of the internal momenfum
transfer in large drops bouncing on flat surfaces, show that
the exact calculation of a quantity}such as £ is'feasible. |
However, the difficulties involved iﬁ this type of calculation
suggest that it would be easier Fo use typical measured values
such as those given by Whelpdale and List (72). If £ were
zero the droplet surface would behave like a perfectly elastic
skin as suggested by Philipoff (55). In this case, the drop
surface would return all kinetic energy to the particle.upoh

rebound. If:

Ina > Ie + IS

then inequality (5.5) reduces to:
i

> - : . : .
Tha Ivr + Iv1 Ie o (5.6)

k)



for a successful bounce.

However, it does not appear that £ is negligible in
reality. The experiments of Whelpdale and List show very
clearly that this quantity is significant. They conclude that
the energy losses of the particle depend on the incident angle,
the incident velocity, and the collector droplet size. The
energy loss incrcasces at lower incidence anqgles and higher
velocities, and decreases with increasing drop size. Their
experiments were conducted with a 70 p water aerosol with a
1 mm. diameter collector. It could he expected that the depen-
dence on collector size would be less significant in the present
experiments owing to the increased relative curvature. For
the angles with which we are primarily concerned here, between

50° and 900;,the fractional enerqgy loss was found to vary bet-

ween 0.4 and 0.1.

5.1.2 collisions for which the particle penetrates the

droplet

In this case, the particle arrives at the drop surface
with sufficient normal momentum to punch through the surface
of the liquid, thus doing work against the droplet surface
energy. If I is the energy required for the particle to pene-

T
trate the surface tension 'barrier' then penetration is achieved

when:



I > I - I +I +1 (5.7)

Thus the particle only penetrates if it has enough kinetic
energy to overcome the combined resistance and attraction of
the viscous, VDW, electrostatic and surface tension forces.

From this conceptualization of the collision process, two
criteria have thus been developed to predict when a particle
will bounce from a drop surface and when it will penetrate. In
order to apply these models to a specific situation, it is neces-
sary to examine the theoretical bases for the estimation of the

interaction potentials of the various forces at work during

collision.

5.1.3 the approach energy Ina

The kinetic energy of a particle due to its motion in a

radial direction relative to the droplet is given by:

:
I =4imu? (5.8)

where UR is the normal approach velocity which, with the nomen-

clature defined in Chapter 1, is given by:

Y, ' (5.9)

It is obvious that for high values of the angle of incidence a
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the normal velocity falls very rapidly when the separation
becomes small. Thus the approach eneray depends on the initial
horizontal distance of the particle from the drop's axis, y_,
and on the impaction parameter. Figure 5.1 is an example of
"how the approach energy changes with separation for 2 values

of K. The first value, chosen to be typical of the experiments
which have been performed for paraffin wax, represents a 20u

particle travelling towards a 0.1 cm. drop at a velocity of

354.4 cm/sec. such that X 7.0. The other value is repre-

sentative of a lower energy of approach and corresponds to a .
12.5u particle approaching the same drop at 194.4 cm/sec. such
that K = 1.5. The curves shown in Figure 5.1 are typical of

the sort of situations that have been encountered in the experi-
ments, and have both been computed from particle trajectories

calculated assuming potential flow around the collector.



Figure 5.1

VARIATION OF APPROACH ENERGY WITH

SEPARATION AT K = 7.0 AND K = 1.5
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5.2 Penetration of the Droplet Surface

It has heen suggested that a collision between an aerosol
particle and a droplet may or may not result in the particle
overcoming the surface eneray of the drop and entering the
bulk of the liquid. 1In order to substantiate this assertion,
it is necessary to calculate the circumstances under which this
penetration may take place. It is first important to revicw
the nature of the contact between a solid and a liquid in the
presence of air as the third phase. |

In manybinstances, a liquid placed on a solid will not
wet it but remain as a drop having a definite angle of contact
‘between the liquid and solid phases. The situation is illus-
trated in Figure 5.2, Adamson (1) haé reviewed the background to
this phenoﬁehon and gives a simple derivation of a useful
relationship known as the Young-Dupré eaquation. The change in
surface free enerqgy, AI, accompanying a small displacement of

the liquid such that the change in area of solid covered is AA,

is given by:

ALl = AA.YSL - AA.YSV + AA.YLV.Cos(O - AQ) (5.10)

where Y, is the interfacial energy per unit area of the solid
to liquid interface, Yoy is the interfacial energy per unit
area of the solid to vapour interface, and YLy is the surface

free energy per unit area of the liquid phase. At equilibrium: -



Figure 5.2
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Figure 5.3
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lim AL _
and
YLV Cos 0 = YSV - YSL (5.12)

Equation (5.10) makes use of the fact that the total change in
energy during a movement of the line of threé phase contact is
the sum of the changes in energies of the three interfaces in-
volved. A similar procedure may be used for a particle pene-
trating a liquid surface although in this case the qeometry‘of
the system is different (see Figure 5.3).

Assume for simplicity that the droplet surface does not
deform until ‘the particle is actually in contact with it and
that when deformation does occur the surface takes on the exact
shape of the particle. The energy change of the particle-
liguid interface system, and hence the work done on the particle
‘during its penetration to a depth p may be calculated from the
total interfacial energies bhefore and after penetration. Before

contact between the particle and the droplet, the interfacial

energy is given by:

_ g2 2
I = 4R Y1y + 4na Yoy (5.13)

After penetration to a depth p the energy of the system may be

estimated if it is assumed that the interfacial energies do not
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change throughout the collision process. The total surface

energy is then given by:

| 9 g 2 2
'1 = vgp,(2map) + yg, (4ma” - 2map) + Yy (4TRT - 7q7) (5.14)

where  2Tap is the wetted area of the particle and g is the
radius of the wetted perimetér (sce Figure 5.3). The enerqy

change during penctration is thus given by:

Iy = 2map(yg, .YSV) Yy (2aP - P) ' (5.15)
For full penetration, p = 2a and the work done by the particle
is given byv:

= —d7a2 -
I, = =412 (ygy = vgyp) (5.16)

This work must be done at the expense of the kinetic energy of

the particle which, for complete penetration, must be greater

than I_ and so:

]

2 5 2 _ '
%_ myu- = 4ma (YSV YSL) _ (5.17)

. 2. 12
i.e. U° 2 -ppd (YSV - YSL)

(5.18)
It has been assumed that the interfacial energies are not
functions of the depth of penetration or of the velocity of
penetration. Such an assumption is not strictly true. The
movement of the line of contact between the three phases is noﬁ

a quasistatic process. Equilibrium assumptions cannot therefore
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be used to calculate exact vaiue$ of the iﬁterfacial energies
since these change during penetration owing to the reordering
of the molecules at the interfaces. Moreover, whilst it is
possible to obtain valugs of Yoy from the experimental work
of El.Shimi and Goddard (65) and to calculate values of Ys1,
from the equations proposed by Wu (74) and amplified by Good
(26), the figures so obtained cannot be used in Equation (5.18)
withbut introducing error. In fact, there ére no reliable ways
of predicting Yoy and o1, under non equilibrium conditions.
Phillips and Reddiford (56) have studied moving inferfaces
experimentally. Quy (69) ﬁas made a theoreﬁical hydirodynamic
study of liquid flow between two parallel plates and has
related the changes in contact angle to the flow velocity.
However, such attempts as these haQé only been concerned with
very slow movements of the interface and do not therefore
correspond to the present exberiﬁental conditions where the
velocity of penetratiog.is high.

‘'When the particle begins to penetrate, the liquid surfacé
ﬁiil exhibit the same characteristics as the recéding edge of a
droplet moving on a hyvdrophobic surface. The work done on the
particle by the drop surface during this time will thus be"
greater than that which would be predictedlif quasistatic theory
wére used. Aftér a certain amount of penetration, the line of
three phase contact will form an effective "advancing contact

angle" and the work done by the particle will be greater than

+
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that which would be predicted using equilibrium assumptions.
Over the whole penetration process the two errors are cancelled
out to some undefinable degree. Under these circumstances, it
is convenient, despite the reservations outlined above, to use

the Young-Dupré equation in order to correlate the interfacial

energies such that:

Y Cos 0 (5.12)

Ys, © Ysv T Yoy

where 0 is the equilibrium contact angle between the threce

phases. Thus for full penetration, Equation (5.18) reduces to:

12y
S ©\ A P (5.19)
n,d

This is similar to the result proposed by Pemberton (54) for

® = 180°. Tﬁe right hand side is negative because, for 0 > 1/2,
Cos 0 is negative and hence work-'must be done by the particle

to penetrate. However, for 0 < 7w/2, the work done is positive,
signifying that the surface of the drop will do work upon the
particle to make it penetrate. Therefore, a particle which has
an air-water-particle contact angle of less than 7/2 has only
to touch the surface of the droplet in order to be captured by
it. This is a possible explanation of why so many doubts have
been expressed in the literature as to whether or not the
capture efficiency of aerosol particles can be less than unity.
If contact between the particle and the water may be assumed at .

all stages of the collision then it is only for materials for
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which O is less than m/2 that the capture efficiency will be

decreased.

Equation (5.19) may be expressed in dimensionless terms

as:
u_2 1
"R _ 12 Cos ©
2 We : (5.200.
U,

where We is the Weber number of the system given by:

2
pde°°

We = ———
YLv , :
Thus the minimum velocity for penetration is shown to be
_govefned by two systeh parameters; the Weber number, and the
. contact angle. |

Equations (5.12 and 5.15) may be evaluated as a function
of p. The results for a 20u.par£icle, for contact angles of
90°, 100°, 110°, 130° and 180°, are shown in Figure 5.4. As
may be seen,‘the penetrétion energy is negative for the initial
part of the penetration and never becomes positi?e for 0 = 90°,
For 0 > 90°, .the energy functioh pasées through a minimum and
then rises to the vélue'necessary for complete penetration of
the pérticle. For © = 180°, there is no minimum in the energy
function which is never less than zero. The negative values of
I, occur when the change in area of the liquid-vapour interface

T
produces more energy than is used up by the formation of the

)
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Figure 5.4

CORRELATION OF PENETRATION ENERGY

WITH PENETRATION
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solid-liquid interface. The practical significance of these
minima is that the surface of the droplet does work upon the
particle to make it penetrate to the position, p, where the
minimum occurs. Thus the fact that IT never becomes positive
for © = 90° means that no penetration energy is required and
that the particle will behave as a completely wettable particle.
Values of the approach energy of a particle as it arrives
at the droplet surface, for two values of y_  and for K = 7.0,
are also drawn and are shown as horizontal, dotted lines on
the graph. As may be seen, the pérticle trajectory which
begins at y_ = 0.1 has sufficient energy to penetrate the sur-
face for an aerosol material whose contact angle is 100° .
However, if 0 is 110°, this particlé would not penetrate. For
Yo, = 0.812, the particle could not pass through the drop surface
completely even for © = 100°. 1In this case, the particle would
penetrate up to 0.89 diameters a;d then be stopped, all of its

kinetic energy being expended in overcoming the surface tension

forces.
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5.3 Interactive Forces

Before the particle reaches the surface of the drop, it
will be subject to surface to surface interactive forces which
are effective over very small separations. These forces are
notable for the lack of accuracy with which they can be pre-
dicted. 1In real situations, they will be modified as a result
of contamination of the air-water interface both by foreign
matter and the presence of aerosol particles which have already
been captured. However, in an ideal situation, there are 3 |
main types of forces acting on the particle, van der Waals

forces, electrostatic forces, and viscous forces.

5.3.1 ' van der Waals forces

There has been much work phblished on the forces bhetween
a collecting surface and an approaching particle and most
workers agree that, whilst small and difficult to calculate,
van der Waals (VDW) forces can constitute, under some circum-
stances, an important parameter in collision dynamics. As
'early as 1954, Jordan attempted to assess the role of VDW
forces in the adhesion of particles within dust sampling instru-
ments (35) and, in 1955, Gillespie considered the problem of the
attachment of small particles to filter fibres (24). A recent

series of papers by Dahneke (11, 12, 13) has made considerable
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progress in formulating the solution to the dynamics of the
impact between latex particles and solid plates. Spielman
(66, 67), and Derjaguin and Smirnov (15) have independently
developed theories to describe the deposition of particles by
VDW forces onto a sphere in Stokes flow. It seems desirable,
therefore, to examine the effects of VDW forces.

It has been known for many years (27) that VDW forces
exist between a macroscopic sphere and a plane surface or half
space. However, it has become possible only very recently to’
estimate with any certainty the order of magnitude of these
forces, and even then only in the case of specific systems for
which values of the fundamental constants have been published.

A good summary of the theory of VDW-forces and a review of the
present state of knowledge on them has been qgiven by Israelachvili
and Tabor (34).

For non-polar substances sﬁch as paraffin wax, the forces
result from the instantaneous dipoles caused by the changes in
relative positions of the electrons in the molecules of the
materials involved. The dipole generates an electric field
which polarises a nearby molecule thereby inducing in it another
dipole moment. The resulting interaction between the two dipoles
creates an instantaneous attractive force between the two
molecules, and the time average of this force is finite. These
forces between neutral atoms are generally referred to as dis-

persion forces or London forces and are one component of the
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total van der Waals force. The other two components are orien-
tation forces, which are caused by the alignment and subsequent
attraétion of two polar molecules, and induction forces, which
are caused by a polar molecule inducing a dipole moment in a
nearby neutral molecule. For the highly polar material of
water, the ratio of the dispersion, orientation, and induction
forces is 4:20:1 (34).

When two molecules are an appreciable distance apart, the
time taken for the electrostatic field from the first molecule
to reach the second and then return may be comparable with the
fluctuating period itself. 1In this case, the dipole of the
first molecule is no longer in phase with that of its neighbours
and the laws of force change. The interaction is referred to as
the retarded van der Waals force and was first proposed by
Casimir and Polder (10). In general, less is known of the
magnitude of retarded forces thaﬁ is known about non-retarded
forces, especially concerning the range of distances of sepa-
ration over which the retarded forces operate. It is normally
accepted that the retardation effects start at distances of
about 0.1 ) (where ) is the wave length of the intrinsic
electronic oscillations of the molecules) but that the forces
are not fully retarded until the separation is of the order of
2) (64). Theoretical predictions of VDW forces are available
only for fully retarded and fully non-retarded interactions.

The forces between large bodies can be obtained by one

of two methods, the microscopic approach which considers all



- 109 -

the atoms within the body, or the macroscopic approach where
the large bodies are treated as continuous media and the
forces are drived in terms of their bulk properties, In the
microscopic approach, the force between the bodies is deter-
mined by integration of the interactions between all the atoms
within the two bodies (27). Israelachvili and Tabor give

expressions for the interactive force between a sphere and a

half space as follows:

For non-retarded forces:

]
F, = 5—% (5.21)
6H

For retarded forces:

F, = EﬁAéa (5.22)
31

where H is the gap between the two surfaces, and A' and A" are

the Hamaker constants for the non-retarded and retarded VDW

forces respectively.

- estimation of the Hamaker constant

The eguations for the magnitude of the VDW forces have
always been expressed in terms of constants such as the Hamaker
constant whose value was very difficult to predict. However,
as a result of recent research, it is now possible to calculate .

these constants, and hence the forces involved, in a more precise
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way. Krupp et al (39) have recently published a set of

computations of the 'Lifshitz-van der Waals constant' (huw)

which is related to the Hamaker constant as follows:
- _ 4 .,
For non-retarded forces between two dissimilar materials 1 and

2 interacting through a medium 3, their results were calculated

from the eguations:

e (18) - e5(i8)  e,(i8) - e4(ik)

hw = ho S ET ¥ e, (06 © &, 58T ¥ £, (1F) de (5.24)
with
(if) 2[5y @u g, |
e (ig) =1+ 2 [ | (5.25)
J . . "o £° + w2

where €. (1) is the dieléctric permittivity of medium, j, at
imaginary frequency, (ig); h is Planck's constant (= 1.054 x
10-;.27 erg—seé.); w is ‘the angular freguency of photon energy:
. and ej"(w) is the imaginary part of the complex dielectric
constant of medium j. Values of hi were calculated by numerical
analysis of e€." determined from optical reflection measurements.
Such éalculations as.these are beyond the scope of Ehig work.

A review of the literature shows tha£ there is insufficient
information avaiiable to estimate A' for either D.O.P. or talc.

However, solid alkanes such as paraffin wax and, to a lesser

degree, liquid alkanes such as paraffin oil have been studied



- 111 -

and it is possible to proceed with an estimation of their
properties,

As Krupp et al did not calculate a value for a paraffin
wax-water—-air system, a simple way must be found to estimate
the Hamaker constant. Israelachvili and Tabor examine the

accuracy of a variant of the Berthelot relationship:

Aizp = (Bi3y - Aé32)l/2 (5.26)
where the subscripts refer to medium 1 acting on medium 2
through medium 3. They find that the relationship always gives
an overestimate for Ai32 but is accurate to within 1-3%. 1In
the case of the experiments presented in this work, medium 1

is paraffin wax, medium 2 is water, "and medium 3 is air. No
estimate of the Hamaker value for this system has ever been
published. Furthermore, compared with the intensively studied
ideal case of interactions across a vacuum. little is known
about the effects of air as the third medium. However, it can
be seen from Equation (5.24) that the effect of the medium is
related to its dielectric constant, the higher the dielectric
constant the lower the VDW forces. As the difference between
the dielectric constant of vacuum (1.0) and the dielectric
constant of air (1.000536 at 20°C and 1 atm.) is small, the
Hamaker constant in air will be assumed, in the absence of
information to the contrary, to be approximated by the Hamaker

constant in vacuum (Aii)' Krupp et al (39) calculated the
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Lifshitz-van der Waals constant for water-water interaction to
be 1.14 eV. From Equation (5.23), this vields a value for A22
of 4.35 x lO"-13 ergs. Israelachvili and Tabor quote a value
of Aqq for solid n-alkanes of 8.8 x 10“13 ergs. Substitution

in Equation (5.26) gives:

' ~ ! - -13
A132 = A12 + 6.19 x 10 ergs.

where the positive sign signifies, using the normal surface
force notation, that the force is repulsive. For liquid n-

13

alkanes a value of 6.3 x 10 is quoted. This yields:

. -13
Aiz = 5,12 x 10 ergs.

