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Ph.D. Chemical Engineering 

R. \'1. K. Allen 

COLLECTION OF HYDROPHILIC AND HYDROPHOBIC PARTICLES 

BY SUSPENDED vlATER DROPS 

Abstract 

A new technique has been developed to rneasure the col-

lection efficiencies of \Vater drops suspended in a f,ree 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 of this method is that it 

allows the gathering of data for any aerosol~ 

Results are presented fo~ three different hydrophilic 

aerosols. They agree very weIl with those of other workers 

and with the theoretically expected values. Results are also 

presented for four different hydrophobic aerosols, both liquid 

and solid. In every case, the hydrophobic particles are col-

lected less efficiently than the hydrophilic particles under 

similar conditions. 

Furthcrrnorc, a thcory has bccn dcvclopcd to nccount for 

the total change in the sur face cncrgy 0 f the sys lelll ,18 the 

particle passes through the drop surface. The energy necessary 

for complete penetration is derived and used to calculate 
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'penetration efficiencies'. 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 thi~ 

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 d~veloppe une nouvelle technique afin de 

mesurer l'efficacité de captation de gouttes d'eau suspendues 

dans un jet d'air libre et laminaire. Cette technique s'agit 

d'employer un spectophotomètre à a~rosol pour conter continuelle-

ment le nombre de particules amassé par la gouttelette. 

L'avantage de cette mêthode vient du fait qu'elle permet de 

rassembler des données expérimentales sur n'importe quel 

a~rosol. 

L'auteur pr~sente des résultats pour trois aérosols 

hydrophiles diff~rents. Ceux-ci s'accordent bien avec les 

résultats d'autres travailleurs et avec les valeurs qui sont 

à pr~voir th~oriquement. Des r~sultats sont également pr~sent~s 

pour quatre a~rosols hydrophobes différents, liquides autant 

que solides. Dans chaque cas, les particule~ hydrophobes sont 

capt~es de façon moins efficace que les particules hydrophiles. 

En outre" l'auteur propose une théorie qui vise à 

expliquer ce qui se passe à l'égard de l'énergie superficielle 

du système lorsque la particule traverse la surface de la 

gouttelette. Il fait une estimation de l'énergie requise pour 

une pénétration complète et se sert de cette quantité afin de 

trouver 'l'efficacité de pénétration'. L'auteur a d~couvert 

,f .' 
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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 régimes gouvernant 

la collision. Le premier type reporte aux situations où 

l'énergie d'approche est basse et où la particule n'entre pas 

dans la gouttelette bien qu'elle puisse être captée sur la 

surface. Le deuxieme régime comprend les situations où 

l'énergie d'approche est élévée et où la particule passe à 

travers la surface de la goutte d'eau ou rebondit dans le 

courant d'air. L'existence de ce deuxi~me rGgime se confirme 

du fait que l'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, ~nd neronautical, 

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 increa~ing interest has been a 

growth in the number of mechanisms proposed for the capture of 

particles by collectors. The work presented"in this t:,e~is i8 

primarilv concerned witll one of the oldest of these mechanisms, 

inertial impaction. It therefore considers aerosols which are 

relatively large in diameter, greater than about 5 microns (~),* 

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 

eft~ciency and he defined it as the ratio of the projected 

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

* l~ = 10- 6 metres 
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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 de scribe the magnitude of a parti-

cIe'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 

different 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 point 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. IIowcvcr, solutions 

have only been possible under circumstances whcre 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 approxima te analytical expression 

for the flow around the- collector. Recently, however, Beard and 

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

,1 
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J... .. 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. 

AlI of these works rested upon four basic assumptions 

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

that: 

a) inertial 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 particle which ts hrought to tje surface of the 

collector is captured. 

Bach of these assumptions has been examined in the Literature. 

For example, several workers have found that, for particles 

smaller than l~, inertial deposition may cause collection on 

the rear of a collector. Others have studied the problem of 

two colliding particles of comparable size and found thnt the 

flow fields interact. The last assumption, hOl,oleVer, is the 

least studied of aIl, certainly for collisions between aerosols 

and liquid drops. Thus, whilst considering situations in which 

. . ' 
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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 

hydrophobie particles to adhere to a water surface will be 

much less than that of hydrophilic particles. The ways and 

degree to which this is 50 are the concern of this work. In 

order to observe successfully the effects o[ hydrophobicity, 

it is necessary to have experimental data over a wide range of 

aerosol materials. However, there is a paucity of informatiort 

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. 

t10reover, 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, sorne form of counting 

procedure, carries the constraint that the particle be an ~n-

soluble solid. In order to study the effect of the nature of 

the partie le 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 

0' .' 
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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 this technique in the study of ~ydrophobic 

aerosols, both sol id and liquid, 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. 

,f 
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PART l 

EXPERIMENTAL METHOD AND RESULTS FOR HYDROPHILIC PARTICLES 
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Chapter 1 

COLLISION EFFICIENCIES OF SPHERICAL 
DROP LETS IN POTENTIAL FLOW 

In order to place the problem of the collection effi-

ciency of hydrophilic particles in context, it is first 

necessary to define the terms which are used throughout the 

d~scussion 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 i~troduction 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 stre~m is subiect both to the drag 

forces from the fluid and to its own inertia. Thus not aIl 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 be 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 knowledqe of the 
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trajectories of individual particles, approaching the drop. 

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

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

it is moved laterally by the viscous drag, whilst its own 

inertia tends to maintain its instantaneous direction of 

motion. Thus par'f::iclC's '-'lhose trajectories lie initially close 

~o the axis of the drop tend to collide with it, whilst those 

'which are originally far from the axis tend to be swept pasto 

In between these two extremes, there is what is known as the 

grazing trajectory, which occurs when the particle just touches 

the droplet at the equator (See Figure 1.1). If the initial 

distance of this particle from the axis is y~G' then aIl parti­

cles closer to the axis than y are collected, whilst aIl 
ooG 

·those furtner from the axis than this value are note If the 

radius of the drop is R, the collection efficiency can be 

found from the grazing trajectory by: 

2 
y~G 

E =;r (1.1) 

As the particle approaches the collector, its inertia 

tends to overcome the viscous drag of the fluid so'that it 

moves towards the body. However, an infinitely small particle 

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 

" " 
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Figure 1.1 

PARTICLE TRAJECTORIES AROUND A SPHERICAJ.J BODY 
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this work as the impaction parame ter K. It is defined by: 

d 2U 1 ex>P p K = "9 . (1.2) 
D~ 

where d is the particle diameter, U is the free stream ve10city 
ex> 

of the aerosol, ~ ,is the viscosity of the gas, and p is the 
p 

density of the particle. This dimensionless grou~ has variously 

been termed the Stokes criterion or number, the inertial para-

meter, or the impact number. It cornes from the Stokes lawof, 

viscous drag which, when substituted into the dimensionless 

equation of motion of the particle, gives a coefficient of ~ 

to the velocity terme 

The collection efficiency of perosols larger than 5~ is 

predominantly a function of K. For this reason, graphs of 

collection efficiency versus impaction parameter are used 

exclusively 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 ln K, E versus K, YE versus ln K, -...[Ë versus K, and ln 

E versus ln K. Since none of these methods offers any parti­

cular advantag~, the data 'in the present work are presented 

in 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:' 

the radius ratio aIR, the gravitational scttling vclocity G, 

.f 
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and the Reynolds number. The ra9ius ratio is a measure of the 

effect of interception 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 the centre has to impinge upon the collector to ensure 

collision. At low radius ratios the effect is small, whilst 

at very large values of a/R the flow field of the aerosol 

particle affects the flow around the collector and the fluid 

mechanics change. 

The dimensionless gravitational settling velocity is the 

ratio of the terminal velocity, calculated according to St6kes 

law, t6 the free stream velocity: 

G = l, d
2

g ( 
'lB' • \.lUCX) Pp (1.3) 

where Pf is the density of the t'luid. As the particle and 

collect6r approach each other, the vertical component of the 

particle's velocity is reduced owing to the gravitational 

settling effect. The collection efficiency is thereby dimi­

nished. The effcct of G is fairly small in most practical 

situations. 

The last dimensionless group on which the collection 

efficiency dep~nds is the Reynolds number.* It is the second 

* 
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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 be 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 expressi6n 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 l, 10, 20, 100, 200, and 400. 'l'heir results wcre 

found to fall between the viscous 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 approxima te the flow field 

around the forward half of the spherc sinee the work prcsented 

here is only for situations where incrtial [orees 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 adequatefor 

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 c1escribed by' 

Reay (59). It follows the method of Fonda and Herne (31) 

which uses the Langmuir model. In 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: 

dU' 
px = 

dt' 
l (U' - U' - G) 
K px fx (1.4) 

and in the y direction: 

dU' 
py = 

dt' 
1:. (U' - U' ) 
K py fy (1.5) 

with boundary conditions at t = 0 U' = -l, and U' = 0, , px py 

where U' is the dimensionless velocity and subscript p refers 

to the particle and subscript f to the fluid. The velocity 

of the fluid around the sphere may be found from the potential' 

,f 
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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: 

,2 2x,2 
U' = -1 - Y -

fx 2(x,2 + y,2)5/2 
(1. 6) 

2 + ,2 1) U' = 3x'y' (x' y -
fy 4(x,2 + y,2)5/2 

(1. 7) 

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' was set at 0.65 and the valué of y' , which gave a 
00 , 00 

grazing trajectory, was found by a dichotomous search. The 

collision efficiency was then equal to the square of this 

dimensionless value. The logic flow 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 + aiR of the centre 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 
en 

most recent high and the most recent 10\v trajectory differed 

by less than 0.1%. A sample output is shawn in Appendix A3. 