These are approximate figures but, s;nce they are probably
accurate to at least a factor of 2, they are useful for the
analysis of the experimental results in the present work.
There are no reliable, simple ways Qf estimating the
Hamaker constant for retarded forces. Even the concept of a
single valued Hamaker constant for retarded forces is rather
dubious and suggestions have been made for replacing it with
a Hamaker function, the value of which would depend on the size
of the particle and the gap width (53). 1In general, however,
the longer range retarded forces appear to be less important
than the shorter range non-retarded forces, Parsegian and
Ninham (53) have calculated, for example, that lipid waxes in

a water system exhibit only very weak retardation effects.
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These forces will, therefore, be ignored in the folléwing

discussion.

~ energy losses and surface deformation

For the purpose of this analysis it is necessary to

‘estimate the energy loss due to repulsive surface forces. The

normal force between the surfaces is approximated hy:

Al
a (5.27)

I= |Fdi=-223 [%] (5.28)

Ho can be assumed to be ®. At Hl = 0, the force appears

to become infinite. However, Krupp (38) suggests that the

maximum VDW pressure between intéracting surfaces occurs at

separations of approximately 4°A because bonds of a chemical
nature tend to predominate below this gap width. This figure
can thus be used as a value for H,. Therefore, for a 20u parti-

cle of paraffin wax approaching a water droplet, the normal

energy change is given by:

Is = - 2,58 x 10"9 ergs.

For a paraffin wax particle travelling towards.a 0.1 cm drop at

.a velocity of 354.4 cm/sec. such that K = 1.5, the normal

A3
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kinetic energy has been shown to vary between 1.1 and 2.2 x
lO—4 ergs depending on the value of y and the separation of
the particle. Since, in this case, the energy lost in over-
coming VDW repulsive forces is only 0.002% of the approach
energy, it can be neglected. However, for particles travelling
at a smaller speed, as low as 2 cm/sec. for example, the VDW
energy losses would certainly become significant.

Besides the problem of energy loss there is the question
of the water air interface. If this interface, which is not
rigid, is deformed by the action of VDW forces before contact
between the water and the particle, then the work required to
achieve a given penetration is increased. 1In order to check
both the assumption that the contact between the water and the
particle is not hindered by VDW forces, and the validity of
neglecting energy losses, a simple model was constructed to
calculate the change in the gap Qidth and the interface defor-
mation with time.

Consider a sphere approaching a deformable half space
with which it has a repulsive surface interaction. As the
sphere approaches, the wall will deform. Assume that, despite
this deformation, the force law between the sphere and the wall
remains the same. Assume also that as the wall deforms it
takes on the same shape as the sphere, namely a spherical cap.

Let B be the centre to centre separation of the drop and

the particle, H be the gap width, § the depression in the drop
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surface, and p the extent of the particle penetration into
the droplet's surface (See Figure 5.5). Let the force due to
the surface tension opposing the progress of the particle be

F and the force due to VDW repulsion be FS.

TI
The normal or radial velocity of the particle with

respect to coordinates fixed at the drop centre is:

dn (5.29)

Also:

B=a+R-p (5.30)

where p may take all values from —HO, the initial gap width, to

+2a for complete penetration. The narticle equation of motion

gives:

where m is the mass of the particle.

Yr__Ts

dt m

dp __ am (5.31)
dt 8H21ra2pp

where A(H) is a Hamaker function whose numerical value depends

on gap width increasing from 0 at « to A' at close separation,
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Figure 5.5

APPROACH OF A PARTICLE TO

A DEFORMABLE SURFACE
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and whose value is assumed calculable for any N,

The normal component of the surface tension force opposing .

deformation is given by:

FT=

where ¢

where

Now:

da
dt

(a + 11)

F_.
——T = —2n0

~-2rqo Sin¢

Sin¢

210 (a + H) (1 - Cosz¢)

_a-p
T a + H

| (a—p)2

- 210 (a + H) —,

(a + H)

a+ 1 dt

= 210 [2(E_Z~i) P 4 o1 -

[—2(13 - a)Up +(1 -
.a + 0 °

Equation (5.27).gives:

Equating (5.32) and (5.33) gives:

<.a_:_e>2) clf_l}
(a + 2 at
(5.29)
' 2
(a - p) )gg:] (5.32)
(a + 02 dt -
(5.33)
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dH _ 4“0UR(p - a)/(a + H) ‘ (5-34)
At 2m0(a + H)® + (a - p)° _ A(H)a
(a + H)2 3u3

There are thus 4 equations in the 4 unknowns, B, UR' p, H:

B=a+R-p (5.30)
aB _ (5.29)
dt R
AV -am) . | (5.31)
dat | 8H2Wa20

o}
an - 4noUR(p - a)/(a + H) (5.34)
dt 2no(a + H)2 + (a ---p)2 - A(H)a

(a + H)?  3p?

With initial conditions: at t = 0; H = H , Up = U, B = H +

(o] (o]
du
: o Ly @H _ o dB _ _ R _
a+tRep=-Ho =% &= % a -0

.This model is very simple and could easily be solved
numerically if the Hamaker funétion were available. Unfor-
tunately, the lack of any Such expression makes the use of
these equations very difficult. For the present purposes, the
function A(H) was set at A' and the forces were arbitrarily
assumed to act 6ver a certain distance. fhe equations were
solved numerically ﬁsing the fourth order Runge-Kutta-Merson

techniqué (40). Variations in B, UR' H, p, and 6 were computed
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with respect to time for differing approach velocities and
values of A'. As would be expected, the results were heavily
dependent upon the starting distance at which the forces were
assumed to act, and so the results are only useful in a quali-
tative sense. They showed that in all cases‘for approach
velocities up to 400 cm./sec. there was some deformation of

the drop surface before the gap width shrank to zero. It

seems therefore likely that the surface of the droplet will be
at least slightly deformed before the particle touches it by the

action of van der Vvaals forces.

5.3.2 electrostatic forces

The effect of electrostatic forces on the experimental
results for wettable aerosols hasg already been discussed in
Chapter 3. From Equation (3,10), the attractive force on a
particle as it approaches an earthed collecting sphere of

radius R in a typical aerosol of concentration 50 particles/cc.

is given by:

3

F, = 2,31 x 10777 B - 9.23 x 10717 e o (5.35)
H (i ~-R7)

3 2
- 4.8 x 1072 R - 693 x 107 B
2

>3

H
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The energy change in moving a particle from a separation, Hl;

to a position, Hz, nearer the collector is given by:

Thus for a 0.1 cm. diameter droplet:

_ 8.00 x 10718  4.62 x 1071% o
= |- e LI L - (5.36)
» H (H° - 9.01)%"
H,
9.52 x 10" 17
H
Hy

Figure 5.6 shows this function for éeparationst between 103

and lO—6 cms ; assuming that Hl = o,

When the particle actually.touches the droélet, it will
lose its charge. Should it rebound, however, it will‘still be
subject to the image force from the charge induced in the col-
lector by the particles in the main stream and to the image»
forces resulting from charges induced in it by its neighbours.
The sum of the two types of forces is represented by the third

term in Equation (5.36) and the electrostatic energy lost during

rebound is thus given by:

I = 9.52 x 10 (5.37) .
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Figure 5.6

ELECTROSTATIC GAIN AS A

FUNCTION OF SEPARATION
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However, this term is very small with respect to the first

term in Equation (5.36) and so the electrostatic forces on

rebound may be neglected.

5.3.3 viscous forces

There will be a boundary layer around the droplet at the
Reynolds numbers encountered in the experiments and the fluid
in the inner region of this boundary layer can be considered
viscous. This fluid will have an effect on the trajectory of
the particle which will lose kinetic energy to the viscous
damping forces in the gap between it and the droplet. Much
work has been done on the phenomena.which occur between two
approaching surfaces. As early as 1879, Lord Rayleiéh Was
experimenting with coalescing water drops and attributed
incidences of non cohesion to the viscous effects in the inter-
vening gap. A complete review of this complicated field is
beyond thevscope of this work. It has been well covered by
Brenner (9) and also by Bart (3) who has presented a general
model for a sbhere approaching any interface. The parameters
of this model change according to the nature of the interface.

The approach of a rigid sphere to a deformable interface
has been studied experimentally by, among others, Riola et al
(61) , Hartland (30), and Hodgson and Woods (33). lowever, all

of these experiments have been conducted in liquids and the
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results obtained have only a qualitative relevance to the
present situation. Two recurring features have nevertheless
been observed. First, the interface will deform slightly upon
the approach of the particle. Secondly, the film will not
drain uniformly. A 'dimple' of the particle bearing fluid is
captured between the two surfaces because the interface deforms
to meet the particle in a ring coaxial with the line of colli-
sion. This dimple of air is forced into the droplet if the
particle penetrates. Such an effect has been observed by
Whelpdale and List (72) who followed the trajectories of air
bubbles in a water drop after it has collided with another
smaller droplet. There are three conclusions that can there-
fore be drawn from these observationms. First, there will be
some energy  loss to viscous forces as the particle approaches
the droplet surface. Secondly, there will be deformation of
the droplet surface before partiéle liquid contact which means
that a higher amount of penetration energy is required. Thirdly,
there is the possibility of an air bubble from the draining film
being trapped and forced into the drop. The formation of this
bubble would require a certain amount of surface energy which
would also be gained at the expense of the particle's kinetic
energy. However, thése last two effects could reasonably be
expected to be small and will not be considered further.

In order to estimate the relative magnitude of the

viscous losses, it is necessary to be able to calculate the
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forces between a sphere and the surface which it is approaching.
All the literature on this subject deals, however, with quasis-
tatic flow in a stagnant fluid so that the time dependent term
in the Navier.Stokes equétion is negligible. This is the
creeping flow regime which normally carries a constraint that
the Reynolds number be much less than one for exactitude with

a cut off point of Re = 1 for practical applicability of the
equations. If the normal velocity of the particle relative to
the collector at the outer edge of the: boundary layer is con- -
sidered, then the particle Revnolds number varies from 2.0 ‘to
4.5 depending on the angle of incidence. This is not within
the creeping flow regime. Furthermore, the fluid at the inter-
face is not quiescent since it has tangential motion due to the
viscous shear forces.

These faptors mean that the quasistatic assumptions are
not exact in the practical case.. However, in order to discuss
the collision process, some estimate of the energy loss to
viscous damping is necessary and, since there are no published
alternatives to the low Reynolds number situation, the quasis-
tatic approach will be used as an order of magnitude approxi-
mation.

Brenner (8) and Maude (45) independently proposed exact
equations for the quasistatic approach of a sphere to a solid

surface and to a free surface. The free surface results that

they give are:



A = =3z Sinh ¢ Z

- = 125 -~

(5.38)

1

n{n + 1) ¢ 1

+ (2n + 1)28inh22
(2n + 1) Sinh 2

As this summation is'complex, a simplification will be used.

At small gap widths, it may be shown (9) that:

lim ‘
8 .}.{_A_=l
H->0 a

such that the force is

46WuaZUR
P =0

H
This equation has been
(44) for nylon spheres

it gave good agreement

given by:

(5.39)

_4Cosh’(n + 2) & g 30
n=1 (2n-1) (2n+3) 2 Sinh(2n + 1l)g¢ '

tested experimentally by MacKay and Mason

falling through oils. They found. that

with experiment for H < 0.01 cm.

Equation (5.39) has been used to calculate the energy loss

of the particle as it approaches the collector.

eration, the energy loss was computed from the integral of the

force with respect to the gap width:

Ignoring decel-
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I, = -GTTUaZURln-—Z ‘ (5.40)

vi Hl
The values of'Ivi calculated are relatively insensitive to the
choice of Hl. For convenience, Hl was put equal to 0.1R which
was chosen to be representative of the boundary layer thickness
at the appropriate Reynolds number. It was found that doubling

ﬁz made only 10% difference in the values of Ivi' The value
of 0.l1R, however, provides a conservative estimate of the
‘actual force as it is only the inner region of the boundary
layer which may be considered truly viscous. The neglect of
tﬁe deceleration of the particle, which makes the integration
of the force equation possible analytically, also ensures that
I;i is overestimated. Results for the paraffin wax example
are shown in Figure 5.7. The normal velocity of the particle
as it impacted with the surface was calculated from its tra-
jectory using potential flow assumptions. This was then used
to calculate the energy loss from Equation (5.40).

Thus it.is now possible, using the magnitudes of the
various ehergy functions, to eQaluéte the two inequalities
(5.5) and (5.7) and so predict whether a colliding particle
will be captured by the droplet or not. This will, in effect,

constitute a discussion of the experimental results and will

be the central theme of the next chapter.
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Figure 5.7

ENERGY LOSS TO VISCOUS FORCES

AS A FUNCTION OF SEPARATION
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Chapter 6

RESULTS AND DISCUSSION

The criterion for penetration derived in Section 5.2 is
a very useful result. It is analogousto the expressions derived
by Pemberton (54) and more recently by MacDonald (43). Both
these authors assumed that penetration was necessary for col-
lection, but whilst they had much to say on the subject of
penetration which did not result in capture, they dwelt very
little on the more likely possibility of capture without pene-

| tration.

The point of this chapter is to make good this deficiency
in their discuséion and to expand tﬁé theoretical outline pro-
vided in Chépter 5 to the analysis of real situations. First,
the penetration criterion will be used to calculate values of
'penetraﬁion efficiency'. Secondly, these calculated values
will be compared with the experimental results for hydrophobic
parﬁicles. The compa?ison is favourable. In the light of
these comparisons, it appears that there is éome sort of corre-
lation between 'penetration efficiency' and collection effi-
ciency for the systems studied. 1In the final section, this
correlation will therefore be discussed for the experimental

conditions using both the schema proposed in Section 5.1 and

the estimates of the energy losses derived in Section 5.3.
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6.1 Calculation of Penetration Efficiencies

It has proved impossible to fit the long range inter-
active forcés into the potential flow model and thereby calcu-
late their effects on collection efficiency because of the dis-
continuities that they induce in the particle's equation of
motion. However, the penetration criterion derived in the
last chapter does not have this disadvantage. The minimum

radial velocity to ensure penetration is given by:

vl = - 220 fos 8 (5.19)
P

Thus the inclusion in the'program of a simple boundary condition
that UR be greater than this value at the moment of impact will
serve to locate the limiting trajectory for a particle which
just penetrates the drop. This has been done, and the program
"has been used to calculate a form of 'penetration efficiency'
definedhénalogouslyto collection efficiency,'as the square of
" the initial distance from the vertical axis of the drop of a
particle whose trajectory just'gives it enough normal momentum
to penetrate the surface. 'The penetration efficiencies thereby
calculated are a function of the Weber number and also of fhe
contact angle O, Figure 6.1 shows the variation of this pené-
tratidn efficiency with impaction number for varying contact
angles at a constant Weber number of 10.5. A§ may be seen,

there is no collection at this value of We for K < 100 for
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Figure 6.1

VARIATION OF PENETRATION EFFICIENCY WITH
IMPACTION PARAMETER FOR DIFFERENT CONTACT

ANGLES AT We = 10.5
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contact angles above 145°. The top curve in the figure is the
line for © < 90° which corresponds to the case of wettable parti-
cles. Figure 6.2 shows the variation of penetration efficiency
with We at a constant contact angle of 102° which corresponds

to the practical case of paraffin wax. Again the top curve
represents wettable particles. The penetration efficiency was
also found to be a function of a/R and of the gravitational
settling velocity G. Figure 6.3 shows this variation for

© = 102° and We = 8.0.

An alternative way of looking at these results is sug-
gested by Pemberton's original analysis of the situation for
non-wettable particles (54). He defines a parameter that is
effectively the same as the fraction of the particle's initial
momentum which must be used up in penetrating the droplet sur-
face. 1In the present analysis, this may be defined as:

1/2

-120 Cos ©

|
M = i
)

co

M may vary between 0, for wettable particles, and 1.0, for
extremely low values of We, and is effectively a dimensionless
velocity. It is a very simple characterisation of any system
for a practical application as it combines both the variables
We and @ into one parameter which can vary between apparently
well-defined limits. MacDonald has discussed the use of this

guantity in cases of partial wettability (43). It was decided
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Figure 6.2

VARIATION OF PENETRATION EFFICIENCY WITH
IMPACTION PARAMETER FOR DIFFERENT WEBER

NUMBERS AT 0 = 102°
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Figure 6.3

EFFECT OF RADIUS RATIO AND G

ON THE PENETRATION EFFICIENCY
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to repeat Pemberton's calculations.in the present work given
the continued utility of this parameter as a characterisation
of the penetration process. Computation of the penetration
efficiencies as a function of this variable requires that UR
be greater than a specific value of M on impact. Figure 6.4
shows the results of these calculations for values of M
between 0.0 and 0.9, and for values of K between 0.1 and 100.
It may be seen by comparing this figure with Figure 4.1 that
these results differ from those calculated by Pemberton,
especially at low K for each curve. This divergence becomes
important at the lower values of the penetration efficiency
particularly for the minimum value of K at which penetration
can occur and where there is up to a 25% variation between the
two sets of results. Pemberton is very vague about the numerical
procedure by which his results were obtained. The present
results were calculated using a @ell—tried numerical technique
and are in complete agreement for wettable particles (at a/R = 0
and G = 0) with the curves published by other workers (20, 31).
It was found that tightening the integration tolerances by a
factor of 10 or, likewise, reducing the acceptable tolerance
between the high and low values of y , which established the
critical trajectory, made less than 0.3% difference to the
computed collection. As a result, the present calculations

may be considered to be more accurate.

Another difference between the two sets of computations



_135_

Figure 6.4

VARIATION OF PENETRATION EFFICIENCY WITH
IMPACTION PARAMETER FOR DIFFERENT

VALUES OF M



"wajaweled uolydeduw|

o't G0 cT1To

1

0°0L

.
T



- 136 -

is that the Pemberton curves go through a maximum in the region
of K = 20 for M < 0.6. No evidence of this maximum was found
in the present work. However, Pemberton assumes that, if the
particle is brought back to the surface after penetration, it
is ejected into the airstream and is thus not captured by the
droplet. In order to allow for this, he places the further
condition upon his calculations that the particle must pene-
trate with enough normal velocity to travel sufficiently far
into the droplet that its tangential momentum is dissipated by’
viscous drag within the liquid. This assumption does not cor-
respond to reality, as will be discussed later, and the condition
he develops ignores the unsteady state terms in the formulation
of the viscous drag. Pemberton's assumption does not, however,
account for the existence of the maxima since it was found that
the inclusion of his tangential momentum condition in the
present computations did not produce a maximum in any of the

E versus K curves. The maxima seem, therefore, to have been
produced by computational inaccuracy.

It is interesting to note from Figures (6.1 to 6.4) that
there exists, for any We, ©, or M curve, a minimum value of the
impaction parameter Ko’ below which no penetration occurs, and a
maximum value of penetration efficiency Em’ to which the curve
tends asymptotically at high values of K. When K is large and
inertial effects are dominant, the particle deviates very little

so that the trajectories are indistinguishable from straight
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lines. For this situation, the penetration efficiency may be
estimated from the fact that the collision will occur at

Yy = Y,. Thus, in dimensionless terms:

u'y ='-U'x Cos o | (6.1)

Assume:

u'. =

aloa
o
il
|

. . -1 yoo

1

' = s '
U R Cos (Sin y m)
o2 = 1-sin® (sin Tty
= l1 - y'ooz
= l—E
m
For penetration:
U 2._-12 Cos © . : (5.20)
R We _ . :
_ 12 Cos O |
E, =1+ We . (6.2)

For example, at We = 3.4.and 0 = 102 , E  Wwas computed at K =

100 to be 22.12%. By Equation (6.2), it is estimated to be
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26.6%.

Equation (6.2) always gives an overestimate because

the deceleration of the particle as it approaches the sphere

is neglected.

way. In this case, U = UR and
at the forward stagnation point

trate the droplet:

120 Cos © 1/2

d
pP

This value of Uu_ may be used to
a conservative estimate because

eration of the particle.

The value of KO can be estimated in a similar

only a particle which collides

has sufficient energy to pene-

(6.3)

calculate Ko. It, too, gives

it does not allow for the decel-
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6.2 Comparison of Penetration Efficiencies with Experimental

Results

It is cleariy of interest at this point to compare the
theoretically computed values of penetration efficiency with the
experimentally measured -values of collection efficiency. Figures
6.5 to 6.11 show this comparison for the results of all the
'hydrophobic aerosols used. The variation of penetration effi-
ciency with impaction parameter has been shown in the previous
section to be governed by 4 quantities; 0, the contact angle;

We, the Weber number of the system which is the ratio of inertial
to surface tension forces during the penetration process; a/R,
the radius ratio; and G, £he dimensionless gravitatibnal settling
velocity. The values of a/R and G Aave been included in the
theoretical.éalculations although, as in Part I, their effects
are only small. Each theoretical curve has been computed using

a value of G calculaﬁed from Stokes law and the average value of
a/R from the plotted points.

N Figure 6.5 shows the experimentally measured points for
paraffin wax at two different Weber numbers. The agreement in
both this figure and in Figure 6.6 is very gbod. Variatiopé in
collection efficiency for this aerosol therefore seem to be very
well corrélated by the theory. -

The same ié true, although the agreement is not quite as

bgood, of the results for the two liquid aerosols shown in

Figures 6.7 and 6.8. The theoretical line was calculated by
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Figure 6.5

EXPERIMENTAL MEASUREMENTS OF COLLECTION EFFICIENCY
AS A FUNCTION OF IMPACTION PARAMETER

PARAFFIN WAX AEROSOL, 6 = 102.28°

@ We = 6.27, a/R = 0.014, G = 0.0030
@ Ve = 3.56, a/R = 0.013, G = 0.0062
OWe = 3.47, a/R = 0.015, G = 0.0063
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Figure 6.6

EXPERIMENTAL MEASUREMENTS OF COLLECTION EFFICIENCY
AS A FUNCTION OF IMPACTION PARAMETER
PARAFFIN WAX AEROSOL, 0 = 102.28°

We = 4.54, a/R = 0.014, G = 0.0033
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Figure 6.7

EXPERIMENTAL MEASUREMENTS OF COLLECTION EFFICIENCY

AS A FUNCTION OF IMPACTION PARAMETER

31.54 dynes/cm.2

PARAFFIN OIL ALROSOL, Y

SL
YS& = 35.63 dynes/cm.2
O We = 2.14, a/R = 0.0067, G = 0.0017
® Ye = 2.09, a/R = 0.0099, G = 0.0017
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PPigure 6.8

EXPERIMENTAL MEASUREMENTS OF COLLECTION EIFFICIENCY
AS A FUNCTION OF IMPACTION PARAMETER

DIOCTYL PHTHALATE AEROSOL, YSL = 37.84 dynes/cm.2

= 32.61 dynes/cm.2

Yoy =
A We =1.98, a/R = 0.0046, G = 0.0007
A Ve = 2.24, a/R = 0.0062, G = 0.0009

B We = 2.43, a/R 0.0091, G = 0.0020
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substitution of the measured values of Yoy and Yar, into
Equation (5.18). There is a small deviation in both cases but
the theoretical values of penetration efficiency are very much
closer to the experimental results than would be obtained by
ignoring wettability effects.

The results for the talc aerosol shown in Figures 6.9 and
6.10 do not correspond exactly to ﬁhe theory. Talc is not
generally regarded as strongly hydrophobic. There is also
considerable variation in the published values of O for talc
(48) ranging from 52°, for measurements using a sessile drop,
to 90° using the more accurate tilting slide method. A contact
angle of 90° or less should ensure that the particle behaves
in a completely wettable fashion. However, collection effi-
ciencies for talc were found to be much lower than the ideal
case. Moreover, E was found to vary with Weber number. An
attempt was made to measure the Qalue of 0 using a sessile drop
on a compressed tablet of the powder but the values obtained,
in the region of 60°, were almost as low as the figure of 52°
quoted by Rebinder et al (60). This low value may be attributed
to the porosity at the surface of the tablet and perhaps to
surface effects which may have occurred during compression. It
is of no use for correlating the theory and experiments.

However, it was noted that if the talc is assumed to exhibit
a contact angle of 104° during the experiments then the theory
correctly describes the variation of the talc results with

Weber number (Figures 6.9 and 6.10).
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Figure 6.9

EXPERIMENTAL MEASUREMENTS OF COLLECTION EIFFICIENCY
AS A FUNCTION OF IMPACTION PARAMETER

TALC AEROSOL

!
I

® We 3.78, a/R 0.0121, G 0.0069

0.0023

B We 6.25, a/R 0.0117, G
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Figure 6.10

EXPERIMENTAL MEASUREMENTS OF COLLECTION EFFICIENCY
AS A FUNCTION OF IMPACTION PARAMETER

TALC AEROSOL
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6.3 Discussion of Rebound Criteria for the Paraffin Wax

Example

It appears from the experimental data that there is a
correlation between collection and penetration. Both Pemberton
and MacDonald assume this to be the case although there is
little actual basis for such an assumption. In fact, it is
possible to visualize a slowly approaching aerosol particle
being brought to rest on the surface of the droplet and so
being captured without actually penetrating. The purpose of
this section is to reduce the uncertainty in this intuitive
visualisation and give it some quantitative basis for validity.

Equation (5.5) shows that, for a rebounding particle to
escape capture, its approach energy'must obey the inequality:

EE

Ina>H+ I, - I+ Ig (5.5)
If all the particles which do not penetrate can be shown to
obey this inequality under certain conditions, then the pene-
tration efficiency and the collection efficiency must be the
same. It is therefore necessary to discuss the circumstances
under which the inequality is obeyed. It has been noted above
that Whelpdale and List (72) have measured the quantity f for
water aerosols impacting into water droplets. In this case,
the impacting particle was not hydrophobic but contact between

the two phases was prevented by a compressed layer of air. They

measured the kinetic energv dissipation due to such factors as
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surface waves and forced internal circulation within the col-
lector, and found that it varied between 10% and 40% depending
upon the angle of incidence 0. This is equivalent to consi-
dering the collision to be between a sphere and an elastic
surface, with a coefficient of restitution of between 0.6 and
0.9.

It is at high angles of incidence that the approach
energy due to the normal veclocity of the particle is lowest.

Therefore, if Inequality (5.5) is not to be obeyed, it will be’

for large values of y_ in any system. Both the total energy

loss during collision (right hand side of Expression 5.5) and
the approach energy are functions of the angle of incidence.
It is impossible to establish general expressions for either
term since Iﬁa’ a, and UR depend on the particle trajectory
which has to be computed numerically.

As was shown in Section 5.3, each of the surface inter-
action terms is a function of the gap width and therefore varies
during the collision process. Figure 6.11 gives a comparison
of the magnitudes of these terms for the paraffin wax example.
It plots, on a composite graph, the energy for each of the
various mechanisms versus H and, where necessary for evaluation
of the viscous forces and the approach enerqgy, it presents
results from two specific trajectories with y_, = 0.1 and y_
= 0.812. The chain dotted line shows the energy necessary for

penetration in this example. As may be seen, the trajectory
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Figure 6.11

- COMPARISON OF ENERGY FUNCTIONS WITH GAP

WIDTH FOR THE COLLISION MECHANISMS
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beginning at y. = 0.1 has sufficient energy t§ penetrate whils£
the trajectory with vo = 0,812 does not.

Several factors are immediately apparent from this graph.
First, van der Waals forces are relatively unimportant since
the energy lost to them is several orders of magnitude smaller
than the apnroach énergy. Secondly, the electrostatic forces
also appear to be relatively unimportant as they rise to a
significant value only at very small separations, Finélly, it
is apparent from Figqure 6.11 that the major energy losses are
due to viscous forces.

There have been many attempts to meésure the f£ilm thick-
ness at rupture between two approaching su;faces. The work has

been mainly for liquid films and the results have been very

inconsistent, However, for the purposes of this work, it may be
arbitrarily assumed that contact between the surfaces is ensured
when the gap width becomes of the same order of magnitude as the

mean free path of the gas molecules. Consequently, the area in

Figure 6.11 which holds the most interest is that which'is
enclosed within the dashed rectangle. Within these limits, it
may be seen that both the electrical and van der Waals forces
are unimportant and that the collision process can only be in-
fluenced by the viscous energy losses. These may be used in
Equation (5.5) to predict the outcome of a collision in the
present system. Both Ie and Is may be put equal to zero qnd,

for a successful bounce, the expression reduces to:
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T
> \'28
Ina ~ F + Ivi (6.4)

|

'__l

Under the same velocity conditions, the force on a parti-
cle receding from a surface is the same as the force on approach.
However, for collisions such as those considered here, Ivi will
not be equal to Ivr since both are dependent on velocity and
part of the kinetic energy of the rebounding particle is lost
during the contact period. As the viscous force is directly

proportional to the velocity, Ivr is given by:

Ivr = Iviﬁ ﬂl - F) (6.5)

and hence for a successful bounce:

i ey m1/2
I, 5 I, (L + (1 =1 ) (6.6)

The mean free path of the air molecules has been used as the
film rupture thickness. This will give an overestimate of the
viscous force since the film will certainly rupture at thick-
nesses greater than this. The same is true of the choice of
the value 0.1R as the starting distance at which viscous forces
act. However, owing to the uncertainty invoived in the appli-
cation of Equation (5.39), it is better to keep the viscous

force estimates conservative. This range of gap widths gives

for I .:
vi

_ 2
IVi = 54.16mwpa UR (6.7)
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For the limiting situation of very small f such as would be

the case for collisions at high angles of incidence, the total

viscous energy loss is given by:

I . +1I = 2I_,
vi vy vi

and Inequality (6.6) reduces to:

3 2 S 2
gﬂa ppUR 2 108,32mua UR

or:

DpURd > 324,961 (6.8)

or, for the paraffin wax example:

Ur 2 66.55 (6.9)

For a particle which makes contact at the equator of the
droplet, UR = (., There is, therefore, an area on the surface
of any droplet onto which particles will impact with a suffi-
ciently small velocity that they do not rebound. The upper line
of Figure 6.12 shows the variation of the radial velocity on
impact with the angle of incidence as computed for the potential
flow assumptions for the paraffin wax example. It is clear
that the velocity does not fall to a sufficiently low level to

prevent rebound until angles of incidence of greater than 75°.

At large angles of incidence such as these, there is very little

«



Figure 6.12

VARIATION OF UR WITH ANGLE OF INCIDENCE

COMPUTED USING POTENTIAL® FLOW AROUND THE COLLECTOR
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chance of the particle actually being captured because the
very high tangential velocities in this area will sweep the
particle round into the droplet's wake. The limiting velocity
in Equation (6.9) is dependent on the value of £, but is not
highly sensitive to it. For example, if f is equal to 90%,
the limiting velocity is only doubled and capture without
penetration can occur only at angles of incidence greater than
70°. It seems, therefore, that there will be no capture of
particles which do not penetrate the droplet surface since
they will all rebound with sufficient energy to be reentrained
in the free gas stream.

Both Pemberton and MacDonald conclude that the shoot
through phenomenon is not important. Thus it will not be dis-
cussed further here. However, each writer ignores the experi-
mental observations of McCully et al (47) that hydrophobic
particles form a crust on the su}face of the droplet and that
collected particles appear exclusively on the exterior of the
water surface. These observations were confirmed in the present
work where it was found that a droplet exposed either to the
talc or wax aerosol stream for a period in excess of 5 minutes
became covered with a visible crust of the aerosol material.
This observation seems to contradict the idea that the particles
must penetrate the droplet surface in order to be collected.
However, it has already been demonstrated that particles which

do not penetrate are not captured, at least in the case of the
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illustrative example. This apparent paradox may be resolved
by a closer examination of what happens to the particle inside
the drop.

The circulation within droplets moving in a fluid strecam
is a well studied phenomenon and needs no further elucidation
here. It is sufficient to state that, at the Reynolds numbers
of these experiments, this circulation is relatively vigorous.
Mofeover, it appears from the experimental work of Whelpdale
and List (72), that the very impaction of the aerosol particles
into the droplet increases the effect. This circulation is
sufficient to ensure that a particle is transported back to
the surface. Once there, its own hydrophobicity causes it to
be ejected from the interior of the :‘droplet, work being done
upon it by the free surface enerqgy of the water. Moreover,
this process is much slower than the rebound process and so
the particle is not given a sufficient impulse to allow it to
escape capture. It is therefore held on the outside of the
droplet where it combines with other particles similarly
captured to form a crust. Given that the emergence process
is exactly equivalent to that of penetration as described in
Section 5.2, it can be readily proved that there is a force
which holds the particle on the surface. 1In fact, it isllikely
that emergence is much nearer to a quasistatic phenomenon than
penetration so that Equation (5.15) provides a more accurate

description of this situation. Figure 5.4, which gives the
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variations of energy with penetfation, may therefore be used
fo indicate the relationship between emergence work and depth
of immersion. It shows that there is a minimum in the energy
function. The particle will come to rest in an eqﬁilibrium.
position at this minimum. Its depth of immersion at fhat
point may be calculated from the fact that the derivative

of the energy function must be zero and p is thus given by:

p =a(l + Cos Q) (6.10)

&

It is therefore concluded that, as far as the collision
process for the illustrative example is concerned, only thé
particles which penetrate are captured and that these particles
gather on the outside of the droplet. The penetration effi-
ciency can thus be considered equivalent to the collection
efficiency in this specific case. It is now pertinent to in-
vestigate in more general terms the range of experimental

variables over which this conclusion is valid.



6.4 Criteria for the Neglect of the Surface Interactive

Forces

———

In this section, order of magnitude arquments will be
used to establish criteria for the neglect of each of the
three surface interactive forces. If these forces can indeed
be neglected then, as for the paraffin wax example, a col-
liding particle'may be considered either to rebound or to
penetrate suéh that no collection occurs without penetration.
At mdderate angles of incidence, the approach enerqy of the
particle is of order a3Um2. If this quantity is very much
‘greater than the energy loss to each of the mechanisms, then
they may be safely neglected.

It is easily shown that van der 'Jaals forces are only
important for very low energy collisions such és would be ob-
tained for small particles in creeping flow around a collector.

For most materials, the Hamaker constant will be of order 10—12

to 1074 (34). Using 10712 45 the upper limit, and H = 107>

as. the rupture point of the gas film, the energy losses to

VDW effects are of order a x 10_7. Thus van der Waals fo;ces
may be neglected if:
a?u ? >> 1077 (6.11)

The smallest value of a2Um2 used in ‘these experiments is 0.04
and so neglect of these forces is justified.

As may be expected from the calculations for the paraffin -
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wax example, the electrostatic effects are slightlv more impor-

tant. For an earthed collector:

1o=0? (450 x 10! L B w7010 x 1010 L D

oY 2
e P 2H © 20417 - 0.01)

+ 4,71 x 10 . -5+ 1.35 x 10 . (6.12)

For moderately concentrated aerosols, the first term in this

ecquation is dominant and:

I_ = 5.66 x 1027 q 2 (6.13)

p

For particles of less than 30y, charges of greater than 100

electrons ver particle seldom occur unless the aerosol has been

deliberately charqed (42). Thus Qp is of maximum order 1.602 x
-17 '

10 coulombs and Ie is of order 1.45 x 10_6 ergs. The elec-

trical effects may therefore be neglected vrovided that:

3, 2

a“u,c >> 1.45 x 107°

(6.14)

2 -
The smallest value of a3Um“ in these experiments is 1.77 x 10 >

such that the maximum possible electrostatic energy gain is
alwavs an order of magnitude less than the approach energy of
the particle for all the experimental situations.