The results obtained for values of K between 0.1 and 

,f 
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10 and for various values of aiR and Gare 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 stop is to compare 

tllese calculations with oxpcri~entally mcasurcd values to sec 

whether or not the Langmuir model is appropriate. 

,1 
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Figure 1. 2 

THEORETICAL VARIATIon OF COLLECTION 

EFFICIENCY ~VITH IMPACT ION PARAMETER 

aiR = 0, G = 0 

aiR = 0.005, G = 0 

-- _. -*._. aiR = 0, G = 0.025 

- .. _0.-" aiR = 0, G -- 0.05 

.................. aiR = 0, G = 0 (viscous flow) 
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1.2 Review of Previous Experimental Hork 

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 particlcs by larger spharical collcctors 

despite the theoretical int.erest wllich !lilS bccn shown in the 

topic. One of the earliest.experimental works is by Ranz and 

Wong (58) who studied the collection of a sulphuric acid mist 

(0.3 - 1.3)J) flowing horizontally onto a 0.9 null. platinum 

sphere. They obtained results which lie parallel to the theo-

retical curve but considerably above it. 

Chronologically, the next study is by McCully et al (47) 

who were concerned with rainfall formation. They allowed 

water drops to fall through a column containing a polydisperse 

dust of glass beads from 1 to l5p in diameter. They present 

graphs of collection efficiency versus particie diameter but 

do not give detaiis 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) aiso 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 - 20)J). He gave values of E as a function of a!R and found 

that the collect.ion efficiency increased as the drops became 

,1 
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of comparable size. 

The classic experimental work on this subject \vas pub-

lished by Halton and ~voolcock in 1960 (70). They suspended 

a water drop let on a glass capillary in an upward flowing 

aerosol of methylene blue (2.5~ and 5.0~). They measured 

collection efficiencies at air velocities of 670, 390, and 200 

cln./sec. Thcir 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 

polystyrene (0.8 - 2.85~) and sulphur (0.6 - 2.94~) aerosols 

on a series of different collectini 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 expe~iments to 

measure the collection efficiency of zinc sulphide particles 

(1.14~) 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 

(4.5~, 5.2~, and 12.8~) and measured values of E as a function 

of the drop diameter. They found a maximum in collection 

,1 .' 
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Figure 1.3 

EXPERIMENTAL Dl\Tl\ OF Wl\LTON AND WOOLCOCK (70) 
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efficiency for collector diameters of 0.4 mm. Their data may 

be reexpressed in terms of the impact ion parame ter and from 

this i t is evident that the results cover only J{ values bet",een 

0.2 and 0.4 and between 1.5 and 6.0. However, their results 

correlate weIl 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, aIl of which agree weIl 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 ç 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 means 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 (0.8~) which agree with his computations 

for the inertial mechanism at low K (4). 

Wherever possible, the experimental results found in the 

li ter a ture have been converted to conunon uni ts of E' and Y and 

plotted on a single graph to facilitate comparison. Figure 1.4 

gives this comparison. Results of aIl workers appear to show 

J 
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Figure 1.4 

COMPARISON OF PREVIOUS EXPERIMENTl\IJ WORK 

1. Theoretica1 curve 

2. Ranz and Wong (58) 

3. Wa1ton and Woo1cock (70) 

4. Go1dshmid and Ca1vert (25 ) (po1ystyrene) 

5. Go1dshmid and Ca1vert (25) (su1phur) 

6. starr and Mason (68) (lycoperdon and black rust) 

7. starr and Mason (68) (paper mu1berry) 

8. Berg et al ( 6) 

9. 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 weIl 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. Sorne 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 

When the"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 used 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 physically counted, or soluble so that thev could be 

assayed by a procedure linked to the physico-chemical properties 

of the specifie aerosol ~sed. In the latter case, a number of 

drops are normally collected and analysed by such procedures as 

titration, conductance measurements, and spectrophotometric 

analysis. This rel1ance on the physico-chemical properties of 

the aerosol did not suit the aim of this work in dealing with 

a range of aero~ols. Consequently, it was decided to develop 

a new method of measuring the'number of particles collected 

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

used. 

.' ~ 
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2.1 principle of Operatio~ 

One further point arose from the preliminary literatur~ 

survey. AlI 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 decided 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 

-2 2 sweeps out an area of 1.77 x 10 cm.. At a velocity of 

400 cm./sec., in an aerosol of concentration 50 particles/cc., 

it therefore sweeps 353 particles/sec. If the drop has ù 

collection efficiency as high as 60% and the particles are of 

20~ diameter and unit density, this means that the droplet 
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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 partie le 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 inunediately 

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 collected per unit time. Thus the 

only limitation on the type of aerosol used was that it should 

not corrode the partie le counter. The experimental equipment 

is discussed in greater detail in the next section. 

,1 
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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. Its 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. AlI electrical power 

was supplied from a regulated constant voltage source. The 

experimental equipment has three main sections, the 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 high 

speed (60,000 r.p.m.). The liquid sprends on the disc surface 

and is thrown to the edge where it forrns long ligaments of 

,1 
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Figure 2.1 

SCHEMATIC OIAGRAM OF APPARATUS 

1. Working section 

2. Oroplet holder and sampling probe assembly 

3. Syringe pump 

4. Timer 

5. Hot wire anemometer 

6. Ofgital vo1tmeter 

7. Contoured nozzle 

8. Conical section 

9. Flow divider 

10. ~uxiliary fan for flow divider 

Il. Aerosol generator 

12. Peristaltic pump 

13. Stirred holding vessel for aerosol feed 

14. Camera 

"15. Auxi1iary'fan 

16. Calibrated differential pressure type flowmeter 

17. Air pump 

18. particle counter optics 

19. Partie le counter electronies 
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Plate l 

EXPERIMENTAL APPARATUS 
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Figure 2.2 

SCHEMATIC DIAGRAM OF THE AEROSOL GENERATOR 

-------+. direction of air flow 

1. Spinning disc motor 

2. Feed needle 

3. Aerosol classifier 

4. Satellite blower 

5. Main air blower 

6. Iv1ixing chamber 

7. Heater 

8. Filter 

9. Small air compressor supply to protect disc 

motor bearing 

10. Power supply 

Il. Peristaltic pump 

12. Feed vessel 
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fluid (46). These ligaments then break up into two types of 

partieles, the primary partieles whieh are 30 to 50~ in dia-

meter and the seeondary 'satellite' partieles whieh are very 

much smaller. These secondary drops are removed by an air 

stream which is created by a satellite blower and pass verti-

eally down through an annular gap around the disco The pri-

mary drops have suffieient 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 quiekly 

leaving the non volatile aerosol material as particles. This 

process is aided by a heating unit built illtO the generator. 

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 

dp is related to the angular dis~ speed wd ' the dise diarneter 

D , the fluid surface tension 0, and the fluid density p , by 
s s 

the expression: 

d 
p 

° 1/2 
----~2--) 
Pswd D 

s 

(2.1) 

The constant k l 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 di sc by a preeisely 

eontrolled peristaltie pump (The peri-pump Company, Trenton, 
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ontario) at flow rates of between 4 and 10 cc/min. The flow 

through this unit was found tobe 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 to 10 

c.f.m. which was in excess of the requirements for these experi­

ments. Provision was'therefore made to 'draw off the surplus 

aerosol using an auxiliary fan controlled by a variable trans-

former. The stream was divided at a plexiglass section 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 excess air would be minir~ised. 

Three aerosols 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 

: 10% ethanol added. This ethanol lowered the surface tension 

of the feed so that the disc of the generator was weIl wetted. 

The methylene blue aerosol was made from a 1.3% solution of the 

dye in 50% ethanol. The water aerosol was formed from dis-

tilled water with 10% ethanol added since pure water does not 

wet the, di sc weIl. The water aerosol proved to be the most 

difficuit one to work with. The small droplcts 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 samilling probe asscmbly 

After the flow divider, the aerosol was conducted, through 

3" a conical section to reduce deposition, into the base of a 1 i 

diameter aluminum cylinder. This cylinder contained a contoured 

3" . nozzle - 1n diameter which was used to produce a free laminar 4 . 

jet in which the drop was suspended. Turbulence in this jet 

was 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 nozz1e and 

of the whole assemb1y is shown in Figure 2.3, and a photo-

graph is given in Plate 2. 

The samp1ing probe was made from thin-wal1ed stain1ess 

steel tubing. Its leading edge was tapered to a sharp, smooth 

point at an angle of 30° to reduce turbulence. Furthermore, 

3" the first 4 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 litt1e 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 

sampling probe. The droplet support needle was bent through 

of 
. . " 
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Figure 2.3 

CROSS-SECTIONAL VIEW OF THE DROPLET 

HOLDER A~D SAMPLING PROBE ASSE~ffiLY 

1. Sampling probe 

2. Probe clamp 

3. Distilled water feed from syringe pump 
" . 

4. D.roplet support needle 

5. Retractable hot wire anemometer.probc 

6. Protective plexiglass housing for anemometer 

probe 
"J 

.7. Contoured nozzle 

~. Flow straighteners 

" " 
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Plate 2 

DROP LET 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 electrical effects 

to a minimum. 

bistilled 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 horizontally 

by sliding it along a pla~form attached to .the nozzle cylinder. 