As noted above, the viscous forces are a function of the
angle of incidence and cannot therefore be dealt with by‘order
of magnitude arguments. Instead, computations have been made

of the normal velocity on impact as a function of the angle of
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incidence for the case of the lowest energy of collision encoun-
tered in the expecriments. This corresponds to a 9.%u D.O.P,
particle impacting onto a 0.15 cm. drop at a free stream
velocity of 387.7 cm./sec. such that K = 1.5 (Run No. 107).

The results are shown as the lower line in Figure 6.12. The

Inequality (6.8) reduces to:

UR > 61,09 cm. /sec.

Thus the same conclusion may be drawn as for the paraffin wax
example, that viscous forces can only prevent rebound at very
high angles 6f incidence.

From these considerations, it may he seen that the collec-
tion of the aerosol is theoretically governed bv the ability
of the particles to penetrate the droplet surface. The agqree-
ment of the vwaraffin wax aerosol measurements with the theo-
retical predictions substantiate this reasoning. The results
for the two liguid aerosols, paraffin oil and D.O.P., also
show a relatively good agreement with the theory. Both cases
show a similar deviation in that the bcs£ fit line through
the data points of each is about 10% above the theoreticai 
line over the entire range of K. This increase in the value
of E could possibly be attributed to deformation of the liquid
marticle as it passes through the wator interface. Such defor-
mation could be expected to increase the collection of liquid

aerosols by lowering the enerqgy nccessary for poenetration.
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The potential flpw assumptions used in“computiﬁg the
theoretical values of collection efficiencies give a much.
better agreement for the paraffin wax results than for the
wettable particles, the. experimental points of the latter being-
ébout 6% below the theoretical line. This agreement is to be
expected since the trajectories where there is greatest érror-

involved in the. assumption of potential flow close to the drop

- are those most nearly approaching the qrazing trajectory. The

condition that the particle arrive at the drop surface Qith a
certain améunt of kinetic enerqgy eliminates such very low |
enerqgy collisions. |

Comparison of the present résults with other data is very
difficult. The only published set of experiments which are
relevant are those reporteé-by Montagné (49) . However, he
was working with small aerosois and his data were not taken in
a comparable range. Using his ékperimental conditions of
9 = 103" to 138" at velocities of 625 cm./sec. with a'Su
aerosol, it is easily shown, by substitution in Equatiaﬁi(5.19),
that his partiéles do not have sufficient energy to peﬁetrate.
Nevertheless, even under these low enerqy conditions and éyen
for © < 90°, he finds a reduction in E with increasing contact
angle. It is very difficult to isolate the mechanism thch‘f
caused this effect; For exampie, a@dition of surfaétant to the

droplet material will change the nature of the water interface

with an unpredictable effect on the flow close to the drop.
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Moreover, the contact angle that he finds (138 ) for”the pure-
water to sulphur system is 13Q§ at variance with the figure.
of 60° found by other workers' (25).-  This qould be ﬁsériﬁed
to the method that he used for 6btaining the contact anqle.. He
meésured O from an advancing interface travelling'ét 5 cm./sec.
Furthermore, he ignores the effeét of electrostatic forces even
.thouqh they coQLd‘bo significant. Substitution in Bquation
-(6.14) shows that, if the particles had sufficient charge,vthe
energy gain from elecﬁrostatic effects could be of thg same |
order of maénitude as the kinetic energy of the particles. One
tentative explanation of.Montagnafs results stems from an
analysis of Equation (5.15) which shows that any particle with
® >0" has an.equilibrium position on the surface of the drop.
The force.holding the parfiéle in-position and the depth of.the
immersion at equilibrium become smaller with increasing 0.
From this finding, it could be suggested that the lowering of
collection efficiency that he.and other worker; herc observed
was due tc some form of reentrainment effect which would thus
be more sigqnificant at higher 0. |

The question of whether capture of aerosocl parﬁicles is
affected by surface enerqgy phenomena fof 0 < 90° remains to he
definitely answered. There is no theoretical bqsis for any i
suéh effect if quasistatic assumptigns are made a£ the'interface.
As soon as a parti;le makes gontaet with the water surféce, it .

is drawn into the liguid to a certain depth which is dependent
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on its contact angle, However, the velocity of impaét is often
quite high, especially for low a collisions, and eguilibrium
assumptions at the interface might not be valid., Once the
particle has penetrated beyond its equilibrium position, the
line of thféc phase contact passing over its surface is effec-
tively equivalent to that of an advancing interface. Under
these circumstances, the dynamic contact angle will be greater
than the eguilibrium contact anale, and the nocegsnry pene-
tration work will be higher. Should the dynamic .contact angle
exceed 90°, then the water interface would act to expel the
particle. There is insufficient knowledge of the cffects of
interface velocity on the contact angle to be able to say with
any certainty how important an effect this could be. In the
light of this considerationl MacDonald's findinq should be
modified to the effect that only acrosols exhibiting a dynamic
contact anale gréater than 90° have reduced capture efficiencies.
One further point arise from the discussion in this
chapter. It is apparent that there are two types of collision
regimes, high eﬁerqy and low energv. In the high eneray colli-
sion regime such as was studied in these experiments, colieg-
tion efficiency has been shown to be governed by the ability
of the particles to penetrate the droplet surface. The present
work has been concerned exclusively with this type of collision.
The low energy regime occurs predominantly for small particles

diameters when the kinetic enerqgy is so small that it may be
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influenced bv any of the surface interactive forcos. This
distinction does not seem to have been realised by other

workers. It is important, however, because high enerqy colli-
sions may result in quite high values of E, which has been

shown to be characterised hy the Weber number, the contact angle,
and the aerodynamic collision efficiency. In contrast, the low
enerqy reaime ie characterised by vory low values of 1 owhich
depend not only on the aerodvnamic trajectory of the particles
but also on the magnitudes of the surface interactive forces
which, as noted above, cannot as yet be predicted with sufficient

accuracy to define the collision process.
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Conclusion

The work in this thesis has been directed towards checkiné

the validity of one of the assumptions in the Langmuir model.
It has sought to substantiate the hypothesi; that not'gvery |
aerosol éarticle which is brought aerodynamically to.the.surface
of a collecting-drop is captured. The problem hés been approached
from the point of view of particle wettability dﬁd tackled both.
by e%perimentation and by theoreﬁigal analysis of the coilisibn
process; |

| During the course of-this‘work, an experimental technique
was developed wihich enables Colliéion cfficiencies to be mea-
sured'relatively.sihply,and accurately. The results obtained
by the_méthod for hydrophilic aerosols'show excellent agreement
with the best results of other workers in the field and also |
with the théoretically expectéd values. Tﬁe flexibility of the
techﬁique allows it to be used over a range of aerosol materials.
Conseguently, this capability was also exploited to mecarsnre the
collection efficiencies of four different types of hydrophobic
particles, so facilitating the fulfillment of the primary.experi~
mental objective which was to compare measurcment; for hydro-
phobic and hydrophilic aerosols taken under thc same conditfons.
In all.cgges} the collection efficiency was shown tc ke lewer
for the hydrophobic particles. This conclusion has been

rcached before on an experimental basis for solid aerosols but -
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not over so wide a range of operating variables and of aerosol
materials. There are no published collection efficiency data
for the collection efficiencies of liquid hydrophobic particles.

The variation of collection efficiency with impaction
parameter was shown to depend not only on the type of aerosol
but also on the conditions under which the experiments were
performed. Thié has been predicted theorctically in the past'
but not verified experimentally. It was shown to depend parti-
cularly on the aerosol velocity. This is not true for the
hyvdrophilic particles.

The collision process between a hydrophobic particle and
a water dropnlet has also been anaiyscd thcoretiéally in this
thesis. A theory to calculate thg work necessary for the
particle to penetrate the d}oplet surface has been proposed.
It predicts that the penetration depends on the VWeber number
and the cosine of the cantact angle. These predictions are in
line with the experimental findings. A new concept of pene-
tration efficiency was defined and calculated cn the basis of
this theory assuming potential flow cver the forward half of the
drop. The calculated values for three aecrosols agrece well with
the experimental results, these being described nuch better by
the new theory than by any previously existing theory. The
relatiénship between penetration efficiency and collection
efficiency was examined and it was demonstrated that, under
some conditions, the two can be eguivalent. It was shown that,

for high energy collisions, particles which do not penetrate
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the drop surface actually rebound into the free gas stream.
Particles which do penetrate are transported back to the surface
of the drop whére they remain. The theoretical calCulatioﬁs
'show that all particles having a contact angle of less than
90° need do no work in order to penetrate the drop and should
therefore be collected as efficiently as wettable particles.
Finally it was proposed that therec are two types of
- collision regimes for hydrophobic particles, high energy and
low energy. The work in this thesis has dealt with the high
energy regime in which it has been shown that the collection
efficiency is deterhined by the ability of the particle to
penctrate the drop surface. The hypothesis that hydrophobic
particles are captured less efficiently than hydrophilic |
particles has therefore beén'substéntiated under the conditions
of this work. Thus at high values of the impaction paramecter
for hydrophobic particles impacting onto water droplets the
Langmuir model is inadequate since not every parﬁicle trans-

ported to the drop surface is necessarily captured.
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Claims to Originality

The following aspects of this work are considered to be

original:

1. The development of a new technique for the measurement

of the collection efficiencies of suspended drops.

2. The experimental finding that liquid hydrophobic parti-
cles are collected less efficiently than hydrophilic

particles.

3. The experimental finding that, at high values of the
impaction parameter, the collection efficiency of both
solid and liquid aercsols varies according to the Weber

number,

4. The development of a theory to account for the total
change in interfacial energy of the system during the
penetration process, and the use of this theory teo

calculate collection efficiencies of hydrophobic particles.
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Nomenclature

Wetted arca of non wettable surface

Hamaker
Hamaker
Hamaker

Aefosol

constant for non retarded forces

constant for retarded forces

o

function defined in Section 5.3.1

pgrticle radius

Radius of wetted perimeter of non wettable surface

Centre to centre separation of collector and aerosol

particle

Height of spherical cap of liguid on filter surface

Cunningham correction factor

Concentration of aerosol particles

Circumference of rindg in Equation (4.2)

Diameter
Diameter
Diameter
Diameter

Diameter

of

of
of
of

of

collecting drop
samnling probe
spinning disc
aerosol particle

primary drops during generation

Collection efficiency

Aerodynamic collision efficiency

Capture efficiency

Maximum collection efficiency

Force

Correction factor defined by Equation (4.2)

Force duc to non-retarded VI of fects
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Force due to retarded VDW effects

Force due to electrostatic charge on the partﬁcle
van der Waals force

Force due to surface tension

Fractional energy dissipated during contact period
Dimensionless gravitational settling velocity
Acceleration due to gravity

Surface to surface separation

Specified values of 1l

Original value of U

Planck's constant (1.054 x 10_27 erqg. sec.)
Lifshitz-van der Wéals con;tant

Enerqgy

Energy lost to electrical effects

Approach energy

Energy due to normal motion at the moment of impact
Energy.due to normal motion of particle after rebound
Energy due to normal motion of particle at instant of
rebound

Enerqy lost to VDW effects

Enerqgy lost te surface enerqy forces

ﬁnergy lost to viscous forces as particle rebounds
Energy lost to viscous forces as particle rebounds
Impaction ﬁarameter'defined by Lauation (1.2)

Minimum value of K at which collection is possible



Dimensionless parameter for electrical effects defined
in Equation (3.13)

Constant used in Equation (4.2)

Constant used in Equation (2.1)

Radius of a sphere of which drop on surface férms a
segment

Cosh—l(H/a) used in FEguation (5.39)

Ratio of minimum velocity necessary for penetration to
the free stream velocity

Mass,of.aerosol particle

Number of particles counted in 183 seconds without the
drop |

Number of particles collected by the drop in 18 seconds
Summation variable used in Equation (5.39)

Dial reading of Tensiomat used in Equation (4.2)
Penetrétion of particle into drop surface

Charge on an aerosol particle

Radius of wetted perimeter of particle

Radius of the droplet

Reynoids number

Radius. of the laminar jet

Time

§clocity

Initial velocity

Radial velocity

Velocity in x direction
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Velocity in y direction

Velocity of free gas stream

-

D.C. output voltage from-anemometé;¢

Volume of liquid drop on sglid ;ﬁrface

Volumetric flow rate th;ough the countér

D.C. oubput voltage from aﬁemometer at zero.gas velécity
A.C. outpht'voltage fron anemometer

feber number (odewz/d) ‘ o
Disfance coordinate measu?ed vertically down from the -
centre of the collector

Distance coordinate measured horiéonﬁally from the'cent:e

of the collector

Distance of trajectory from axis of collector at infinity

Y, for the grazing trajectory

Greek Letters’

Angle of incidence

Surface free erergy of water drop

Surface energy of aeroédl.particle—water interface
Surface energy of aerosol particle . o “
Deformation of drop surface ‘
Permittivity of free space 08:55 X 10—21 coulombsz/dynes.cm;g)

Imaginary part of the'complex dielectric constant of

medium j



cj(iE)

- Dimensionless variable: all quantltles are rendered .

- 172 -

Dielectric permittivity of medium j at imaginary

fréquency (ig)

Penctration angle dcfincd in.Figute 5.5
Congact angle |
Variable defined bv Equatiqn (5.39)
Viscosity of air |

Density -of lowér phase in Equation (4.2)
Density of upper phase in Equation (4.2)
Air density |

Particle density

Density of feed_;o generator

Surface tension of water '

Angulat freguency of photpn enerqgy

Angular velocity of .spinning disc

Subscripts

In ¥ direction
In y direction
Particle.

Fluid

Superscripts -

) - - - . —— -‘Vs.

.dimGQSionleSS ’w1th respect to drop radlus and free

. Stream velocity.' . ce
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APPENDIX Al

LOGIC FLOW CHART OF COMPUTER DPROGRKRAM



START

READ RUN PARAMETERS

<
<

S g e
noun
o)

0.69

4

Y/2

NO

COMPUTE TRAJECTORY

A

2Y

NO

PRINT
COLLECTION EFFICIENCY

STOP

\ 4




APPENDIX A2

LISTING OF PROGRAM USED TO CALCULATE

COLLECTION AND PENETRATION EFFICIENCIES
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APPENDIX A3

SAMPLY, OUTPUf FOR CALCULATIONS OF

COLLECTION AND PENETRATION EFFICIENCILES
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EXPERIMENTAL CALCULATIONS
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APPENDIX Bl

TABLE OF LXPERIMENTAL OPERATING CONDITIONS



Run
Number

1090
101
102
103

104

o i T = T S = S ET I SV
[l e S E R S e s @ 2 <o B < [ e B oo ]
LS AT U I VO S I ™ I Ve R o o BRSNS B A B 0

Aerosol

Ferrous Sulphate
Ferrcus Sulphate

"

3

alc

Talc

Talc

Talc

D.0.P

D.O.P

water
Méchylene 2luec
Methylene Blue
Talc

Paraffin 0Oil

Pararfin Nil

Ferrous Sulphate

5.0.P.

"errous Sulphate

Velocity

cm/secC.

N

(>R ey}
oo
.

[SC N |
. L]
o e Oy O W W WL

L
[§]

w
O
[
o

w

o

Xo)

L] .
QO N o o

~1

W

[ Sl S S
Ww o N o
v <) O O
. ] [] L]
= o ™ W O W

(W8]
o
1]

[0)

Number
of
Drops

s
[0 T Y

(@)

11

[} 3%
Ww o O

Vel

Average
a/R

0.00659

0.00541

0.00626

0.01212

0.008867
0.00953
0.0L1cH
0.004ck
0.006z3
G.00441
0.003%L=
6.002775
Cc.0121%
€.009¢c2
0.0067:2

‘0.013¢E5%

c.0132<
0.01473
0.0138%
0.0035%2
¢.00203
0.00915

0.00386
0.00215

0.00216

0.00273

0.00283
0.00286
0.00231
0.00070
0.00096
0.00034
0.00040
0.00040
0.00685
0.00169
0.00167
0.00297
0.00618
0.060632

. 0.00331

0.00024
0.00469
0.00209

He

0.73
2.36
4.65
4.46
4.14
4.02
6.25
1.98
2.24
1.51
1.30
1.27
3.73
2.09
2.14
6.27

3.56

3.47
4.54
1.76
0.280
2.43
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APPENDIX B2

LISTING OF COMPUTER PROGRAM TO

REDUCE EXPERIMENTAL DATA
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ate ikl

L.

wtedb s ol aa

Ve

WY
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ty
et
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12129

o
(90

..

1) IMATFIV LONG.TINME=6D,PAGES=4S

THIS IS TEE valN POOGRAM FON PRONCESSIANG ECOSAIMENTAL RESULTS.

IT TAXES THE EAVERIMENTAL READIMNGS AMUO AMALYZES THEM T0O GIVE
IMBACTIUN NUMHER  REYNACLS RURAEALAND COLLECTION EFFICIFNCY .