The droplet and probe could thus be positioned in the centre 

of the jet. 

The whole assembly was enclosed in an airtight plexiglass 

working section. A variable speed fan took the waste acrosol 

from the top of this section and discarded it to the fume hood. 

Provision was made to phdtograph each droplet during the experi­

mentusing a 35 mm. Nikon F camera wi~h bellows and a 105 mm. 

lens. This arrangement gave a subject to image magnification 

of approxirnately 1.7. The drop diameter could be measured 

from these photographs using the droplet support as a scale. 

A typical drop is shown in Plate 3. 

The last ~eature of the sampling probe assembly was a 

retractable arm on which the hot wire anemometer probe was 

mounted for measurement of the velocity and the turbulence 
. . 

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

.f 
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Plate 3 

SUSPENDED WATER DROP 

1 

" 
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readings at the exact position of. the drop and then withdrawn 

into a plexiglass housing when the aerosol was being generated 

so that the probe would not be contaminated by the aerosol 

'material. 

The anemometer (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 type circuit. The 

machine measures the amount of power necessary to keep the 

wire at a constant temperature and gives as an output a D.C. 

voltage which is related to the air velocity. This output 

voltage was measured by a digital voltmeter (DANA, Irvine, 

California) \'lhich 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 percehtage turbulence could 

be found by: 

~ turbulence = '100 . VRMS . v2 2 
- V o 

4V 

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

VRMS is the A.C~ voltage reading! and Vo is the D.C. voltage 

reading at zero gas velocity. 

The hot wire probes used in this work were aIl 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, 

.f 
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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 wascalculated 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 

vol tù.ge rcù.ding S llrc plo t tcd llgllins t the SqUll.rC l·ootS 0 f the 

air velocity. As may be seen, the result is a straight line, 

so that velocities intermediate to the measured points could 

be deterrnined by linear interpolation. Another calibration 

had to be made each time one of these very fragile probes 

was broken. 

The jet produced a fIat 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" vlhich is at least 

5 times the diameter of the largest drop studied. The turbu-

lence in the jet is confined to its outer region. The 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). 

,t 
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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 0.3~ to 8~ 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 optical 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, depending upon the 

counting mod8, are ignored or registered on the decade counters. 

The machine has built-in timing circuits 50 that samples can 

be taken for 0.3, 1.0, 3.0, and 10.0 minutes. Provision is 

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 illuminated section of the optics, the 

magnitude of the pulse it creates depends not only 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 

,1 
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Figure 2.6 

SCHEMATIC DIAGRAH OF THE PARTICLE COUNTER 
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particle sizing. An increased velocity makes the particles 

appear smaller. Unfortunately, the requirement for isokinetic 

sampling from behind the drop let 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. AlI 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 calibrated orifice. The prèssure drop across this 

orifice was bbtained from an inclined micromahometer (Lambrecht 

Ltd., Gottingen) which had methanol as the fluide 

The particle size was determined 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, un der 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 

,1 
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for the deformation of the particle on the filter surface by 

the method given in Chapter 3. AlI the particle sizes used 

were the mean from measurements of 50 particles. 

,f 
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2.3 Experimental Procedure 

A typical 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 weIl as the two auxiliary blowers 

were 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 for 15 minutes to ensure that the 

'background count of particles was negligible. During this 

t{me, the particle counter was fJeld calibrated. The disc 

motor in the generator was then started and the peristaltic 

pump swi.tched on. The' system was left for a further 5 - 10 

minute~ so that the aerosol concentration couldsettle down to 

a steadystate as shown by the readings from the particle 

counter. Three particle counts were then taken through the 

sampling probe,' each for 0.3 minutes. Irnrnediately after these 

counts, a droplet was formed at the tip of the needle and three 

more readings were taken. The droplet was photographed, then 

discarded, and further readings were taken. The number of 

particles collected by the droplet was taken to be the difference 

" ~ 
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between the averages of the readings with and without the 

droplet in position. This proccss was rcpcatcd [or the 

desired number of droplets. Each drop vIas suspended for 

approximately 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 requircd range of impaction 

parameter. The method used for data reduction and the experi-

mental results are discussed in the following chapter. 

,1 
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Chapter 3 

EXPERIMENTAL RESULTS FOR HYDROPHILIC PARTICLES 

3.1 Data Reduction 

The particles were sized by measuring the photographs of 

the acrosol on a vertical travelling stage microscope. Measure-

ment cou Id be performed to an accuracy of ± 0.3 thousandths of 

an inch. An average of 50 readings were ta ken for each aerosol, 

and the mean and standard deviation in diameter were calriulated. 

The relative standard deviation of aIl the aerosols was in the 

range 7 - 10% except that of water which was 12.3%. The mean 

particle size was used in aIl calculations. 

When the liquid aerosols were deposited on the teflon 

filter and sized, the diameter o~tained was not the true dia­

meter of the original particle owing to the deformation of the 

liquid as it layon 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 th an 90° is shown in 

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

, , .' 
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Figure 3.1 

GEOMETRY OF DROP ON FILTER SURFACE 
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L = a f Cosec 0 , (3.1) 

p = L(l - Cos 0) (3.2) 

where L is the diameter of the sphere of which the drop forms 

a segment, a f is the apparent radius of the \oJettcd per imeter 

of the filter, and b is the height of the spherical cap. The 

volume V of the spherical cap is given p 

2 b 3 
== n(Lb - - ) Vp 3 

by: 

(3.3) 

Thus the volume of the liquid on the filter'may be expressed 

in terms of a f and the angle of contact as: 

3 

( 2 -

. 
V = 

1Ta
f Cos0(2 + Sin

2
0) ) (3.4) 

P 3Sin30 ' 

The ratio of the true diameter to the apparent diameter is 

thel;'efore given by: 

(2 

1/3 

a Cos0(2 + Sin
2

0) ) (3.5) - = a f 4 Sin30 

This is the' same result as that obtained by Bexon and Ogden (7). 

For contact angles of 1ess than 90°, the apparent diameter 

is 2 af. For contact 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.lb). 

., 
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Thus in this situation, a f may be determined from Equation (3.1) 

and the true diameter then obtained from Equation (3.3). 

The contact angle was measured by dispensing very small 

drops of the liquid onto the fil ter 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.\l1ere very reproducible. For water on the teflon filte'r, 

the contact angle was found to be 107°36'. This i5 in good 

agreement with the value of 108° reported by Fox and Zisman (22). 

The densities of the liquid aerosol materials were de ter-

mined by standard procedures in. a pycnometer bottle. The mean 

of four readings was used as the paiticle density. The density 

of the solid particles was determined by similar means but the 

results were not so consistent. Aerosol material collected 

fiom inside the apparatus after a long run was used for the 

measurements. It \'las placed in the pycnometer covered \l7i th 

benzene, and subjected to vacuum from a water pump for 1 minute. 

The density was then determined in, the standard way. Since the 
. 

+esults varied, the mean of at least 12 readings was taken. 

The collection efficiency is defined as the ratio of the 

number of particles collected to the number of particles 

in the swept volume. If the sampling rate through the counter 

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

.1 
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. diameter D cms., then the number of partic1es N swept by the 

drop during an 18 second counting period is: 

(3.6) 

where N is the numbcr count for 18 seconds. If the number of 
p 

pnrtic1cs co11ectcd by the drop durinq th" t t.i.m(' if; Ne' thcn 

E is given by: 

E = 
N c 
N = 

N c 
N 

p 

4V 
C 

--? 

nD .... U 
CIO 

But as the sampling is isokinetic: 

where 

. .. 

v c 

D p 

E = 

nD 2 
p 

= ~ • Um 

is the diameter 

N D 
2 

c --E-. 
Np D

2 

of the probe. 

(3. 7) 

(3.8) 

(3.9) 

This eq.uation was used to calculate the collection efficiencies 

from the experimental data. provided that the samp1ing. is 

1sokinetic, which can easily be checked by the anemometer, 

Equation (3.9) has the advantage that, apart from N , N , and c p 

D, it depends only on the probe diameter which is precisely 

rneasurable. Exact knowledge of the volumetrie sampling rate 
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and of the sampling time is not therefore required. 

AlI· 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 anemometer voltage 

readings and the calibration data. Provision was made for 

two types of calibration in the program but, in practice, only 

the wet test meter type calibration was used. It also calcu­

lated the air density and viscosity from the readings of atmos-

pheric pressure and tempe~ature which were taken during the 

experiments. Two sorts of output variables were generated. 

The first applied to the conditions prevailing in a complet'e 

run and the second referr.ed to those for a particular droplet. 

The first group of'variables was printed at the beginning of 

each run and the second was printed directly underneath. The 

output of the program is the list of experimental results given 

in Appendix B3. 

,f 
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3.2 Experimental Results 

The operating conditions for aIl of the experiments per­

formed in this work are given in Appendix BI. The results for 

each run are given in Appendix B3. The hydrophilic aerosols 

were ferrous sulphate (Runs 100, 101, 102 and 121), Methylene 

blue (Runs 110, III and 120), and water (Run 109). 