IT ALSOU CALCULATES TrE AERCSUL VELCCITY FRECY THL HGY wiRE QLADINGS

ON THF FIRST DATA CAND ThF WECAN PARTICLE SIZF OF EACH CF THE RANGES

OF TrE DAGRTICLY CCUNTLER 15 QtaD [N, EACH 15 SEPARATED BY A CHOMMA,
INMEDIATULY AFTHY THE LART 042 A SET GF TIMIERATURES 15 QEAD IN. FCLLCWFD
HY A ST (F YISIOSITIZS (CF alw) wrlCr CCHRXSPCOND TO THNSE TEFMPERATURES,
NGTES TrIS [ AN UNFOIMATLD ROAD STATECSENT ANO CAN CNLY HC USED ON THE
wATFlV COmMPIL LR

THIS SATA COESN'T NORIVALLY CHANGE,

THE REFCNENCE FOR THE VISCOSITIES IS *THE HANDHQOOK CF TAALES FOR ARPPLIED
ENGINEERING SCIENCE * PAGE 9.

ON THE NEXT DATA CARD THE FIPST 3 CCLUMNS CCNTAIN THF NUMBER OF
CALIPRATICN PCINTS FCR THE PRUOUEe IN THE MEXT 3 COLUMNS IS THE PROANO
(MUST HE IN LETTERS NOT FIGUHRES)e THEN TROP,ATVDOR TEMPR,PSPR,AND VCHR ARE
READ IN EACH w[TH A FIRMAT OF F1GC.0.

CN THF NEXT NCAL DATA CARNS THT DATA FOP TrS WET TEST METER CALINAATION IS
READ IA. THL #AiDGE REACING 15 HFEAL M FLaS5T FCLLOWELD AY THFE SAMPLE TIMF
IN SFCCHNDS ANGC THEN THE VOLUMD AEADING IN 10 LITRE UNITS. EACH

HAS A FCHWAT CF Fl0.C. .

THE FI1OQST CAHE YUST HAVE CCPR=VOPR, TIM=0,.0, AND CF=0.0.

THIS CATA CCCS NNT HAVE TA N QEAD IN [F TrHE VENTURI CALIBQATION 15 USED.

THE NEXT °*ACAL® DATA CARNS ADE FNO THE VENTURL METFR CALIHARATICN AND ARE
NOT NECESSARY [F THE weET TEST MCTEQ 1S TO Y€ USED FOR THE CALINRATIGCN.

CN THE NEXT NCAL DATA CARDS TiI CALIBRIATIN®G DATA IS READ (Ne ON FACH CARD
THE BRIDSE VvVOLTAGE IS FIAST.FOLLOwWLD Y TrFE CONRESPONDING TRANSOUCER
RLADING. .TACH HMAS A FORWNMAT (OF Fl10.90,

THE F1Aa3T CauDp MUST HAVE OCPIxv(l AND TaAPRaTN(OP.

Un THE AEXT CATA CARD THE NUMRER OF AUNS (4SXPT) IS READ IN. (12)

THE NEXT CAAN CONTAINS THE PRESENT QUM wUMHEG N THE FIRST & COLSe

THIS IS FLLCEFD AY A 70 COLUMN FIELD CONTANING THE NAME 2F THE SYSTEM

" USED. 70 CHAQACTENTS ARF ALLCWAD AND THEY w»yST ALL HE LETTERQS.

NEXT CATA CaABN: THE NUMHFR (OF THE FIRST NUCP,f9, THE RELATIVE

HUMIDITY (A? A FRACTION AND wiTH A FNIVUAT NF F10.0)e THE TLMOERATURE IN
DEGHREES F (F10e2)s THE ATHNOSPHERIC PHESSHNE [N MMS, MEHCURY (F10.0)e THE
DENSITY GF THE DISPERSED PHASE IN A/CC.(F1N.0), THE QORINGE VCLTAGE
~AT ZERC VELOCITY(F1Q+0)e AND THE NUMAER UFr JACPLETS FOR THAT RUN,.

NEXT DATA CARD: THE DIAMETER CF THE PAITICLE(CAN BRE A NUMBER FQOM 1.0 10
1440 CCRAESPCNODING TO THE SIZE RANGE ON THF PARICLE COUNTER.OR A SPECIFIC

nnaAOOANOANONDN AN NNANDAANANADNANANNANDDANANDANHNOANADNAANNNAND

€61



3512130

P
.
:
i
H
!
j
2

Las

3N BEVIN- S B S

1c
11
12

13

14
13

te
1?7

in
19
20

21
22

24

[aNaNaNaNaNaNaRaNaNaKal

Al A N e Na AN s Na AN s EaaNaa a2l

SIZt CF PANTICLE CAN BME USFPe TN THIS CASC.READ IN A NUVHEQ 100 GREZATER

THAN Ttk PARTICLE STZE IN WICRCNS) oTnE SAMOLE FLOW RATE IN CCe/™INUTEL.THE
SAMPLL Tike IN SECO%NCS. ThE UOC EANING, AND THE -AC QEADING ARE ALL REAC IN

wiTH A FORNMAT OF Flo.Q.

ON THE ANEXT SAFX*® CAOQNS THF NUMHEQ NF PARTICLES COLLECTED. I1(10).
THE NUVHER wliTHZUT TreE CAOR IN DnSlYlON..I(lO).ANO THE DIAMFTER OF
THE DR aAGF READ IN.

THE NEXT CATA CARD SHAULC THEN BE ANOTHER QUN CARD.

PRCHE CALIV'RATICN

DIMENTICN VELPRIA0) 0CPRIAGC).MULSG) +TEMP(6).T1A(18)
INTEGER DACHNC IUNND
CHANACTCRa?2C SYST
REAL MLC.VU
READ,C 1A, TFVP Ny
DC 971 LL=1.3
READ(S«1INCAL (PROENQ.TROPLATNMPR,TEMPN PSP VOPR
1 FORMATI{I3.A3.5F1C.0)
WRITE(L6.1C3)

OUM TS A CONTRCOL VAQIRLE FOR THE VELCCITY CALIHBRATICN.
IF CUM30.C THEN THE wET TEST METCR CALIDRATION IS GOING T0O BE USED.
IF CurT) .G THEN THE VENTUHRT MFTER 15 GOING TO HE USED.

Duv=p.C
[FI{OULMtQaCel) GO TO 7SC
wRITE(L.11CIBRINNE

118 FORWAT(A6 X *OREPE CALIPRATION CATA (VENTURL METER)®,//.58X, *PNRONE
2 NUMRER = *,a3)

WRAITE(R LI 11)PSBI . VOPRLATNNRD, [ MO

111 FORWAT(IDK,*OCHET SUPPLY VIULTAGE = *oFbale® VALTS®,/,30X,*STATIC P
QRANNE JFANIRG = ¢ ,FS5.34" VOLTS?® o/ e39X."ATMOSPHETGIC PHESSURE 2 *.FS.
ale? NS, WERCUQY®

'/.::l.'YEH”EUA}U”E = ®* Faele® DFSSECS CENMTIGRADE *)
wilITE(6el 12)

112 FOBWATL/ /7714 X *RAINGE® ,TX,*TRANSOUCFR® 7%, *A IR VELOCITY®*, /14X,
AVOLTACE * e 8N *REANING* o/, 14X *(VIALTS)I* e 6X e " (MILLIVOLTS)® o SXe " (METRE
ES/ECI* /7)) )

G 15 ot

75C wRITE(A.760)PACHND

TO60 FCOMAT(AnAX, 'PICHE C/ LINRATION DAYTA (WET TEST METER)®*.//.58X,*PROBE
@ ANLWOFR 3 s ,A5,s/)

WRITE(h.752)vCPR

752 FORMATIAGA.*STATIC ORONE READING = *,F6e3.° VCLTST)
~WRITE(GeISI) .

733 FORWATL//7//7+ 1 TXe*tCI0OGE* . TAT7.%AlR VFLOCITY "o/ 17X *VOLTAGE®*.TA 7,

S IMETRFS/SECY*,z7)
00 763 Ismi.NCAL
IF(1.£0.24)GC 70 817

el
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Daessur ined ai, s
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3512131

———ard wa

27
28
26
Jc

32
33
3a
3s
3¢
3?
3e
29
ac
at
a2
a3
a4
a5
a6
a7
ag

49
k=14
S1
52

S3
Sa
<s
Se
57
se
36

ec

62
63
6a

ez
€00

a

Q
14

1

7

1nz
169
200

noonnn

N NaNaNaNaNal

nannANn

s EalalNa

Q2

(119
63
C1

ERY

Q0

GG 10 #Q0
wiRITElEe159)

CONTIALY
HEAD(SE.P02IDCPA(T ) TIMCF
FURMAT(IF12.0)

IF{letCalIGS TN 2N0
Az(0.77581e27)ue)
VELPR{I)=(CF®10200)/(TIiNs3,.1416%A)
VELPR{1)avVELPR(1)e0.C1
GO TQ 763
VEL®R(L1)=0.0
WRITE(HICIICCARCT) L VELRPR(T)
FORMBAT(/415XeFT7.3.T464F743)
G0 YO %32
NCAL=NCAL *}

NO 3 I=21.ATAL

IF(1.5Ce14)G0 TO 117
IF{1.£C.34)GC 1O 117
GO TU 200

wRITE(641C9)

FORMAT(*1*)

CONT INUE

CALIBRATICN OF PRESSURE TRANSDUCER

READ(S+2)1CCPR({ ), TPRPR
FORPATLI2F10.2)
EMz1.C/3,483146
POPRIZEVE( TRPR=-TRNP)

POPHIT) 1S THE DPUESSURE CRGP IN MM, GF wATCA CGRRESPCNDING TO THE
TRANSCUCER REANCUT WrHEN CALLIURATING THE PROAE.

CALLIARATICN CF PRONE

AT=ATV¥ORe 13,5651

AzSesarsl,a

GUAP={ 1 -(PCPR/AT) e A

IF{1.2C.1)G0 TO 590
VELFRI1)=SCRT((2.00287.1¢{(TEMPR*273,0)/7A)8(1-GUNP) )}
<Q TC 3

VELPR({1)=0.0

THE ATR VELOCITY IS CALCULATED HFRE IN METRES PER SECCND
AY THE FCRVMULA GIVEN IN THE O1SA MANUAL

WRITELG.A)IVCPR{L) .TAPR,VELPRIL)
FORMAT(/. 15XeFTe3eluXeFaslal0XeFBea)
CCNTIAUE

READ(S )1 INCXRPT

L FOR®MAT(12)

NEXPT® THE NUMOER OF RUNS.

ol
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Bl it

x
PR

.,,u.~..
PR PVRRNCIS '

S,

P L S N

oot

Cees

rq
Q2
91
Q2
2
Qs
9s

Qe
Q7
Qr
ae

139

1Cy

1c2

133

1ca

193

1Co

1c?
icn
tce
11c

c NExT THE AUNMPER OF DROPLETS.

CO 12 MN=Z1JNEXPT
®x2=0
CT=Ce
ART:C.0
LS E14
AEAN(S.SB)IRUNNDLSYST
58 FCawaT(la,As])
REACIS1IIINFIHGT.HUMIDTEMPR JATMRHUD . VU
13 ¥TRNMATLIS.CF1CL3) :
TEWOR=zTL¥PRe4r,D

CCRRECTICN FCR HOIAHT ON PRESSURE USING THE BAROMETIC FORMULALREFEHRENCES
PFLUIN MECHANICS® BY DE NEVERS. HEIGHT CIFFERENTIAL USED WAS 64.5 FEET.

nnnNnnonN

ATVATHMOLXP((=2H.91%68.5)/({1Ce73%104%TEMPR))
TEMOIR=THMPR=a00.0
HUM[DTHUMIC®1CO
FBEAC(S W15 ICTIAR.CCaACSNEX
15 FCRv¥AT(IF1Z.C.18)
IF(DIAP.LT.1N%.0) GO, TO 700
DIAPZICIAF-150.0)/(10%ea) :
aC 10 731 ) .
700 SM=N[AD
DIANZCIA(AM )/ (15eea)
701 CONTINUE .
TENZTENOR-23060.0
TENZ(S/QI®(TEN=1I2)e2T3,.15
ANCC=(2BR S/ (13906) )SATM/(CL2172TEM)

NnAN

LINEAR INVERPPMLATION USED TO FIND THE VISCCSITY

ZC 23 Mzleb

¥ =N

IF(TENDRNLFTIMO(MK)IGG TO 24
23 CCATINUE
24 A=TFMR(N)-TENDR
MLCZMLIMI*{AZ%.0)8(BU(M)=-VU(V=1))
PYUCZMLC® 1A, HR2/(10.C%ma)

- CALCULATICA CF THE VELCCITY.

[ W2 ¥a)

iz}
N2=NCAL
NIv{NLeN2) /2
40C ~a=n3
IF(DC-CCPRING))IA01+402,40C3
401 ~2=N3
NI(NLIeNn2)/2
IF{N3I.LCaNA)ICC TO 402
SC 10 ad0 .
403 “1an]
N3s(N1eN2)/72
IF(N3.ECA4)GCC TO 402
GO 10 aCO
QA402 wisnled
I=n3

.
Ch

Y ——
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W
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fo vt s &,

Sy
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o hapy e ..
Yoo

T AT
[YRTIPRF WP UF DY

f
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3512133

11t

113
114
11s
11¢
117
118
11
12¢C
121

122
123
124
125
126
127
128
129
130
13

132
1313

13a
1138
136
117
18
119
tag
144

142
141
laa
1a%
1806
147
1ap
149
150
13t

nnNnnNnnhHhnnN

34

18

53

17

75
T8

INTERPCLATION CONVERTING VCLTACE TO VELGCITY ULSING A FCURTH POWER
INTERFCLATICNGS
THE STLAYEC COF THE BRIDGE VOLTAGH (DC) anE THE SQUAKE 00T OF ThE

VELGCITY AwE USED, WwhEN TitF INTIROCLATILN IS5 CCNE ThE RESULTING VELOCITY

IS SCUAXEL TC GIVE THE ESTIMATED vEtLaClITY.

1=1-1

DsVELFR(T)

E=nCPRIL)

1=l

F=VELED(T)

GCPALT)

DC=CCoDC

E=teE

F=SCAT(F)

DISCRATIN)

G3GeG

VEL={(CC-F1o(F=D)/(G-E))eD

VEL =VELeVEL

AC=AC®C.CC1

TURAIICOmACT(4anC )/ ((DCevOISLIDC~VOY)

VELRavKELe® 1<

WEZRRCOSVELPe VI OeDBL AP/ 72 . 88

wRITC(&.5%)LrnT

FURMAT(Y1* s/ /77T 32.GYSTEM USES WAL ,AS3.//777)

PATTE(CLIPINUNND UMD, TE MR GATM  UHGD NN 14 JCoOTAP VEL » TURH , WE

FURMATE IR, "HUN NUMIER (TS MUMIN[TIY S ({7, TTNMUENATYRE® ,TAY, *PRESS
BURL S o TS24 'FENSTTY SR TLAaL*NINSITY OF ¢ T 24,0 VISCOSITY . TPALOTAM,
@OF * qTICO*ALUCROL e TIID o TUIMIILENCE o T128 . i FERY 4/ o TH2.*DISOFRSFD
@2 T0A 'CURTINGNUGY e THI P ALIUSTU e TR0 e " VHLLCITY e TI244 "NUMHERS ./, T
EDB2 e "HFASE s THA L IHASE  TAN, *LARTICLES + /e T 15 *{BER CENT) ¢, TDP7.*{NE
DG FIoaTaCet Wk, MG qTUle*(G/CCY) a T7hA 1 IIGI) e TAN, *(CNS) ¢, T100,
C(M/ZEC)I e T2, {0R CENT)® e/ /el 30l S5eTl%.F % .1eT27eFS5a1eT8CeFBHa1eTS52
BeFHaelelbBeFl iqelThet Nt qTPReFToeTICOeFSe1eT112eFS5e3eT1244F%e2677
@I/ Sl 3ll0®s) /1 32(0e0))

w71 TE(6.52)

FURHMAT(// /74724000 NUMALR® TS *0TAM, LF®,TIS, "NUMHER® 4 TS0, "BACK
S@GACUNC + TAL *FTOLLECTICN® o TG o ® IMDACTIONG ( T9%, *REYNOLDS 4/ T20. *DRO
BPLET S e TIS s *CLLLECTED TS0 COUNT® o TOS "FFPICIENCY®* ¢ T804 *NUMBER®.T9
TS NUNHREIE L/ T2V (CMS)I® . TESe*{PER CENT)*,/s/7)

NEXH=AF IRSTers x—1

O 16 %XINFIROTNEXP

yeowxel

SEANIS LI 7ICTAN HPARS (NCOLL

FORMAT(F1C.0.215)

QE =SHCCOD AL SYELP/MYUC

P (VELPERHLLeNTAL)I/ (9. 088y C2DIAD) }uDIAR

x=FLOAT{NCCLL)/FLOAT (NIPARS)

x1X2D{ADee 2

XXX=6,8121

IF{HUANC.LE.1G2)IXXX=1] . 758041

EFFaxoxux/xx’

IFI(KZ.ECa1IGC TO 7%

AXeKX/l1Ced
%0 10 76

xKz=KX/37C
CCNTIAUE

IF(xK.EC. 101 <3 TQ 501

LG



A

'
(DY TREEIAN )

- g
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+

«r o -
N e

'. Ca .4

JrTY SO N

' |
[ASSUN S SR

3512134

oA

152
133
154
155
154
17
18
159
1e4
1e1l
1e2
162
1646
165
166

522
56
te

-
<

S7t

SDATA

IF{ K 0.2.0) GO TO SOt

IF(xk,£C.3.0) GO TO <01

IFlxxerCed.G) GO TO 501

G0 10 562

wRITF(£.103)

WRITE(G«L3)

xZ=1

CCNT INGE

WATTELE eSO IR JCIADJACCLL o NP ARS JEFF,P,RE

FCRMAT{/eT54l)eTl0uFS503eT35e15eT50e15aT65eF5e10TBOeFS5.2.T954F51)

CCNTIALE
CONTINUE
CCATIANUE
STOP

END

cin ar e v —————
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APPENDIX B3

EXPERIMENTAL RESULTS



LT KL

URIOGE
VCLTAGE

4.902

Sa.a21

S.660
Se737
SeBAE
S«939
6.037
64135
6211
6320
6.398
Geaa2
6e508

6572

6.698
6747
6.792
6.848

64867

PACNE .CALIHFRATICN DATA (wET TEST METER)

PRGVE NUMBER = T

STATIC PACAE REAGING = 4.637 VOLTS

AlS VFLGCITY
(METRES/SEC)

C.C00
0.316
0.597
Q0771
0.913
1153 -
l.381
1e06548

le968

2.650
2.976 .
3.203
3.4a81
3.790
4.072
4.356
4.583
a.811
5.078

Se224

00¢



SYSTEM USED wAS FERNGUS SULPHATE AFRUSCL: wATFER DANPLET

RUN NUFEER HUMIOITY TEVMPERATURE PORFSSURL DNFENSITY OF DENSLITY OF vISCOStITY D1AM, OF AEROSCL TURBULENCE wEBER )
. C1not 3%€0 CONT ENUNUS . AERCSOL VFLOCITY NUMHBER
PragE PIASE PARTICLES
{ (PER CEANT) tCEG F) {vus 1G) {G/7CC) (POLSE) {CM3) (M/SEC) {PER CENT)
' .
100 63.0 83.0 7514 1.R6Y 0.00128 0.000189 0.00108 1.625 CGe056 0.73

—~ L L T T L L T O R T R R T Y P Y Y e P Y P ] i

¢« sesee sssmanenssa

VSRS E RSO TESEO RS S SO ISP IEORSEEN

ORUP NUMBER DIAM. CF NUMHER OACKGROUND COLLECTION IMPACTION REYNOLDS

DRCPLET COLLECTED COuUNT EFFICIENCY NUMBER NUMBER
ews) . (PER CENT)
! :
- : 200 C.129 1344 22308 22.6 1.61 142.0
1l .
¢ .3. 2¢1 - Ce132 1651 22277 50.0 1.58 145.3
ars :
3 sc2 0.145 1837 22574 as.5 1.43 159.7
s '
éf 203 c.188 22aa 20095 37.1 111 207.0
- 20a 0.223 2973 19156 3647 C.93 245.5
s BN
::7%‘ 20% 0.243 3138 17C04 3a.9 0.26 267.6
Fasers) }
206 0.17S 1915 20683 35.9 1.19 192.7
207 0.168 2068 22a15% 38.4 1.24 18%.0
2ca 0.166 1763 22514 33.a 1.25 182.8
209 0.1¢6 2178 c21a83 41,1 1.25 182.8
. 21¢ Q.141 1731 20280 50.5 1ea7 155.3
(da}
o 211 0.152 1906 20821 YY) 1.37 1674
— . .
o 212 Oel6a 2271 21715 4%.9 127 180,.6
1t - ° .
Lo 213 : 0.173 FYYYS 21063 a7 1.20 190.% .




PROAE CALIHBRATION DATA (wET TEST METER)

i PROBE NUMHER = TL
H
; STATIC PROBE READING = 8.772 VOLTS
;
i
i AU IDCE AlR VELOCITY
VCLTAGE (METRES/SEC)

. B.772 9.0cC

T“' 9.173 0.151

%ﬁ!? 16.c63 0.669
1

A ‘4’ 10337 0.91

3T 10.0616 1.252

16,945 1.69a

11.232 : 2.170

11,545 2.738

) 11,8675 3.a16

12.167 a.112

120440 5.032

3512137

—n  —

4

b -




SYSTEM USED waS FERRQUS SULPHATE AERCSOL: WATER ORAPLET

RUN NUNMPER HMUMIDLITY TEMPERATURE PRESSURE CENSITY OF DOFNSITY OF VISCOSITY DlAM. OF AERGSOL TURARULENCE WwEBER
. DISPECRSED CCNTINLOUS AERCSOL VELOCITY . NUMBER
PHAGE PHASE PARTICLES
{PER CENT) (DEG F) {(MMS 1G) (GrcCy {PO1ISEK) (CMS) (M/SEC) (PER CENT)
. . B
' 101 56.0 84.0 T7S50.4 1.863 Q0eCO129 0.C00t1E8 0.0G108 2923 0.017 22306

.‘O‘ono.c..--0...-.loo‘...-.-t‘tt‘.;--ct&t.-‘-ctvooo-s--..qatc‘t'-.--.-oo‘o--‘.-"-.i.t-t--t‘-ttt-t--..'..O..-U--‘-ttool......‘l...

[P .
. ) vesssssasse Ly Y L R T R T Y e L T T Py e P Yyt Yy
-
P . N .
. ] . X . .
;J_‘ DRCP NUNMBER Diam, CF NUMIER BACKGROUND COLLECTION IMPACTICN - REYNOLOS
TN . ) ORCPLET COLLECTEC COuUNT . EFFICIFNCY NUMNER NUMBER
L N ) (c¥s) - (PER CENT)
3
-4
-
S
K 35 22¢ 0.175 1695 11727 . 555 T 2014 350.3
b : ’
} 221 - g.2C3 2288 11727 55.7 1.85 . a06.4
cod 222 0.201 2401 11719 S9.6 : 1.26 a02.4a
'y .
n .
R 223 c.2¢3 1592 11670 48,7 ‘185 406.4

224 0.222 2256 11649 47.0 1069 LYY Yy

SRS |

t 02

b e e e




{

whrtiesnod

»o

ebandidared o bia,

3512139

RUN NUMHER FuUMID

(2£R

1¢2 68.0

.

L T T Y T Ty Y P T T T Y T

DROP NUNFBER

229

.l_.._ — e —

SYSTEM USEC wAS

ITY TEMPERATURE

CENT) (DG F)

OlMv. CF
ODRCPLET
(XL 2-3]

Ce.242

Q0239

Ge20C9

0.186

Cel171

Oelb?

B83.0

3777

3651

2716

2307

1791

1674

PRESSUNE

{¥MS 1G)

7590

NUMHER
CCLLECTED

FERROUS

DENSITY OF
DISPERSED
PrASE
{GsCC)H

1.AH31

RACKGAROUND
ccunT

10466
131%0
1Ca10
101792
10430

1CGag

SULPHATE AEROSOL:

DENSITY OF
CONT INUDUS
PHASE

0.00129

COLLECTION
EFFICIFENCY
(PER CENT)

7245
7440
70.2
77.6
69.0

70.3

wATER OROPLET

vISCOS1TY-

(POLSE)

c.000189

DIAM, OF
AERCSOL
PARTICLES
(CH5)

0.00124

eSS PRS2 ICE I TP VSR ITACLSER ST S SR EEEPE VRIS OIS
SO ILVRES VU BT BIIP LS ITNOS LSSV EISN SRR IO I HOTECATE LGB IRV NS I NNIETSSON IO PO I PANINSUPOPSPREREENNCSHES R ICER TSR GOSN INEISESOLERES N

I¥SACTIGN REYNOI

NUMBER NUMBE
2.€7 63a,.1
2;70 6262
3.09 547.6
3.a7 a87.4
3.78 asa.1
.87 437.6

AERNOSCL TURBULENCE
VELOCITY

(M/SECQC) {PER CENT)
3.828 0.011

LDS
R .

wWEBER
NUMBER

4065




SYSTEM USED WAS TALCU¥ POWDER AEANSOL: wWATER DROPLEY

RUN NUMIILH RUMIDLITY TOCMPERATURE PAESSURE NENSITY CF DENSITY CF VISCOSITY Diam, OF AEROSQOL TURBULENCE wEBER
! OIs50rR5ED CONT INUCUS AERCSOL VELOCITY NUMHER
PHALL PHASE PARTICLES ’
(PER CENT) -{(OELG F) (WMS HG) (GrCC) {POLISE) {CMS) {¥sS€C) {PER CENT)

103 6%9.0 835 T61e2 1.120 0.00129 0.00C186 0.00183 3970 0022 .46

(AT AL L R R Y TRy R R Y R L R Y Y Ly Y T L e I P P I T YT )
i L AAAd AL R4 AR R R L AL A A A A R A LI A R Rl A A A A R A T PR AR L R R I R N R S A A L Y N Y P Y PR R DI AR R S Y PRS2 REL Y Y |

DROP AUNMBER DIAav. CF NUMRER DACKGROUND COLLECTICON IMPACTICN REYNOLDS
. DRCFLET COLLECTED COUNT . EFFICIENCY NUMBER NUMBER
tcvs) . (PER CENT)
240 0.101 1210 22a72 ) 36.0° 8.70 274.3
24l - OCel?7 2103 2223% 27.3 4,66 480.6
A2 O«-1195 1149 22570 26e1 7.4 312.3
243 Cetal 1172 22473 17.4 Gala 308.}
244 Je1P1 1R”A3 22677 17.3 a44.A% 431 .5
, 2as - 0e181 1556 22562 18.2 S.a6 437.2
240 0.182 1176 22307 10.8 a.e3 a%a.2
247 0157 1526 22101 19.1 : %5.060 426.3
; 248 0.208 2391 22029 . 18.5 a.22 S64.8
T 249 Qo153 1133 22481 18.7 Se74 al1S5.5
|

i 250 Q147 006 . 22498 281 S«.98 399.2

3512140

——

50¢




(NN
.

sy ke

12141

37 VIO SE LAV Ny SRPUR |

- e bem i s aan

RUN HUMBER +uMIODITY

1Ca

SYSTEM USED wAS

(PER CENT) (DEG F)

62.0 . HO0eS

TEMDERATURE

DENSITY CF
O1%PERSED
PHASE

{(GrCC)

1-1206

TALCUM PUWDER AERNSCL: WATER DROPLETY

DENSLITY OF VISCUOSITY OlamM. 0O
CONT INUOUS AERCSOL
PHASE PARTICL
(POTSE) (CHs)
0.00129 g.CCo188 0.G00183

F AEROSOL TURBULENCE WEBER
VELOCITY NUMBER
ES
(M/SEC) (PER CENT)
3.826 0.012 a.is

(I YRR R R R R AL ENRRE Y FR YRR RS R PR AR R R R L R R R PR RN R R R R R AR R L R R R R P P Y R R R P P R P PP R RV S P T P R RS RS R L 2 7

CIRDSSCTILEII SISV CLUSTIOPIIBOISSUTD

OROP ANUMBER

257

258

259

260

261

262

263

Olav. CF
ORCPLET
(cvs)

0.234
D.215
0.249
G.248
0.2C2
0.205
CelSS
0200

0.229

NUMBER
CCLLECTED

2118

3761

2900

2661

1258

1758

2779

1694

BACKGROUND

COUNT

2270%

22172

22A11

22eve

22R63

22624

22RA7

22861

22853

SeeSBPERES

SSEOIBUPCLESENEIPEESHES

COLLECTION IMPACTION
EFFICIENCY NUMBER
(PER CENT)

Be7 3.62
13.7 3.Ga
1.2 31.40
140 .41
19«4 4.19

8e9 4.13
21.8 S.46
20.7 4.23
9.6 3.70

B CARURNSEEIUEENEL LIS SIUIEISNESSEsOES

REYNOLODS
NUMBER

612.4

562.6

651.6

649,00

528.6

5365

405.6

523.4

599.3

907¢
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_SYSTEM USED was

RUN NUMBER FUMIDITY

(PER CEANT) (DEG F)

1¢S5 69.0 80.5

sodGesObpeRe

DROP NUNMBER Diav. CF

. DRCPLET
(CcHs)
268 0.193
2e9 . 0.189

TEMPERATURE RMRESSURE

{MMS RG)

7012

(A LER IR LR 1]

NUNMBECR
CCLLECTED

172a

1804

DENGITY UF
C1SOERSED

DrMASE
{(GsCC)

1.126

AACK GROUND

CCUNT

208GCa

20854

TALCUM PQOwWDER AEROSOL S wATER

DENSITY QF
CONT INUOUS
PHASE

0.0G129

COLLECTION
EFFICIENCY
(PER CENT)

15.2

16.5

OROPLET

visSCOsSITY

(POILSE)

0.0001R9

DlAM. OF AERQOSOL

AERCSOL VELOCITY
PARTICLES

(CNS) (M/SEC)

0.60183 3.794

IMPACTICN REYNOLDS

NUMBER NUMBER
4435 %0049
LYY 490.6

TURBULENCE

(PER CENT)

0015

wEBER
NUMBER

4.C8

(AR AT R A LAY A SRR SRS LIS NP R AY RS AL A AR RET Rl A2 R R R AR R R 22 R R R 2R Y 212 2 )
(AL A TR AL R Y Y ER YA R R AL L E A A Rl R AR R Y Y S AR R AR SRR 2 SR A 2RSSR S SRS AR R d R R s R 22 2 2 2 i 2 2R Y2 a2t 2

Loz
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3512143

RUN NULFUCLR »UMID

(PER

1C6 69.0

Ssevnser

LA E A RS A A R A A A A T2 Xl R R 2R R R 22 P2 AR A R R A R R L R R AR A R Y I R LR AT ST S R RS Y PN ISR AR T P RIS PR PSR 12 24 )y ]

ORUP NUMRER

300
3ot
302
303
3ca
3os
306

-307
3ae
309
31
313
312
ns

‘31

SYSTEM USEDN was

1Ty TEMPEQATURE

CENT) (DEG F)

Dtav. CF
DRCPLET
(CrvS)

Q.217
Oel2s
Cel1a1
0.191
O.IAQ
0.167
O.1¢8
0.107
C.115
0.23a
C.1%94
O0.211
0.180
0.152

Ga131

805

2860
1191
1699
27961
1598
1985
2178

976
1060
3872
582
28029
2142
1479

1393

PRESSURE

{¥MS HG)

T761.2

NUNMHER
COLLECTED

CENSITY OF
CISPERSED
PHASE
(G/7CC)

1126

BACKGROUNO
CCUNT <

14320

14394

12359

14238

14312

14201

14261

14243

14287

1427a

14222

1e112

l4a110

14050

141a7

TALCUM OCWRER AEROSOL S WATER

DENSITY CF
CONTINUOUS
PHASE

0.00129

CCLLECTION
EFF ICIENCY
(PER CENT)

289"

JCe7

34a.}
37.8
ad.2
38.9
32.0
32.9
307
31.9
31.0

39.1

ORQPLET

VISCOSITY OotAav. O
AEROSOL
PARTICL

{POISE) {C¥s)

0.000189 0.00183

IMPACTICN
NUMBER

6623
6.26
9e72
Fe12
4.804a

Se 36

F

ES

REYND

AEROSCL
VELOCITY

{M/SEC)

44699

LDS

NUMAER

697.5

398.6

a53.2

613.9

475.7

536.8

533.6

343.9

366.4

752.12

623.6

6782

57846

488.6

Aa21.1

TURBULENCE

(PER CENT)

0.016

wEBER
NUMBER

625

LA A A E AR AR AL AR RS2 P AR R R R A AN RSN R RS R AR R R R R RSP 22 2R R 22 R R R R R R R 2 2 TSR Y2 02 X))

4y0¢



3512144

RUN NUVWHER HUMIDITY

1¢C7

(AL LT L IR R R N RN R Y P R N R A A A R A A N P A T A YA P R LA R A A R R N N IR R R LR R S SRS RS FR AR R Y222 Y2 R X T ]
B OIS eI IS SN TP O T IS ENETE ¢ IO T E St TR NI IR ININTR LS Ul S NS sclIUNIIPRISIRSS It It tsstseslEESNNPeturERSEusensttestosttsussssEIvss

(PER

62.0

ORCP NUMBER

3a2s

126

327

128

129

330

in

332

CENT)

O1av,

SYSTEM USED wAS

TEMPERATURE

CRCPLETY

(Cr¥s)

C.200

Ce232

0el137

({DEG F)

81.5

CF

15348
1443
11
1063

992
lial
1836

1024

PRESSURL

(wMeS HG)

T7SAR.a

NUMBER
COLLFCTED

DIJCTYL PHTHALATE AgRQOSCL:

GENSETY CF
CISPERSED
PHASL
{G/CC)

CeD77

BACKGROUND
COUNT

15585

157¢€A

17609

17402

16172

16249

17434

17662

OFNSITY QOF
CUNTINUCUS
PHASE

0.00129

COLLECTICN
EFFICIENCY
(PER CENT)

11.7

17.6

16.0

wATER

VISCOSITY

(POLSE)

0.000189

DROPLET

OlAM, OF

AERCSCL
PARTICL
{CHsS)

G.0CCI8

IMPACTICN

NUMHER

1.04

1.06

136

£S

AEYNO
NUMBE

576.8

674,.7

635.0

635.0

576.8

S4S5.0

53a.4

A1S.4

AERCSOL
VELCCLITY

(M/SEC)

3.877 .