Collection efficiencies of the ferrous sulphate aerosol 

as a function of the impaction parame ter 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 aIl the ferrous 

sulphate experiments was 242. The results.correlate weIl 

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 weIl 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 guite 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 3.2 

Cor1PARISON OF EXPERD1.ENTAL RESUL'rS THTH THEORY 

FERROUS SULPHATE AEROSOL 

-1- Re = 400 (Beard and Grover (5)) 

-2- Re = 200 (Beard and Grover (5)) 

-3- Re = 100 (Beard and Grover (5)) 

Â 125 < Re < 200 

... 200 " Re .' 300 <" ..... 

• 300 < Re < 400 

• 400 < Re < 500 

0 500 ~ Re < 600 '" 

0 600 < Re 
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Figure 3.3 

CONPARISON OF EXPERII1ENTAL RESULTS y,7ITH THEORY 

METHYLENE BLUE AEROSOL 

-1- Re = 400 (Beard and Graver (5)) 

-2- Re = 200 (Beard and Graver (5)) 

• 200 < Re < 300 

• 300 < Re < 400 

• 400 < Re < 500 

o 500 < Re < 600 
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Figure 3.4 

COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY 

WATER AEROSOL 

-1- Re = 400 (Beard and Grover (5)) 

-2- Re = 200 (Beard and Grover (5)) 

~ 200 < Re < 300 

• 300 < Re < 400. 

• 400 < Re < 500 

o 500 < Re < 600 

o 600 < Re 
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J of non-coalescence between the water aerosol and tllc water 

droplet. Thé work of Whelpdale and List (72) shows that, at 

velocities of 4 rn/sec., there can be a small amount of non-

coalescence between colliding water drops, especially for 

particles w.hich impinge upon the collector near to its equator. 

On the whole, howcvcr, these results are very encouraging. 

The agreement with the thcory, and in the cnse 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 weIl. 

The most conUllon problem encountered during a l'un was caused by 

a drop let 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 th~ough this probe is a little obscure. 

The distance between the leading edge of the probe and the tip 

of the needle 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 optimum distance of approxi­

mately one probe diameter was reached. Sorne of the larger 

drops were found to vibrate at tne higher air velocities but 

no difference cou Id 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 spheies. Nevertheless, owing to the 

difficulty involved in determinin9 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 

the collector are undisturbed by the sampling probe and th~t 

they approximate those of the potential flow theory. This 

assumption is supported.by the fact that a traverse across the 
. 

jet with the hot wire anemometer showed a fIat 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 original 

generator was supplied with a radioactive ioniser to neutralise 

the charge on the aerosol. However, it was found that the large 

particles required for these experiments were too easily depo-
. 

sited in the horizontal section of this ioniser. Consequently, 

the generatot was modified so that the aerosol travelled verti-

cally out of the machine. This ~eant, however, that the charge 

on the particles could not be neutralised. In order to keep 

the el~~trical effects to a minimum, the droplet holder was 

earthed. Nevertheless, it is desirable te form sorne 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 estimateof its order of magnitude can 

be made. 

When the aerosol is generated, aIl the charges on the 

primary drops remain on t~e final particles. Liu and Pui (42) 

·show that the maximum charge which can be encountered on 

• ,f 
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atomized droplets of 50~ diameter is in the region of 100 

electroni. Kraemer and Johnstone (37) have developed an 

expression for the force F on an aerosol particle near an 
e 

earthed spherical collector as: 

F = Q 2( D 
e p SlTe: H3 

o 

2 D C R,. 

oc 
p 

~J ) 
Se: H2 (3.10) 

o 

where Q is the charge on the particle in coulombs, e: is the p 0 
-21 2 2 permittivity of free space (8.85 x 10 coulombs /dyne cm. ), 

H is the surface to surface separation, C is the particle 
. . . . p 

concentration, and R, is the radius of the aerosol jet. The 
J 

first term in this equation represents the force on a particle 

owing to the attraction between itself and its image in the 

collector. Under 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 aIl the other pa!ticles 

in the jet. For Cp = 50 particles/cc., Qp = 1.602 c 10-17 , and 

D = 0.2. Equation (3.10) reduc~s to: 

F· e 
= 2.31 x 10-16 

H3 
3.69 x 10-15H 

(4H2_D2)2 
(.3.11) 

,f 
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Thus this force can only become ~ppreciable when the particle 

is close to the collector. The electrical effects are the re-

fore confined to an area very near the drop and consequently 

cannot modify the collection efficiency to any significant 

degree. 

Kraemer and Johnstone also defined a dimensionlcss para-

meter KG to describe the ratio of electrical forces ta viscous 

forces for a charged particle in the vicinity of an earthed 

collecting sphere: 

C Q 2c R. 
P P J 

3~~ d U ~ D 
00 0 

They found that collection due to electrical effects varied 

with KG. They showed experimentally that, for KG = 10- 3 , the 

collection efficiency was aroun4 1%. The largest value of KG 

that was encountered in the present experiments was of order 

-8 . 
10 • It may be concluded that electrostatic effects are not 

important under the experimental conditions. 

Although every attempt was made to measure each variable 

as precisely as possible, the data were still found to be 

scattered. It is pertinent therèfore to analyse what errors 

were involved .in the experimental technique. 

The air velocity was measured with a high precision 

ane~ometer calibrated in situ against a wèt test me ter accuratn 

to ± 1%. The velocity readings were thus accurate to ± 0.5% •. 

• f 
~ 
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They were found to remain constant to ± 0.6% during the course 

of a rune 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 

-4 
± 8 x 10 cm. The particle density was measured reproducibly 

to within ± 0.4% for the liquids. For the sol id 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 ± O.l~. The arithmetic mean of about 50 parti-

cles was taken as the average diameter for the aerosol in each 

case. Except for water, the aerosols were found to be mono-

disperse with a relative standard deviation of 7 - 10%. The 

contact angle measurements gave reproducible values whicll were 

in good agreement with those of other workers. 

AlI 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 N particles is (75): 
p 

Fractional Error = 1 
\IN p 

(3.13) 
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It is clearly desirable to register as large ~ number of 

particles as possible. From Equation (3.13) the count is 

accurate to ±~ particles. Thus the error involved in the p 

measurement of collection efficiency is given by: 

VN: 
Error = t- (3.14) 

c 

Experimental conditions were chosen so as to keep this 

error value te less than 10%. This was not always possible, 

and for sorne drop lets the value rose as high as 12.5%. Results 

for droplets having more error than this were discarded. When 

third order polynomial regressions were made through the data, 

the standàid error of the estimate for E for ferrous sulphate 

was found tb.be 4.59. Using a median E reading of 51, this 

amounts to an average of· 8.3% error. For methylene blue, the 

standard error was calculated to be 2.98, giving an average of 

12.4%. The average ex~erimental error for water was found in 

the s~~e way to be 20.3%. The scatter in the data for ferrous 

sulphate and methylene blue 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 

rune 

It seems that the technique proposed has been reasonably 

successful. It can measure collection cfficicncies within a 

maximum random error of 10 - 12%, as demonstratcd for the 

of ,. 
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hydrophilic aerosols. It remains to apply this method to· the 

study of the collection efficiency of hydrophobie particles. 

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

" 
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....... 

PART II 

COLLECTION OF HYDROPHOBIC PARTICLES BY WATER DROPLETS 

. 
" 
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Introduction 

One of the basic assumptions inherent in the theory pre-

sented in the first part of this work has been that every par-

tic1e which is transported to the surface of the collector 

drop is captured. It has been shown experimenta11y in Part l 

that, for hydrophilic aeroso1s such as methylcne blue and 

ferrous su1phate, this assumption ho1ds true. However, in 

recent years, its va1idity with regard to ail aeroso1 parti-

c1es has been increasing1y cha11enged. There has been a 

growth of experimenta1 and theoretica1 evidence to suggest 

that there may be sufficient rebound of hydrophobic partic1es 

from the surface of a co11ecting water drop that the overa11 

collection efficiency may be reduced. This idea is in oppo-

sition to the persistent and widely maintainêd viewpoint that 

wettabi1ity effects are not very. important. Severa1 authors 

(70, 23, 71) have effective1y dismissed this factor, and 

Beard and Grover have recent1y stated that as long as a parti-

c1e, whether. wettab1e or non wettab1e, is transported to a 

drop1et 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 on1y way that this debate over 

wettabi1ity can be reso1ved is by good experimenta1 evidence 

to prove conc1usive1y whether non wettab1e partic1es are co1-

1ected 1ess efficient1y. The major thrust of the work pre-

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

also for aerosols of hydrophobie oils. 

,1 
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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. Sorne 

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). In general terms, 

such efficiencies are defined by: 

where E is the total collection efficiency; E is the capture c 

efficiency defined as the ratio .of particles which are actu-

ally captured by the collector to the number which are brought 

to its surface; and E
A 

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. 

" 
" 



- 69 -

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 . mln 
2 2 = 01T a 

This is fundamentally the same equation that was derived by 

Evans (19) two years previously in connection with the flota-

tion of suspended particles in wilter. 

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 argued 

that the effect is more likely to be evident for wcttable parti-

cles than for non wettable particles. pemberton defined a para7 

meter M which is the ratio of the normal velocity required for' 

,1 
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penetration to the free stream velocity. He computed collec­

tion efficiencies as a function of this parameter and of K. 

In so doing, he implicitly assumed that penetration and collec­

tion are equivalent. His results for several values of Mare 

shown in Figure 4~1. 