LOS
R

TURBULENCE WwEBER
NUMBER

(PER CENT)

0.017 1.98

60¢
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12145

35

RUN NUNUER »UMIDLITY

108

(AT AT 2 LR R Y R R P N R R R L Y AL L Y P Y A P R L R P P RN RS S R R LY

(PER

52.9

CENT) (

SYSTEM USED wAS

DEG

81.5%

F)

TEMPERATURE

PRESSURE

(¥MS HG)

75€.4

DIOCTYL PHTrRALATE

OCNSLITY CF
N1ISOAFRSED
PHASFE
(GrCC)

0.977

AEROSOL:

DENSITY OF
CONT INUQUS
PHASE

0.G0129

wWATER OROPLET

VISCOSITY

(PO1SF)

0.0006183

DtaM. O
AERQSOL
PARTICL
{CMS)

0.00114

F AEROSOL TURBULENCE WwEBER
VELGCITY NUMBER
ES
{M/SEC) (PER CENT)

3.823 0.022 2024

PESOSREYR LT LSRN UIE SN AS T RSB PSRN I NI SR ES S SRR ECEBTIGEEERNSY

DEOPSETCIVIEBOITYNEC S L4V RERNINOITURECEP LT CRNR TN CRINESSENTLSLPENEROEPPEENTOSUNEI IS SETIOEPLPEO RN EEEENNSITNCITE RIS SEIEERSSIOSSEINRE

DRQ»

BT

Ja1

a2

a3

REY)

3as

346

3a7

3a8

Jag

350

NUMAER

Otav, CF
ORCPLEY
{(C¥S)

C.210

Oe.118

Ce234

0.250

0.232

Cel67

0.150

0.215

O.184

o.188

Q129

2144

1392

2167

1694

1707

‘11s

NUMJER
COLLECTED

BACKGROUND
COuNTY *

17101

18226

1R064

18452

1e3¢s

18381

18703

18097

18997

18200

17860

‘COLLECTIO
EFFICLIENC
(PER CENT

15.5

28 .5

14.0

17.6

18.8

181

23.6

N IMPACTICN

¥ NUMBER
)

2442
1.22

1.148

1.71
150
1.33
155
1.52

2.21

REYNOLDS
NUMBER

563.6

307.9

610.6

652.3

605.4

43S5.8

495.8

561.0

480.1

49046

336.6

0T¢



. SYSTEM USED was wWATER AEROSUL: wATER DRGPLET

RUN NUMEER RUMIDLITY TEMDPERATUHE PRESSURE CENSITY CF DENSLITY OF VISCOSITY Dlam, OF AERNSCL TURABULENCE WwEBER
OISPERSED CONTINLGQUS AERCSCL VELQCITY NUMRER
PHAST PHASE PARTICLES '
(PER CENT) (CEG F) {NM3 HG) (Gr/CC) (POISE) {CMS) (M/SEC) (PER CENT)

109 84.0 80.0 75%.4 1.C00 0.00129 0.000185 0.0C072 3904 0.020 151

(21 R R IR F S F R R R LR R FE 2 2 R R R 2 Y T R R R R L R R I R L R R R R R R R R Y A R R R R P P R3S RIS R P2 RS R it 2 a2 R 22 2 £ 22 g
COP ISV IUICT IS NTIISAENITER ISPV TIIT IS IR I NS IS O SRS SN SNSRI INESENCETSEUSNS S CEESEERSEI R CENAEUETIN ARSI SRIBIRNT I AR REFPCIIIOSUSCUTAEY PSS

'j

R
R
et s u‘-‘—. 8 » o

RV 2% TP SO T B

3512146

356

357 .

Jsa

359 .

loQ

Je1

a2

363

Jos

Jes

RI-Y-)

&7

Jsa

Je9

170

C.200G
0.220
Cel0S
Ca14a7
Ce2¢eC
0.229

0216

0.153
0.233

0.103

156¢

1713

2032

2341

1612

2023

1622

13006

1590

1997

1156

16610
16316
16397
15497
1¢04S
17813
18612
16553
16961
16684
17339
1779a
15656
14032

17690

20.9 .

27.0

21.0

47.6

12.5

22.2

17.0

393

117

37.a

29.6

17.9

42.Q

0.62

.84

0.52

sl DRdP NUNBER OlamM, CF NUMAER RACKGAGUND COLLECTICN IMDACTICN REYNDLDS
A . ORCPLET COLLECTED COUNT . EFFICIENCY NUMBER NUMBER
: (C¥s) (PER CENT)

S70.7

600.7

450.6

401.48

710.0

€25.3

587.8

Ala.a

5325
395.9
6362
322.2
a17.8
AJ6-2

281.3

[re
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1
~
A
2
Yeoy
..‘:
i
-3
- 1'

DROP NWUMHER Olav. CF

37

372

373

374

375

76

arz

CRUPLET
(Cvs)

Cala3
0-198
Q.10a
0.116
G.223
0.243

0«C30Q

NUNRER
COLLECTED

1137

2604

2617

1026

BACKGROUND
CCUNT

17929

17206

17361

17361

16284

15490

17106

COLLECYICN
EFF ICIENCY
(PER CENT)

25.8

22.0

37.0

33.2

22.4

19.5

50.4

IMPACTICN
NUMRER

REYNOLDS
NUMBER

390.5
S40.7
284.0
316.8
636.2
663.5

245.8

¢1e
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madll
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CRIGGE
VCLTAGE

11.168

11.31¢C

12.222

12.€52

13149

. 13.3a¢

13.764

14.35¢

14.233%

14.a11

la.a7a

14.508

15622

"PRNHE CALIARATICN DATA (wk¥ TEST METER)

PROBRE NUMBER = TS

STATIC PRCBE READING = 11.168 VOLTS

AlR VFELOCITY
(METRES/SEC)

Q.500 .
0.335
0.603
0.982
1e55¢
1.827
24508
3.079

34713

4.012
Se.142

6e61S

tTe



SYSTEM USED wWAS METHYLFHE PLUE AEROSOL: WATER DROPLET

AUN NUMAER FUMICITY TEMPERATURE PRESSURE RENSITY GF DENSITY OF VISCOSITY  DIAM. OF AEROSCL TURHULENCE WEEER
CISPERSED  CONT INULOUS AERUSCL VELOCITY NUMBER

: PrasE PHASE PARTICLES

; (PER CENT) (CEG F) (FMS KG) (GsccH (POISE) tcws) (H/SECH (PER CENT)

-

1i¢ 5640 A&.0 - 7576 1.401 0.00129 v 0.000188 C.00058 Ja.acC8 0.620 130

CENGEBUEEL L SN ES S S NSHI O IP VG LAT ARG RPN S SN S S I C R AP ENERSOUS SIS IS SRS PN LSRR GEGANIISESIEUSEEUNEOEESEOIR OSSP ARNEISNEDNOSENSSROUIESES
LA LS AR RS X S A AR S AR A AL AL 22 AL SR R R PR R R R RS F RS RS2 RSN RA P AR R R RN AL AR PR IR 2 R RS R ARt APt R 2 dd )

.
je
PRSI |

la.

- OROP NUMBER  OIAwW. CF NUVMRER BACKGROUND COLLECTION IMPACTION REYNOLOS
v . ORCPLET COLLECTED COUNT - EFFICIENCY NUMBER NUMBER
Y (cvs) (PER CENT)
-1
v
i
T4
i 381 0.237 1605 17084 : 11.4 0.40 552.5
oo
T 3pa 0.220 1187 16234 10.1 0.43 512.9
. f 38s Q176 1a7a 17¢7) 19.0 054 410.3
’ lee Celll 1164 11171 33.8 0.e2a 263.4
a7 Q256 2569 18652 14.3 0«37 596.8
Jee 0219 1731 18687 1Je7 Ceaa 501.2
3e9 c.211 2210 ° 1r6ag ) 18.1 0.a5 491.9
; 390 OC.l1¢€1 1153 1e01¢C 16.8 0.9 37543
] 391 0.158 1281 18219 19.2 0.t0 368.3
.
|
H 392 D249 1437 1er31 8.4 0.38 5805
1 .
393 Ce172 ~ 274 18731 15.7 0e%5 401.0 .
! 394 0197 . 1938 18606 18,3 0.48 459.3 -
<‘ .
— 39 . 0e206 1835 . 179558 16.a C.a6 480.3
o .
—
o 396 0.182 1607 18310 18.C 0.52 a2a.3
o

397 G.182 2043 18135 23.2 0.5%2 A24.3

i
|
i
{




i DROP NUMBER Dlav. CF NUNMRER HACKGROUND COLLECTICN IMPACTICN REYNOCLDS

E . CRCPLET CCLLECTED CCUNT EFFICIENCY NUMBER NUMBER

; (cKs) (PER CENT)

!

. 398 Qel¢1l 1594 18135 23.1 0.59 373
36% O.1Ca 1143 18#C39 3%.6% 061 242.5

: .

) 400 0.211 1123 18152 9.5 0.45 4G1.9
401 C.24% 190e 18323 11.a 0.38 580.5
ac2 0.227 2083 18658 13.3 0.40 552.5
ac3 04256 1444 18284 8.2 0.37 5968

.

aca 00150 1604 18781 25.9 0.63 349.7

e

—

351

—— o
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~— Bussses

v
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—
Lo
o

RUN NUMPER HUMIDITY

{BER CERNT} {CEG F)

5€.8

SEAFRECE DI SCO R IVEESEATABTFER

DROP NUNMBER otav, CF

a1z

Aall

ala

ORACPLET
(Cr¥s)

02135
0.200
C.218
€209
Sa291
C.219

C.171

SYSTEM USED was

84.9

TENPERATURE

PRESSURE. CENSITY OF
C1%5PFASEC
. PrAt
{(#vMS HG) {Gs7CC)
757.6 1.401

cSeAgsveEsase

NUMBER AACKYGROUNC

CoLLECTED CCUNT
1247 12e8s
1P98 12742
»68 12360
1243 1243
1€65 2258
1232 12370
10A88 12367
1130 12513
1143 12769
1246 12562
1386 12517
1327 12102

METHYLENF HLUE AERDOSOL: wATER DROPLET

NDENSITY OF vISCOSITY
CONT INUOUS
PHASE

(PGISK)

S.0G129 0.00C188

Nlav. CF

AERCSCL
PARTICL
(CMsS)

G.3GC0S58

COLLECTION I¥PACTICN

EFFICIENCY NUMEER

(PFR CENT)

16.5 Q.a7?
18.4 0440
10.4 Cean
12.3 0.4a0
18.4 D.42
1243 Ce40
15.0 [ I ¥ 4
13.4 ’ G.aa
14.C OeAS
14.3 Cel?
157 Oe43
2%5.5 [ F%-3-

ES

REYND
NUMBE

26242
543.0
!QA.S
S43.0
5176
S43.0
462.2
49a.5
483.0
556.9
506.1

395.2

AEROSOL
VELOCITY

{(W/SEC)

34378

LDS
R

TURBULENCE VWEBER
NUMBER

{PER CENT)

0-.015 1.27

LAALER RIS RN RIS RAT S RS2 22 2 2 32 32 P R R R A LR RS I X2 s ¢ 23 3
BUSSINYOPRSSE LN ERNIN I PSS AP NS S AN VIS NE RIS S A UG SN T IR N OIRSN AN SRS I TS AR NSNS PP TS TEETPI GBS ITRANN YN SN EEEEI OSSN T IS SIS PEEISAS

91¢



SYSTEM USED wAS TALCUM POWDER AERQOSOL: wWATER NDROPLETY

RUN NUMHER HUMIDITY TEMBERATURE PQESSURE DENSITY TF DENSITY OF VISCOSEITY DIAM, OF A=POSCL TURBULENCE WwEBER

g DISPURSED CONTINUQUS AERCSOL vELactlry NUMBER
: PHASE PHASE PARTICLES
{PER CENT) {DEG F) {#NS HG) (G/CC) {POISE) (CMs) {(M/SEC) (PER" CENT)
112 72.0 6.0 757.7% 1.12% 0.02129 JeCOO188 0.00255 3.097 C.016 3.78
CINSPV S P TE S NI NREE T AU PP AT S AU N C TSN U RN SRV S A S S E R A G IR SR AN IS ST uE NI T RSB NCE P A E NS UTIEE PSS A PEET AT AN UASEST IS SR IO ENS SIS TR URESECS IR S

o 0 OB CUBES S P EC IS NPT PTEV LU PIIICEP UL PN P LB LGNS S IRIE LS T IINIEEPEET T I RET AL E PSSR SIS SRR FETRAS A ST NSRS UNG SIS Y ITC S LT ARSI ERSEIBEUES S

N ORQP NUMBER Dlav, CF NUMRER ABACKGROUND COLLECTICN I#PLCTICN REYNCLODS o
DRCPLETY COLLECTED COUNT . EFFICIENCY NUMEER NUMBER . =
: (Cvs) (PER CENT) ~i
|
. :
i ot bsoo 0.219 1215 19029 . 9.1 512 465.5
3:_% so1 0.208 1048 19124 8.9 6.57 433.6 '
sc2 0.282 1951 19610 10.7 Se32 S35.7
503 0247 1809 19651 10.3 Se43 525.0 ‘
5Ca Ce207 1132 19172 - PN ’ 6.48 44040
s0s 0.210 1262 19763 9.9 6439 43644
. sc6 0.211 1264 19153 101 6e36 aag.5s
; 507 . 0.226 1693 19673 11.5 S.93 néo.u ;
é 508 0.183 1269 18711 13.8 7433 389.0
.- 509 0e173 1012 18536 12.4 7.75 367.7

351215




' SYSTEM USED WAS PARAFFIN OIL AEROSOL: WATER DROPLETY

RUN NUNSNER HUMIDITY TEMPERATURE PRESSURE CENSITY CF  DENSITY OF VISCOSITY OD1AM. OF AEROSCL TURBULENCE WEBFR
. C1uPERSEDC CUNTINUQUS AERCSOL VELOCITY NUMUER
PHASC PHASLE PARTICLES
(PER CENT) (DEG F) (v™»S HG) (ascC) (POISE) {CMS) (M/SEC) (DER CENT)
114 71.0 85.0 754.0 0.880 0.00128 0.C0C188 c.00150 3.398 Ce020 2.09

OROP NUMBER  DIAM. CF NUMAER HACXGRCUND COLLECTION ITMPACTICN REYNOLDS
DACPLET CCLLECTED COUNT . EFFLCIENCY NUMDER NUMBER
. (C¥s) (P CLNT)
. 530 0.€92 1162 16293 ’ 57.4 a.32 213.2
o
; S5t 0.187 3758 154190 a2.8 2.22 4564
Ty 552 0.174 31e7 15432 6.2 2.28 403.1
-1
P 553 c.141 1680 15652 36.1 2.82 326.7
v
; 554 0.162 2657 15146 45,5 2.45 37S.3
'f-} £85 Cel7a 2187 15123 35.9 2.28 403.1
1.
: S56 0.201 3639 15029 20.9 1.98 46547
' 557 © 0e121 1731 16561 as.n 3.28 280.3
: ss8 €.C95 - 1247 16621 61,2 a.18 220.1
i
|
i =59 0.250 326 16717 25.2 1.59 579.2
i .
560 0.135 230e 16472 52.3 2.94 312.8
3 s61 0.174 . 2¢e61 16475 36.) 2.28 4G3.1
. s62 . O.19e 3337 16311 35.% 2.01 458.7
(9 VN o . .
- i
Lo 563 0.158 2an3 17c12 39.r 2.51 366.1 .
o . '
i see . 0177 2983 16937 38.3 2.26 410.1
L




SYSTEM USED WwAS PARAFFIN (1TIL AERQSOL: WATER DROPLFT

RUN NUNMBER HUMIDITY TEMPERATURE PRESSURE CFNSITY OF DENSITY OF VISCOSITY DlAM. OF AEROSGCL TUREBULENCE WwEBER
’ CluPERSED CONT 18UCUS AERCSOL VELOCITY NUMBER
Prang PHASE PARTICLES
(PER CEAT) (DEG F) . (VNS HG) (GsCCH (PQISE) (CMS) (M/SEC) (PER CENT)
i1s 71.0 ' ’ 85.0 754.0 0.u8n0 0.C0128 0.00Cc188 0.05150 . 3.437 G-O?O 2014

SSavseen L R A R AR RN AR R AR PR Y RN AL LR RN R IR L ERE ]

re—v PSRBT EUDATRENY PSSR REER A S SRR E PN LSNP RNEC LSS EO S0 EERSNISNIEDS
I AY YT P N P I Y PSRN R YRR PR AL E RS R AN AR PR A RN R R Y PSR R AR RSP R A R A N R FY R PRI RV TS RSS2SR AT IS 7 )
.y N
AN .
~_j‘ OROP ANUMBER Dlaw. CF NUNMHER BACKGROUND COLLECTIDN IMPACTION REYNOLDOS
'ia CRCPLET COLLECTED COUNT . EFFICIENCY NUMUER NUMBER -
s M {CrS) (PER CENT)
ﬂ:!.
;"ji s8¢0 0.227 3783 15340 . 32.0 177 S531.9
T3
7. sal 0.19a 213153 143%0 29.7 2.07 458,.6
Coe 582 0.179 2177 12972 3%.7 2425 419.4
5 s63 0260 238sS 12732 18.9 a5 6093
i
. S8a 0.258 2189 12162 18.4 156 ACA.6
i
l 385 Ce207 2179 12742 27.2 154 485.1
! 3es Ca213 2370 12¢80 29.5 1.89 499.1
3nv O.246 3Co1 12C%¢6 28.0 1e63 S76«4
s88 0.257 3629 12042 JAle.l 1«58 602.2

g

5

121

b

d

4

7
(9

0




SYSTEM USEDR wAS PARAFFIN waAx AERCS0L: wATER OROPLFET

i RUN NUMEER RUMIDITY TEMPERATURE PRESSURE DENSITY CF DFNSITY OF VISCOSITY OlAM, QF AERNSOL TURBULENCE WEBER
. DI5PERSEC  CANTINUCUS AERGSOL VELOCITY NUMBER
; PrAaSE PHASE PARTICLES

i (PER CENT) (DEG F) (MNS HG) tGsccy (POISE) tcHs) (v/SEC)H (PER CuNT)

!

116 6840 80.4 763.2 C.918 0.00130C 0.000189 0.00229 44659 C.011 6027

2SSO VISuT IS EUmES (AR TS YRR TSI RS SRR ] 2 2] [ A EE AR RS EE LR XD XA AL XL I XA 22 RAL T R A AR A R 2 A & 0J PRPESISESERIURESSIEES

LA B OENP NN PN AP NS ES I NI I IR NSRS NSRS E RS SN GE NI S G ATE NG VU N TG TSNS ANAS T ITIEPNUSEE S SN IIN AR SN R ¢S U UCEESEEPEeeSESBSstUNON

DROP NUMBER DIAM. CF NUMBER HACKGROUND COLLECTION IMPACTICN REYNOLDS
CACPLET COLLECTED CCUNT EFFICIENCY NUNBER NUMARER
. (Crs) ° (PER CENT)

6cC 0.221 3147 102a8 ) a2.8 5.96 706.0
ec1 0.215 2821 10362 40.1 6.12 6B6.8
ec2 0.195 1892 10286 33.0 6475 622.9
sC3 0.208 2842 10579 36.3 6.33 668.5
604 0.2106 2743 1C69S 37.4 HaeCD 6900
6Cs 0.221 2916 10713 38.0 5.56 706.0
806 G.161 " 1768 10281 as.4 A.17 St1e.3
ec7 t.15a . 1538 10352 PP Re5S 492.0
ece 0.150 - 1489 10473 a3.0 A.77 a79.2
] ¢C9 GelS loea 15584 38.9 Te%8 527.1

61cC 0.1%6 1526 10278 al.6 A.aa 298.3

w

L s11 0.156 1392 10218 Je.t feaa 498.3

— ,

oS! 612 Celsl - 1675 10299 a2.7 . no17 S1a.3

— . ] X

o 613 Ca171 1887 16as2 a2.1 7.70 54643 .

o .
ole 0.:8C 1970 10310 40.2 7.1 57%.0

1e¢e




[

3512157

3 )
SR
Clan ia

FOTE S NS TS & 3

DROP NUMRER

615

sleée

617

61e

619

620

G621

622

623

624

625

626

627

828

629

63C

[} ]

632

633

6348

637

636

637

DlANM, CF
DACPLET
(crs)

Q.190
Cel150
0.201
0165
0.215
0247
Ce115
Q.124
G250
C.224
0.122
Ga111
Oe.248
04127
0.140
cat 3l
0126
Os167
0.139
C-lAQ

Celal

NUVMSER
COLLECTED

217¢

1537

2507

2409

2763

2548

3276

4215

1199

1404

6376

3a2a

1301

1626

aage

1349

1530

1489

2353

1812

1692

162

HACKGROUND
COUNT

1¢391%
11623
11372
11306
113a6
12525
12434
12558
13103
113397
13727
13641
13271
13492
13671
15306
12604
13318
134a2a
13303
13193
13275

13330

CCLLECTION
EFFICIENCY
(PER CENT)

43.4
38.8
atl.6
40.2
Q}-l
36.4
38.8
37.5
47.1
46.4
4B.3
34,1
44,9
42.0
6.4
42.8
39.1
44 .4
4543
43,2
aT.?7
44,3

A2.7

IMPACTION
NUMBER

679

6.12

533

1le4a

REYNOLDS
NUMBER

578.2

737.9

607.0

607.0

64241

622.9

686.8

783.0

367.4

396.1

a17.8

715.6

389.7

35446

792.2

405.7

AAT7.2

A18.5

AA,.5

=33.5

A484,0

an7.2

450.4

PP G

cee




R SRS |

LR )
soay
.!l,n
RATY 3

*
g

Ceaditiidy

Ty_ﬂ

i
'
|

(o]
Lo
~—
od
-«
L
(9]

OROP NUMRER

ale

640

Olavw. CF
ORCFLET
(Cv¥s)

0.1C0

Ce202

0149

NUNMHER
COLLECTED

931

3173

1939

AACKGRQUND
COUNT

13179
13234

13269

CCLLECTICN
EFFICIENCY
(PER CENT)

ag.1
4046

aa.g

IMPACT ION
NUMBER

13.106

6452

2.83

REYNQOLDS
NUMBER

3195

645.3

4760

3%
(2
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3512159

RUN NUNMOER FUMID

(PER

117 6a.0

OROP NUMAER

650

631

6S3

654

eSS

6s5¢

657

6se

6959

e¢ea

661

I1TY TEVMPERATURE PRESSURC
CENY) (DEG F) (MNMS HG)

82.0 763.9
LA N XX ]

Olarw, CF
DRCPLET
1C¥s)

Q0.2306

Ceal7}

Qel92
Cel?a
0e244
0.177
0a.223
C-}LD
Celc2
Q260

Celny

SYSTEM USEC WwAS

NUMNIER
CCLLECTED

1735

1796

2361

2567

1298

1744

1261

3795

1509

1374

AT33

: 1583

PARAFF 1M

CENSITY CF
CISPLASED
PrASE
(GrCCH

0.91R

BACKGROUND
CCUNT .

27221
26n7s
26981
27027
26592
26889
268482
267013
27103
26531
27053

26897

wAX AERCSOL:I wATER DROPLET

DENSITY OF vIisCoslTy
CONT InuUQUS
PHASE

{POISE)

0.00130 0.0G0189

SERREEE AN AL OGP IS TAEEICOISETIVVINCIERN ISR ORI RPREEENOSdIun

DIAm,. OF
AEROSCL
PARTICLES
(S 23]

000274

AERDOSCL
VELQCITY

(®/SEC)

3.210

TURHULENCE

(PER CENT)

0.013

L]

wEBER
NUMBER

3.506

SN AU S LA NS S S IV ARSI EDESEER S TSI N EIUS S
LA TR AT A R LY P 2 A A R A Y A A R R R L R A AL R R R PR NN R SRR A AR N AR R AR SRR R L2 2 AT R R R R 2 A R R R AR P2 R 222 2 2 2 042 d

COLLECTION I¥PACTION REYNO

EFFICIENCY NUMBER

(PER CENT)

T.8. S5e51
15.6 7.1
11.3 Seto
17.0 6.128

8.7 6e71

Tea Se21
10.2 7e35
19.5 S.83

S.6 S.C0
1Je2 8.03
17.06 S«C0
12.2 7619

NysAaEg

521.1

377.6

LOS
QR

S07.9°

424.0

428.4

S38.8

390.9

49200

ST4.1

357.7

S7a.1

399.7

vee
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FVE DI AN T

RUN NUMLILLT? RUMIDITY

118

(PER CEANT) {DEG F)

660

SYSTEM USED wAS

82,2

TEMPERATURE

PRAESSURE

{MHS HG)

75S.8

CChSITY CF
DISPERSED
PHASLE
(Gs7CC}

0.918

BARAFF I wAX AFERCSOL: WATER OROPLET

OFNSITY CF  VISCNSITY
CONTINUDLUS
PHASE

(POISF)

0.0C13C 0.000189

DiaM. C
AERCLGL
PARTICL
(C¥5)

Q0.0GC275

F

Es

AEROSCL
VELCCITY

(M/SEC)

3.163

TURBULENCE

{(PER CENT)

0.01C

wEBER
NUMBER

3.47

SPERI RN IT TGS ISR VPPN E I TN TS SIS A S S IR AS NS SN LS SANCACEN IS AOUNT SIS S YTRACEES NP AR PE SN NS AT PHC I ST E ST UARI RS SENESSEESCS PSR RERESETI SSRGS
BOEOITEIOCTENISTIRTI IS ENF SV EF S USROS RIS EI SISV LGN IR EN SRS NS AP T NSEITARESENCS RIS IS ESUESOVECUERENEIIISINI ARSI I PSP SIERISTROSTSESD

CROF RUVYHER olaw, CF

680

681

6e2

(Y-

acfs

€cos

686

ORCFLET
(cw¥s)

02490

0.180

Q0177

Cel68

0204

Qe242

0.137

1923

167

1834

1373

2009

2842

1849

NUMNIER
COLLECTED

AACKGRNUND
COUNT .

27645

277a8

27¢32

27329

27297

27090

27e71

COLLECTICN IMPACTICN
EFFICIENCY NUMLER
(PER CENT)

8.2 S. 18
1acl 7.18
14.8 7.30
12.1 769
12.¢C 6033
12.2 SelA
2441 Feal

REYNG
NUMBE

LOS
R

———————a——

Y44



SYSTEM USED waAs

PARAFFIN wAX AEROSULS

wATLER DROPLET

. RUN NUMHER HUMIDITY TEMPERATURE DENSLITY CF OENSIYY OF VISCOSITY OlaM. QOF AEROSCL TURBULENCE WEBER
i ) GISYERSED CONT INUQUS . AERCSOL VELOCITY NUMHER
; . PHASE PHASE PARTICLES
' (PER CENT) (DEG F) {a/CC) (PCISE) (CMS) (M/SEQC) (PER CENT}
119 74.¢C C.718 ¢.00129 0.Co018S C.0uv22a 4.C08 C.Cl1 4454
W—T' CHET AU I IS NG C TN IS IR IS TN SO I A ST USRS TN NSNS ERBEAEC IO TECREIIETRICEETDEIR NN ESESRESRUERANIRITNEEGSSNERTIEESESASETIED S

DRCP NUMBER

708
701
702
703
7Ca

705

7Q6

rCc7

7¢C8

7Cc9

T10

Tit

7121

L sl
oo
«
o3
—
S
o

714

Dlav. CF
ORCEBLET
(C¥5)

0.227
0a222
0.217
0.201
Q0e193
Q.218
O.l126
C.11C

Cel%a

Oel148
Oe.1C2
Oelto
0215

Cel1S0

NUVMPER
COLLECTED

33na

2691

2623

2499

2853

1159

Q26

1915

1193

1519

906

1970

2464

1783

BACKGROUND
CCUNT

.

16012°

1597

15921

15636

15852

1579

15771

15783

15722

15¢77

156<5

15621

15607

15630

-1 CEOONITCO NPT IPNESGITIIIIEI LIS N ISNEIRN POt INSSNNIOEN IS UINUTISERSITEICatTIisasS

COLLECTICN
EFFICIENCY
(PER CENT)

2546

23.23

21.8

269

28.8

25.9

31.4

33.2

32.7

30.2

33.9

30.5

23.2

3242

I»PACTION REYNGC
NUMHBER NUMBE
4.58 64RA,2
a,.89 637.2
SeCO 593.5
Se40 S548.9
S.€2 S527.9
4.98 59642
B8.€1 3aa.6
.86 300.9
7.Ca a2t.2
B.¢1 384,06
733 a0a.n
10.04a 2954
6ea6 459.5
Se0a 588.0
695 A26e7

.‘...‘.‘....'-.‘..‘...‘...‘-.‘......“‘.‘.“.‘.....

LOS
R
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3512162

CRGP NUMRER

715

716

717

718

719

O1av. CF
CRCPLET
(C¥S)

Ce176

Q.178

Celaa

"0el07

NUMAFR
COLLECTED

BACKGRNUND
counr

COLLECTICN
EFFICIENCY
(PER CENT)

27%.0

29,2

26+

27.5

29.9

IMNPACTICN
NUMhER

7.98

64G6

6«09

Tea3

649

REYNOLDS
NUMBER

372.0
AB9.6
486.8
393.8

456.7

IET

—
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L) P L .

KRUN NUMOER +UMIDITY

(PER

69.0

ORCP NUNMBER

CENT)

DiANv.

SYSTEM USED was

TEMPERAYTURE PRESSURFE

(CEG )

81.0

SEePBRBEBETIGS

cF’

CRCPLET

(CvS)

O0«.136

0.122

G132

Ce160

{(MMS HG)

761.0

NUNMHER
COLLECTED

957

252

1107

1205

“ETHYLENL

CENSITY OF
DISBFRSED
PrASE
(G/7C)

1.aG1

BACKGROUND
COUNT .

15327
14703
15259

15373

HLUF ACROSOL: wATER OROPLET

DFNSITY OF VISCOSITY
CONT INUTUS
PHASE

(POLSF)

0.30129 0.00C189

COLLECTION
EFFICIENCY NUMHER
(PER CENT)

22.9 0s€5
25.0 D0.€7
28.4 Qe.07
20.9 L' RS-3-1

DlAM. QF AFAQSCL
AERCSOL VELOCITY
PARTICLES

(Cms3) (¥/SEC)
0.0C050 44276

IMPACTICN

REYNOLDS
NUMBER

398.0

386.3

386.3

46802

TURBULENCE

(PER CENT)

G013

vEBER
NUMRER

176

TS L R T T T I T L T I T T T L T T S T R P T T T Y S L Y
SOOI IS SOOI SIS ERANSI PSS RS S S IS RN CATE SRS SRR NN AR AG N E SN SRR ERCDAETF P PT S ATASP IO RS PID OSSP ISENNONN SO TENEERN TSN UER AP SSEORBESENS

14

8¢



RUN NUMBLEHR ruUMiC

({PER

121 63.0

SYSTEM USED wAS

ITY TEVPERATURE

CENT) (CEG F)

83.9

FERROQUS SULOHATE

PRESGURLE CENSITY OF
CISPFRSED
PHASE
(W¥MS 1G) (GsCC)
762.2 l1e80613

AEROASCL: wATER ODROPLET

DENSITY OF VISCOSITY
CONT INUOUS
PHASE

(POISE)

0.00130 0.03C185

DlAM. O
AERQSOL
PARTICL
{CMS)

0.00118

F

ES

AEROSCL
VELCCITY

(M/SECY

1.631

TURBULENCE WwEBER
NUMBER

(PER CENT)

G.0106 0.80

R (A R I RN R P AR R AR R R AL IR NS E 2R A2 R R R Y AN R R A R R A A R R R R R R R L R S S A R A AR R R PR N SR R A R R 2 R R R R 2 2 X R RO QY]

. ]
I
L3
s Td
L
Ay
oy DROP NUNMBER
.ri? *
T
: x4
.'\-.I
FE |
" 73c
: 31
1
] 732
L
P
y 3 733
P
- T3a
P
- 735
736
737
: 738
: 739
" 740
L=t
(&) Tal
—
(o 742
-—
o 743
o
’ 7aa

Dlav, CF
DRCPLET
(C¥s)

Ce238
G.160
J.1434a
Qelal
0.176
Oel109
C.167
Q.190
Qel?7?
0e249
0-262'
0.130

Cel34

lele

2628

3<ss

2050

2608

181317

acH

2661

KNUMBRER
COLLECTED

BACKGROUNC
CCUNT .

10362
10533
10577
10519
10432
10328
10109
10006
13921
1¢8C1a
160096
1¢cc13
1011s
1C11sS

10136

COLLECTION
EFFICIENCY NUMHER
(PER CENT)

35.4 0.58
401 124
41.8 1.C9
S51.9 1.9
52.1 177
a?7.2 133
aC.0 145
52.0 2433
S59.95 1.52
427 ;-JQ
47.9 1e44
37.7 1.02
30.2 1.0S5
S6e6 196
Se.l 1«90

IMPACTION

(A E 2T Il RN R E R R R R R A Y Y R R Y Y Ry R R R Y P N Y R R PR Y YRR SRR SR SRR Y )

REYNQLDS

NUMQE

297.7
235.9
267.9
183.2
164.9
218.7
20145
124.8

191.2

202.6
285.1
2771
148.8

153.4

/
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PPN |

e
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S B

aRE
.
e
e
bamy
b ]

3512165

DRO1 NUNAER Diavw. CF

744

7406

747

749

75¢C

751

. 752

DRCPLE T
(Cv»3)

G114
G.}as
0.CFP?
0132
0120
0.105
0.103

Cella

NUMHER
CCLLECTED

BACKCACUND
CCUNT

108¢69

10226

19181

15198

10114

16¢12

1C1¢5

COLLECTION
EFFICIENCY
(PER CENT)

61.3

615

60.5

58.C

INPACTION
NUMBER

176

293

183

2.12

2e42

2447

2423

REYNOLDS
NUMBER

130.5
1€6.0

99.6
151.1
137.4
120.2
117.9

130.5

L e e
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(2=
ol
—
W)
sl

|

RUN NUNMHER ruUmMlDLITY

SYSTEM USEC wAs

(PER CENT) (DEG F)

122 63.0 A3C«0

OROP ANUNMHER

775

776

7?7

778

779

782

T3

CCRE USAGE

CIAGNCSTICS

CCHPILL TIMC=

ASeNERROIRISOTE

otav. CF
DRCPLET
(CvS)

0.230

0.260

Q0.170

0e155

0.211

Oel122

C.128

0.174

0260

OBJECTY CCDE=

TEVMPERATURE

NUWVLRE
coLLe

2R72

2157

1336

2519

3023

1533

232

2656

/8080

NUMBER OF ERROR" .2

PAESSURE CENSITY CF  DENSITY GF
DISPERSEC CONTINLAOUS
EHASE PHASE
(¥~S +G) {GrsCC)
To2.2 0.977

PP BBV IENS IR VAU SEOICEIVUISS ORI TsEPENTESSESS

R DACKGROUND
CTEC CCUNT *

144954

1a7un

14073

14577

14876

14853

14727

1ag

HYTES«ARRAY aNEA=

Qe NUMAKER OF wa

1.21 SEC.EXECUTICN TIVEa 4.97 SEC.

0.00130

COLLECTIO
EFF ICIENC
{PER CENT

Jl;l
48.5
43.3
J5.3

18.1

DIACTYL PHTIMALATe AERQSOL: wATER DROPLET

v1sScasliyy

(PC15%)

0.C00185

ER

DlamM. OF  AERNSCL TURBULENCE WEBER
AERGCSOL VELGCCITY NUMBER
PARTICLES

(cws) - (M/SEC) (PER CENT)

G-CG1S57 " 3.396 G.012 2.43

I LAY R R RS IS LR R RN PN Y PR IR AR PRS2SR A 2 0 X ]}
I LTI R R R R N R RS R R A A A R Y A A P R R Y PR R AR R R R R R R AR RSN RS YRR R AR R RIS P EY S X L2 22 20 X2 4

N IM2ACTICN REYNCLOS

¥ NUMHER NUMHBER

)
2;16 S48.4
1.289 620.0
1.79 310.0
3.17 169.6
2.33 S03.1
4.03 290.9
J.E4 30542
2.83 al14.9
1eBY 620.0

424 HYTES.TOTAL AQEA AVAILABLES 118784 BYTES

ANINGS=

0+ NUMRER CF EXTENSIONSs [}

WATFIV = VEQSICN 1 LEVEL 3 MARCH 1971 DATE= 757146