This analysis was ,extended by MacDonald (43) to situa­

tions for 90° < 0 < 180°. He considered that the only forces 

on the particle were due to the surface tension of tho drop 

and that these forces acted in a direction tangential to the 

water surface at the point of contact. He derived an expres-

s~on for the resistive force during penetration which he then 

integrated to produce an equation for the entry work of the 

particle. His final expression was.the same as pemberton's 

except tha~ ~t differed by a factor of Cos 0~ M is thus defined 

as: 

M = (4.1) 

Pemberton's original calculations could therefore be used in 

conjunction with this newly defined parameter to predict E for 

any system. 

MacDonald made one particularly important prediction. He 

. showed that a water surface will do work upon a partie le to make 

it penetrate if it has a contact angle of less ,than 90° with tha 

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

" " 
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Figure 4.1 

VARIATION OF COLLECTION EFPICIENCY 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 inter facial 

tension forces due to the liquid-vapour interface. There are 

two other interfaces present, the surface energies of which 

play a pa~t 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 wettabl~ and non wettable glass beads of 5-50~ diometer 

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 rn/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 l8~. 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 

f 
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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 drop~. In view of the fact that their aerosol 

was methylene blue, which is water wettable, this is not sur­

prising. 

Oakes (51) did sorne 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 (O.6~) and the non wettable particles were 

oil (O.8~), paraffin wax (O.8~), and ammonium salicyclate (2~). 

The data obtained are very inconclusive and diffcr considerably 

between the small chamber (O.134m 3) 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 the oil cloud. He therefore 

concluded that the non wettable p~rticles 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 collectorsi water, 

glycerol, phenol-m-methoxy formamide, and n-hexadecanei and 

two different aerosols, polystyrene (O.8-2.85~) and sulphur 



- 74 -

(0.6-2.65~). 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 increase in 0 from 20° to 

87°, their 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 l 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 (1.14~) as their aerosol and made it hydrophilic by 

exposing it to a surfactant solution. Unfortunately, the y 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 hydrophobie 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) wh~ investigatcd 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 sorne conclusions 

. , 
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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 rélÏnstorms 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 partie le 

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 5~ in diameter, at velocities of.625 cm/sec. He found an 

increase in collection with increasing concentration of sur-

factant or decreasing 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 8 was inaccurate in that the contact angle was measured 

from an advancing interface travelling at 5 cm/sec. It is 

weIl known that measurements of 8 for moving interfaces give 

results which are heavily dependent on the velocity. Phillips 

and Reddiford (56) have shown that velocities of up to 0.1 

cm/min. can produce a 72% increase in 8 for water on a dimethyl 

silicone surface. Thus correlation of Montagnais experiments 

with other work is very difficult. The normally accepted 

figure of 8 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 900
• 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 weIl 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 collection efficiencies for hydrophobic liquids such as 

oils for which there are no expeiimental 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 liguid hydro-

-- .. phobic ùerosols. The objectjve of t1s;nq liCfui.cl <lrrnso]s 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 l, 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 hydrophobie aerosols; paraffin 

wax and talc for solid particles, and paraffin oil and dioctyl 

phthalate (D.a.p.) for liquid particles. The experimental 

procedure and equipment were exactly the same as rcported in 

Chapter 2 with the exception of the conditions for the gener-

ation of the aerosols and the measurement of the size of the 

liquid particles. 

AlI four of the aerosols weregenerated using the spin-

ning dise 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 ces. of distilled 

water to which 100 ces. of 95% ethanol was added. This slurry 

was agitated in a holding vessel from where it was fed to the 

.' 
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dise by the peristaltic pump at flow rates from 4 to 10 ces/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 microscopie 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 stnndard deviation in measurod dinmcter 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 or 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 l, 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 diameter was then obtained using the contact angle 

between the teflon and the oil in conjunction with Equation 

(3.5). The contact angle was measured using the method pro­

posed in Section 1.1 and was found to be 58°27'. The relative 

standard deviation of the partie le size was 0.079. 
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Three different D.D.P. aerosols were generated using 

three concentrations of D.D.P. solution, 10%, 15%, and 30%, 

in 95% ethyl alcohol. The aerosols produced were measured by 

the same method as for paraffin oil. They were sized at 9.8~, 

Il.4~, and 15.7~, 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 maferial was analysed in order to determine its 

degree of hydrophobicity. The contact angle between the para~-

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° quoted 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 for the weight of the film in the ring 

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

be calculated from: 

,1 
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where c is the circumference of the ring, P is the dial reading, 

Pl is the density of the lower phase, P2 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.O.P. are shown in Table 4.1 in which Ysv is the surface 

tension of the liquid, and Y
SL 

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 Ruch that it would fall off the needle prematurely 

at velocities lower than those used. The cxperimental 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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il. 

4.3 Comparison of Results for Hydrophobie and Hydrophilie 

Aerosols 

.- . 
In this section, the experimental results for hydrophobie 

partieles will be eompared to those obtained for the hydro­

philie parti~les in Part. I. It will be shown that aIl four 

! .. hydrophobic aerosols are eolleeted less effieiently, and that 

'E cannot be predieted using either potential flow theory or 

the more accurate computations of Beard and Grover. 

It was found that the results for any aerosol varied 

accordirig to the size of the partie le and the velocity at which 

the experiments were conducted. The 14 runs performed thus 

g·rouped themselves naturally into 8 different sets of results, 

3 for paraffin wax, 3 for talc, and 1 each for D.O.P. and paraf-

fin oil. Athird order polynomial was fi tted to eaeh set of 

data points using the 'STATPAK' routine from the McGill 'MUSIC' 

program library. For the sake of clarity when comparing the 

experimental results, the smoothed best fit lines from these 

polynomials, rather than the points themselves, have been 

plotted. 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 the 

resul ts obtained for wettable pa'rticles, as weIl as with the 

computations of Beard and Grover and with the collection effi­

ciencies calc~lated from potentiai flow assumptions. The 

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

.. of 
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Figure 4.2 

COMPARISON OF THE BEST FIT LINES FOR THE EXPERIMENTAL DATA 

POTENTIAL FLOW THEORY 

BEARD AND GROVER 

. - . WETTABLE RESULTS 
. 

-1- PARAFFIN aIL 
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-4- PARl\FFIN Wl\X 
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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 whilc cfficicncies of only 

33% were found for paraffin oil and 23% for D.O.P. At K = 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 predictiQns of the true collection efficiency of the hydro-

phobic aerosols. 

In addition to this important 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 

. 1 qualitatively correct, his theory is not adequate to describe 

quantitatively the experimental data. Figure 4.3 shows the 

results for paraffin wax and his corresponding theoretical 
~ 

lines obtained by interpolation. There is a large divergence 

between his theory and the present data. 

, 
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Figure 4.3 

COMPARISON OF THE BEST FIT LINES FOR THE 

PARAFFIN WAX DATA WITH MACDONALD 1 S TI-IEORY 

MACDONALD 1 S TIŒORY 

EXPERIMENTAL RESULTS 
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The two experimental objectives have therefore been ful-

filled. Experiments have shown that both solid and liquid 

hydrophobie particles are collected less efficiently than the 

hydrophilic particles discussed in Part l. The third objec-

tive, however, is more complexe 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 Iargely explain why 

a complete discussion of the collision of hydrophobie 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. First, 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. In the second section, a new theory is introduced 

which predicts the circumstances under which a particle will 

penetra te 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 exactchlculatiori of each of these 

forces do not exist, the work presented here is approxima te. 

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 be isolated. An 

experimental situation has been introduced as an illustrative 

example to provide a handle on the mechanisms involved. A 

20~ paraffin wax particle is the case used. However, before 

considering this specifie example, it is first necessary to 

look more closely at the collision process in general. 

, , 
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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 dccreascs, howevcr, 

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, Yoo' which determines the aerodynamic collision efficiency 

as calculated in Part l, the particle may or may not collide 

with the droplet. These aerodynarnic considerations dictate at 

what point a particle which started at a given Yoo will reach 

the surface of the drop. For hydrophobic aerosols, however, it 

seems certain that, once the droplet to parti cIe separation 

becomes very srnall, surface to surface interactions will deter-

mine whether or not a specific particle is actually captured 

by thec1roplet. If this particle is approaching a liquid 

spherical collector such that a « R, the droplet surface will 

appear to the particle as a fIat wall. The ensuing discussion 

will therefore deal with collisions between particles and fIat 

surfaces. Suppose that the particle has approached sufficiently 

near the drop that surface to surface interactions are signi-

ficant. From this point on, the particle is acted upon by 

several forces: viscous drag in the draining film between it 

and the collector; sprface 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-

lis ion process such that the dynamics of the collision are 

determincd 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 surfilee 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 despitc its 11y~ro-

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 

" 
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under which the rebound will take place, especially 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 ta 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 (11) proposes the concept of a particle-surface poten-' 

tial weIl, 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 eÉfect of the various sur-

face forces on the kinetic energy of the particle. 

The particle on approach has a certain kinetic energy 

due to its normal velocity UR' Consider 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 I na 

tials as~ 

Define the following energy poten-

I . = energy given up to viscous effects on the way in 
V1 

I = energy given up to viscous effects on the way out vr 

I = energy of electrostatic interaction, assumed e 

negligible on rebound 

,1 
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l = energy of VD\'IJ interaction s 

f = fraction of the particle's energy dissipated during 

the contact period. 

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

l . = l - l . + l - l nl na Vl e s (5.1) 

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

l = l . (l-f) nr nl 
(5.2) , 

When the particle rebounds it must do work ta escape the influ-

ence of the drop. Consider a particle which has just succeeded 

in escapinq. Its kinetic energy is given by: 

1=1 - l + 1 
np nr vr s 

The particle will be captured when~ 

1=0 np 

that is, when: 

and: 

1 = l - l nr vr s 

l . = nl 

1-1 vr s 
( l-f) = 1-1 . + l - l na Vl e s 

( 5. 3) 

(5.4) 

Thus for a,rebounding particle ta escape, its approach energy 

" 
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must obey the inequality: 

- l ) (Ivr 
~ 

s 
l (l-f)- + l vi l' + l 

na. e s (5.5) . 

where the term on the' right hand side represents the total 

energy lost during the entire collision process. 

It is pertinent to discuss the quantity f which is anal-

gous to the coefficient of restitution between solid surfaces~ 

It has been included in this formulation to cover 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 internaI momenturn 

transfer in large drops bouncing on fIat surfaces, show that 

the exact calculation of a quantity'such as f is feasible. 

However, thedifficulties involved in this type of calculation 

suggest that it would be easier to use typical measured values 

such as those given by Whelpdale and List (72). If f wer~ 

zero the droplet surface would behave like a perfectly elastic 

skin as suggested by Philipoff (55). In this case, the drop 

surface would return aIl kinetic energy to the parti cIe upon 

rebound. If: 

l ~ l + l na e s 

then inequality (5.5) reduces to: 

~ l 
vr + l , 

Vl. -I e 
, . . , 

(5.6) 

,1 
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for a successful bounce. 

However, it does not appear thàt f 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 partiele depend on the incident angle, 

the incident velocity, and the collector droplet size. The 

cncrgy 10ss incrcnscs nt lowcr incidence nnqlcs nnd hiqher 

velocities, and decreases with increasing drop size. Their 

experiments were conducted with a 70 ~ water aeroso1 with a 

1 mm. diameter collector. It could be 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 
o 0 

50 and 90 "the fractional energy loss was found to vary bet-

ween 0.4 and 0.1. 

5.1.2 collisions for which the particle penetrates the 

drop let 

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 IT is the energy required for the particle to pene­

trate the surface tension 'barrier' then penetration is achieved 

when: 

" 
" 
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l > l . - l + l + l na Vl e ·s T (5.7) 

Thus the particle only penetrates if it has enough kinetic 

energy to overcome the combined resistance and attraction of 

the viscous, VDN, electrostatic and surface tension forces. 

From this conc~ptualization of the collision process, two 

criteria have thus been developed to predict when a particle 

will bounce from a dro? 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 l 
na ----------------------

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

radial direction relative to the droplet is given by: 

l 
na 

(5.8) 

, 

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

clature defined in Chapter l, is given by: 

U 
R = U' x' U' y' 

U
oo 

x B' - y B' (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 energy depends on the initial 

horizontal distance of the particle from the drop's axis, Yro' 

and on the impaction parameter. Figure 5.1 is an exarnple of 

hm., the approach energy changes ",ith 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 20~ 

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

354.4 cm/sec. such that K = 7.0. The other value is reprc­

sentative of a lower energy of approach and corresponds to a -

l2.5~ 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 h~ve both been computed from particle trajectories 

calculated assuming potential flow around the collector. 
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Figure 5.1 

VARIATION OF APPROACH ENERGY WITH 

SEPARATION AT K = 7.0 ANI) K = 1.5 



co 
c: 

. 
>. 
0> 
"­
ID 
c: 

LU 

.r:. 
u 
ctJ 
o 
"­
C-

-3 
10 . 

o. -
~ 10 

-10 

Yen= 0.1 
K=7.0 

Yro= 0.812 

K= 1.5 

Yoo = 0.1 

Yoo= 0.76 

Separation 1 H (cms.) 



, 
- 97 -

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 energy of the drop and entering the 

bulk of the liguid. In order to substantiate this assertion, 

it is necessary to calculate the circumstùnces unùer which this 

penetration May take place. It i5 first ilnportant ta rcview 

the nature of the contact between a solid ùnù R liguid in the 

presence of air as the third phase. 

In many instances, 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 sol id phases. The situation is illus-

trated in Figure 5.2. Adamson (1) has reviewed the background to 

this phenomenon and qives a si~ple derivation of a use fuI 

relationship known as the Young-Dupr~ couation. The changc in 

surface free energy, 61, accompanying a small displacement of 

the liquid such that the change in area of solid covered is 6A, 

is given by: 

(5.10) 

where YSL is the interfacial energy per unit area of the solid 

to liquid interface, Y
SV 

is the interfacial energy per unit 

area of the solid to vapour interface, and Y
LV 

is the surface 

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

. , 
" 
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Figure 5.2 

SESSILE DROP. ON A SOLID SURFACE 

Figure 5.3 

PENETRATION OF THE PARTICLE INTO 

THE DROPLET SURFACE 
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lim 
6.A + 0 

6.1 
M = a (5.11) 

and 

(5.12) 

Equation (5.10) makes use of the fact that the total change in 

energy during a movement of the line of three 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 liguid surface althouqh in this case the geometry of 

the system is di~ferent (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-

liquid 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 before and after penetration. Before 

contact between the particle and the droplet, the interfacial 

'. energy is given by: 

(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 

,1 
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change throughout the collision process. The total surface 

energy is then given by; 

2 2 2 l = YSL (27rap) + YSV (47ra - 27rap} + YLV(47rR - 7rq ) (5.14) 

where· 27rap is the \'letted area of the particle and q is the 

radius of the wetted perimeter (sec Figure 5.3). The energy 

(5.15) 

For full penetration, p = 2a and 'the work done by the particle 

is given by: 

(5.16) 

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

the particle which, for complete penetration, must be qreater 

than IT and so: 

,1 mu2 
~ - 2 

YSL) 47ra (ySV -
2" 

(5.17) 

Le. u2 
~ 

12 
(y

sv 
- YSL) - p d 

P 
(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 not 

a quasistatic process. Equilibrium assumptions cannot therefore 

" " 



1 

I~ 

101 -

be'used to calculate exact value9 of the interfacial energies 

since these change during penetration owing to the reordering 

of the molecules at the interfaces. Moreover, whilst it is 

possible to obtain values of YSV from the experimental work 

of El Shimi and Goddard (65) and to calculate values of YSL 

from the equations proposed by ~vu (74) and amplified by G"ood 

(26), the figures so obtained cannot be used in Equation (5.18) 

without introducing error. In fact, there are no reliable ways 

of predicting YSV and YSL under non eguilibrium conditions. 

Phillips and Reddiford (56) have studied moving i'nterfaces 

experimentally. Quy (69) has made a theoretical hydrodynamic 

study of liquid flow betweeri two paraI leI plates and has 

related the changes in contact angle to the flow velocity. 

However, suc~ attempts as these have only been concerned with 

very slow movements of the interface and do not therefore 

correspond to the present experimental conditions where the 

velocity of penetratio~ is high. 

"When the particle begins to penetrate, the liquid surface 

will exhibit the same characteristics as the receding edge of a 

droplet moving on a hydrophobie surface. The work done on the 

particle by the drop surface during this time will thus be 
" . 

greater than that which would be predicted if quas~static theory 

were used. After a certain amount of penetration, the line of 

three phase contact will form an effective "advancing contact 

angle" and the work done bythe partie le 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 sorne 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: 

(5.12) 

where 0 is the equilibrium contact angle between the thr6e 

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

.2 > _ l2yLV Cos 0 
U- P d Ü 

P 
(5.19) 

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

8 = 1800
• The right hand side is negative because, for 8 > n/2, 

Cos 8 is negative and hence work'must be done by the particle 

to penetrate. However, for 8 < n/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 n/2 has only 

te touch the surface of the droplet in order to be captured by 

it. This is a possible explanation of why 50 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 

aIl stages of the collision then it is only for materials for 
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whfch 0 is less than 1T /2 that the; capture efficiency ,,,ill be 

decreased. 

Equation (5.19) may be expressed in dimensionless terms 

as: 

U 2: 
R 

U 2 
12 Cos 0 

l'le 
(5.20) 

00 

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

We = 
p dU 2 

p 00 

YLV 

Thus the minimum ve10city for penetration is shm'ln to be 

governed by two system parameters, the Weber number, and the 

contact angle;. 

Equations (5.12 and 5.15) may be eva1uated as a function 

of p. The resu1ts for a 20~ particle, for contact angles of 

900 , 1000 , 1100 , 1300 and 1800 , are shown in Figure 5.4. As 

may be seen, the penetration energy is negative for the initial 

part of the penetration and nev·er becomes positive for 0 = 900 • 

For 0 > 9~0, .the energy function passes through a minimum and 

then rises to the value necessary for complete penetration of 

the partic1e. For 0 = 1800 , there is no minimum in the energy 

function which is never 1ess than zero. The negative values of 

IT occur when the change in area of the 1iquid-vapour interface 

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 drop let 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 0 = 900 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 Yro and for K = 7.0, 

are also drawn and are shown as horizontal, dotted lines on 

the graphe As may be seen, the particle trajectory which 

begins at Yoo = 0.1 has sufficient energy to penetrate the sur~ 

• 0 

face for an aerosol material whose contact angle lS 100 . 

However, if 0 is 1100
, this particlé would not penetrate. For 

Yoo = 0.812, the particle could not pass through the drop surface 

completely even for 0 = 1000
• In this case, the particle would 

penetra te up to 0.89 diameters and then be stopped, all of its 

kinetic energy being expended in overcoming the surface tension 

forces. 

" 
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1 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 the y can be pre-

dicted. In 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 published on the forces between 

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 sorne circum-

stances, an important parame ter in collision dynamics. As 

early as 1954, Jordan attempted to assess the role of vm.;r 

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 

VDl\T forces onto a sphere in Stokes flow. It seems desirable, 

therefore, to examine the effects of VDW forces. 

It has been knmvn for many years (27) that VD\'l 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 specifie systems for 

which values of the fundamental constants have been published. 

A good summary of the the ory of VDW'forces and a revie", of the 

present statc of knowledge on thern has been qiven by Israelachvili 

and Tabor (34). 

For non-polar substances such 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 

crea tes an instantaneous attractive force between the two 

molecules, and the time average of this force is fini te. These 

forces between neutral atomi are generally referred to as dis-

pers ion 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 

attraction 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. In 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 than 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 À (where À 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 arc 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 aIl 
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the atoms within the body, or thé macroscopic approach where 

the large bodies are treated as continuous media and the 

forces are drived in terms of their bulk properties. In the 

microscopie approach, the force betwcen the bodies is clctcr-

mined by Integration of the interactions between aIl 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: 

FI 
A'a = 
6H

2 (5.21) 

For retarded forces: 

F2 
21TA '1 a = -~ (5.22) 

where H is the gap bet\\'een the hm surfaces, and A' and A Il 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 possihle to calculate 

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

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

which is related to the Hamaker constant as follows: 

hw = !1TA' 
3 

(5.23) 

For non-retarded forces between two dissimilar materials 1 and' 

2' interacting through a medium 3, their res~lts were calculated 

from the eauations: 

hw (5.24) 

with 
00 • 

e:.(iE,;) = 
J ".; 

1 + Ye:· II (W)W 
2 J dw 
TI ,"2 + 2 

(5.25) 
0" W 

where e:.(iE,;) is the dielectric permittivity of medium, i, at 
J . 

imaginary frequency, (iE,;); h is Planck's constant (= 1.054 x 

10-27 erg-sec.); w is the angular freguency of photon energy: 

and e:j"(w) is the imaginary part of the qomplex dielectric 

constant of medium j. Values of hw were calculated by numerical 

analysis of e: j " determined from optical reflection measurements. 

Su ch calculations as these are beyond the scope of this work. 

A review of the literature shows that there is insufficient 

information available to estimate A' for either D.C.P. or talc. 

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

degree, liquid alkanes such as paraffin oil have been studied 

o' 
" 
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and it is possible to proceed with an estimation of their 

properties. 

As Krupp et al did not calcula te 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: 

(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 ta within 1+3%. In 

the case of the experiments presented in this.work, medium 1 

is paraffin wax, medium 2 is t.vater, 'and medium 3 is air. No 

estimate of the Hamaker value for this system has ever been 

published. Furthermore, compared with the intensively studied 

idea1 case of interactions across a vacuum. 1ittle 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 

re1ated to its die1ectric constant, the higher the dielectric 

constant the lower the VDW forces. As the difference between 

the die1ectric constant of vacuum (1.0) and the die1ectric 

constant of air (1.000536 at 20°C and 1 atm.) is smal1, the 

Hamaker constant in air will be assumed, in the absence of 

information ta the contrary, to be approximated by the Hamaker 

constant in vacuum (A!.). Krupp et al (39) calculated the 
1.1. 
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Lifshitz-van der Waals constant for water-water interaction to 

be 1.14 eV. From Equation (5.23), this yields a value for A22 
~13 

of 4.35 x 10 ergs. Israelachvili and Tabor quote a value 

-13 of AlI for solid n-alkanes of 8.8 x 10 ergs. Substitution 

in Equation (5.26) gives: 

where the positive sign signifies, using the normal surface 

force notation, that the force is repulsive. For liquid n­

alkanes a value of 6.3 x 10-13 is quoted. This yields: 

-13 
~ 5.12 x 10 ergs. 

These are approximate figures but, since 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 of estimatinq 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). In general, however, 

the longer range retarded forces appear ta he 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 following 

discussion. 

- energy los ses and surface deformation 

For the purposeof thié analysis itis necessary to 

~stiméte the energy los~ due to repulsive surface forces. The 

norm~l force between the surfaces is approximated hy: 

AI 
a 

F = 
6II

2 
(5.27) 

l HjF dH Ala 
= = - -6- (5.28) 

HO 

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

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

maximum VDH 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 Hl' Therefore, for a 20~ parti­

cIe of paraffin wax approaching a water droplet: the normal 

energy change is given by: 

-9 
Is = - 2.58 x 10 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 

" " 
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kinetic energy has been shown to vary between 1.1 and 2.2 x 

-4 10 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 cer~ainly 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. In order to check 

both the assumption that the contact between the water and the 

particle is not hindered by VD'v forces, and the validity of 

neglecting energy losses, a siMple model \Vas constructed to 

calculate the change in the gap width 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, 6 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 

FT' and the force due to VDW repulsion be Ps . 

The normal or radial velocity of the particle with 

respect to coordinates fixed at the drop centre is: 

Also: 

dB 
dt 

B = a + R - P 

(5.29) 

(5.30) 

where p may take all values from -Ho' the initial gap width, to 

+2a for complete penetration. The particlc equ~ti0n of motion 

gives: 

F s 

where m is the mass of the particle. 

F 
s 

m 

A(H) 

8H
2 -2-

Tfa p 
p 

(5.31) 

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

on gap width increasing from 0 at 00 to AI at close separation, 
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Figure 5.5 

A?PROACH OF JI. PARTICLE TO 

A DEFORMABLE SURFACE 
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and \\7hose value is assumed calcu,lable for any II. 

The normal component of the surface tension force opposing 

deforrnation is given by: 

where q = (a +' II) Sin ~I 

2 FT = -21TO (a + H) (1 - Cos Ijl) 

where 

Now: 

Cos <1> 
il. -= a + 

FT 

dFT 
dt 

dp 
'dt 

= - 21TO 

:= -21TO 

= -u R 

P 
H 

(a (a + H) - - p) 

(a + H) 

[2 (~ a) cip + (1 + r-I dt 

2 

2 

. 
2 

- (~=-.r) ) dlI] 
Ca + H) 2 dt 

[
'2 

dFT ,_ -21TO -2(p - c::)UR +(1 - (~E) )9H] 
.. dt - . a + H - (a + H) 2 dt 

Equation (5.27) gives: 

dFS = 
dt, 

-1 A(U)a 
"3 lI3 

dH 
dt 

Equating (5.32) and (5.33) gives: 

(5.29) 

(5.32) 

(5.33) 

,­
" 
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-
dl-~ _ 47T OU

R
Cp a}/(a + p) . 

.1 (5.34 ) 
dt' -

27TO(a + H)2 + (a ) 2 A(H)a E 
(a + H)2 - 3H 3-

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

B = a + R - P (5.30) 

(5.29) 

(5.31) 

dH 
dt = 

47TOUR(p - al/Ca + H) (5.34) 

With 

a + 

27To(a + H)2 + (a _ ,p)2 - A(H)a 

311
3 Ca + II) 2 

initial conditions: at t = ai H = H 
0' 

R, -JI 
dH -U , dB - U , 

dUR 
p = 0' dt = dt = dt = 

0 0 

UR = U , B = H 
0 0 

o. 

This model is very simple and could easily be solved 

numerically if the Hamaker function were available. Unfor­

tunately, the iack 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 over a certain distance. The equations were 

solved 'numerically using the fourth order Runge-Kutta-Merson 

technique (40). Variations in B, UR', H, p, and ô were computed, 

, ' 
,I 
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with respect to time for differing approach velocities and 

values of Al. As wouldbe 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 aIl cases for approach 

velocities up to 400 cm./sec. there was sorne 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 Vaals forces. 

5.3.2 electrostatic forces 

The effect of electrostatic forces on the experimental 

results for wettable aerosols haè already been discussed in 

Chapter 3. From Equation (3.10), the attractive force on a 

particle as it approaches an earthed col1ecting sphere of 

radius R in a typica1 aeroso1 of concentration 50 partic1es/cc. 

is given by: 

F = 2. 31 x 10-15 R - 9. 23 x 10-15 -~- T 
e ;3 (a.2_R2) 

(5.35) 

_ 4.84 x 10-13 R
3 

- 6.93 x 10-13 ~~ 
~2 H~ 
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The energy change in moving a particle from a separation,' Hl' 

to a position, H2 , nearer the collector is given by: 

Thus for a 0.1 cm. diameter droplet: 

(- 8.00 x 10-18 
~­

H 

-16 
4.62 x la + 
(H 2 _ o. 01) 2 , 

(5.36) 

Figure 5.6 shows this function for separationsH2 between 10-3 

-6 ' 
and la cms~ assuming that Hl = 00. 

When the particle actually touches the droplet, 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 SUffi 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: 

le = [9.52 (5.37) , 

,f ," 
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Figure 5.6 

ELECTROSTATIC GAIN AS ~ 

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 Rayleigh 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 the scope of this work. It has been weIl covered by 

Brenner (9) and also by Bart (3) who has presented a general 

model for a sphere 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, Riolo et al 

(61), Hartland (30), and Hodgson and Woods (33). IIowever, aIl 

of these experiments have been conducted in liquids and the 

,1 

" 
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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 observations. First, there will be 

sorne energy 10ss to viscous forces as the particle approaches 

the droplet surface. Secondly, there will be deformation of 

the droplet surface before particle 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, these last two effects could reasonably be 

expected to be small and will not be considered further. 

In order to estimate the r~lative 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. 

AlI the literature on thissubject deals, however, with quasis-

tatic flow in a stagnant fluid so that the time dependent term 

in the Navier Stokes equation is negligible. This is the 

creeping flow xegime 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 Reynolds 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 factors mean that the quasistatic assumptions are 

not exact in the practical case. However, in order to discuss 

the collision process, sorne estimate of the energy loss to 

viscous damping is necessary and, since there are no published 

alternatives to the low Reynolds number situation, the 9uasis­

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: 
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. , 

(5.38) 

where 

00 2 ! 
4. ~ n(n + 1) Q. 1 4Cosh (n + 2) g, 

À ="'3 Sl.nh 9. n=l (2n-1) (2n+3) - 2 Sinh(2n + 1)Q, (5.39) 

+ (2n + 1)2Sinh2~ 
(2n + 1) Sinh 2 

As this surnmation is complcx, a simplification will be used. 

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

1im 
-HÀ = 1 

H -+ 0 a 

such that the force is given by: 

F = (5.39) 

This equation has been tested experimentally by MacKay and Mason 

(44) for nylon spheres fa1lingthrough oils. They foundthat 

it gave good agreement with experiment for H < 0.01 cm. 

Equation (5.39) has been used to calculate the energy 10ss 

of the particle as it approaches the collector. Ignoring decel-

eration, the energy 10ss was computed from the integra1 of the 

force ,with respect to the gap width: 

" " 
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l . 
v~ 

(5.40) 

The values of l . calculated are relatively insensitive to the 
v~ 

choice of Hl' For convenience, Hl was put equal to O.lR which 

was chosen to be representative of the boundary layer thickness 

at the appropriate Reynolds number. It was found that doubling 

H2 made only 10% difference in the values of I .. The value 
v~ 

of D.lR, 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 

the deceleration of the particle, which makes the integration 

of the force equation possible analytically, also ensures that 

l . is overestimated. Results for the paraffin wax example 
v~ 

are shown {n: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 energy functions, to evaluate the two inequalities 

(5.5) and (5.7) and so predict whether a colliding par~icle 

will be captured by the droplet or note This will, in effect, 

constitute a discussion oi the experimental results and will 

be the central theme of the next chapter. 

Il 
l' 
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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. I~ is.~nalogousto 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 sayon 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 

~n their discussion and to expand the theoretical outline pro-

vided in Chapter 5 to the analysis of real situations. First, 

the penetration criterion will be used to calculate values of 

'penetration efficiency'. Secondly, these calculated values 

will be compared with the experimental results for hydrophobie 

particles. The comparison is favourable. In the light of 

these comparisons, it appears that there is sorne sort of corre-

lation between 'penetration efficiency' and collection effi-

ciency for the systems studied. In 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. 

.f 

" 
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6.1 Calculation of Penetration Efficiencies 

It has proved impossible to fit the long range inter-

active forces 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: 

U 2 = 
R 

120 Cos 0 
dp 

(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 pas been done, and the program 

has been used to calculate a form of 'penetration efficiency' 

defined"analogouslyto 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 

calcuiated are a function of the Weber number and also of the 

contact angle 0. Figure 6.1 shows the variation of this pené-

tration efficiency with impaction number for varying contact 

angles at a constant Weber number bf 10.5. ~s mùy be seen, 

the~e is no collection at this value of We for K < 100 for 

.. 

of 
~ 
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Figure 6.1 

VARIATION OF PENETRATION EFFICIENCY WITH 

IMPACTION PARAMETER FOR DIFFERENT CONTACT 

ANGLES AT ~'Je = 10.5 
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contact angles above 1450
• The top curve in the figure is the 

line for e < 90
0 

which corresponds to the cuse of wcttuble parti-

cles. Figure 6.2 shows the variation of penetration efficiency 

with We at a constant contact angle of 102 0 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 aiR and of the gravitational 

settling velocity G. Figure 6.3 shows this variation for 

e = 1020 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 whiçh must be used up in penetrating the droplet sur-

face. In the present analysis, this may be defined as: 

M = 

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 e into one parame ter which can vary between apparently 

well-defined limits. MacDonald has discussed the use of this 

quantity in ca~es of partial wettability (43). It was decided 
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Figure 6.2 

VARIATION OF PENETRATION EFFICIENCY WITH 

H1PACTION PARAMETER FOR DIFFERENT WEBER 

NUMBERS AT 0 = 1020 
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Figure 6.3 

EFFECT OF RADIUS RATIO AND G 

ON THE PENETRATION EFFICIENCY 

l'If ..... 
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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 th an 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 thDt 

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 ~esults. Pemberton is very vague about the numerical 

procedure by which his results were obtained. The present 

results were calculated using a well-tried numerical technique 

and are in complete agreement for wettable particles (at aiR = 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 
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Figure 6.4 

VARIATION OF PENETRATION EFfo'ICIENCY HI'l'H 

IMPACTION PARAMETER FOR DIFFERENT 

VALUES OF M 
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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 liquide 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, 0, or M curve, a minimum value of the 

impaction parameter K , below which no penetration occurs; and a 
o 

maximum value of penetration efficiency E , to which the curve m 

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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1ines. For this situation, the penetration efficiency may be 

estimated from the fact that the collision will occur at 

y = Yoo. Thus, in dimensionless terms: 

ut 
R 

Assume: 

ut 
x 

:.Cosa 

ut 
R 

ut ·2 
R 

= ut Cos a 
x 

U x 1 = = uoo 

-1 = Cos (Sin 

Cos (Sin -1 = 

= 1 - Sin 

1 ytoo 2 = -

= 1-E m 

For penetration: 

ut 2 =-12 Cos 0 
R We 

= 1 + 12 Cos 0 
We 

Yoo 
-) 
R 

Y'PJ) 

2 (Sin -1 y' oo) 

(6.1) 

(5.20) 

(6.2.) 

For example, at We = 3.4 ,and 0 = 102 , E was computed at K = m 

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

" l' 
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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. The value of K can be estimated in a similar 
o 

way. In this case, Uoo = UR and only a particle which collides 

at the forward stagnation point has sufficient energy to pene-

trate the droplet: 

= U 
00 

(6.3) 

This value of U may be used to calculate K. It, too, gives 
00 0 

a conservative estimate because it does not allow for the decel-

eration of the particle. 
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6.2 Comparison of Penetration Efficiencies with Experimental 

Results 

It is clearly of interest at this point to compare the 

theoretically computed values of penetration efficiency with the 

experime~tally measured ·values of collection efficiency. Figures 

6.5 to 6.11 show this comparison for the results of aIl 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 

ta surface tension forces during the penetration process; a/R, 

the radius ratio; and G, the dimensionless gravitational settling 

velocity. The values of a/R and G have been included in the 

theoretical calculations although, as in Part l, their effects 

are only small. Each theoretical curve has been computed using 

a value of G calculated from Stokes law and the average value of 

a/R from the plotted points. 

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 good. Variations in 

collection efficiency for this aerosol therefore seem to be very 

weIl correlated by the theory. 

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

good, 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 HEASUREHENTS OF COLLECTION EFFICIENCY 

AS A FUNCTION OF IMPACTION PARAl\1ETER 

PARAFFIN WAX AEROSOL, e = 102.28° 

• We = 6.27, aiR = 0.014, G = 0.0030 

+We = 3.56, aiR = 0.013, G = 0.0062 

<> We = 3. 47, aiR = O. 015, G = o. 0063 
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Figure 6.6 

EXPERIMENTAL HEASUREMENTS OF COLLECTION EFFICIENCY 

AS A FUNCTION OF IMPACTION PARAMETER 

PAFAFFIN WAX AEROSOL, 0 = 102.28 
o 

We = 4.54, aiR = 9.014, G = 0.0033 
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Figure 6.7 

EXPERIMENTAL MEASUREMENTS OF COLLECTION EFFICIENCY 

AS A FUNCTION OF IMPACTION PAFAMETER 

2 
PARAFFIN OIL AEROSOL, Y

SL 
= 31.54 dynes/cm. 

Y
SV 

= 35.63 dynes/cm.
2 

o We = 2.14, aiR = 0.0067, G = 0.0017 

• Ne = 2.09, aiR = 0.0099, G = 0.0017 
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r'igure 6.8 

EXPERIMENTAL HEASUREHENTS OF COLLECTION EFFICIENCY 

AS A FUNCTION OF IMPACTION PARAMETER 

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

2 
YSV = 32.61 dynes/cm. 

Â We = 1.98, aiR = 0.0046, G = 0.0007 

â We = 2.24, aiR = 0.0062, G = 0.0009 

• We = 2.43, aiR = 0.0091, G = 0.0020 
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substitution of the measured values of Ysv and Y
SL 

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 the theory. Talc is not 

gcncrally rcgarded as strongly hydrophobie. There is also 

considerable varia tion in the published Villu('~:; n [ Cl [or tille 

(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 partie le 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 value 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 sr 
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 

EXPERH1ENTAL .MEASUREMENTS OF COLLECTION EFFICIENCY 

AS A FUNCTION OF IMPACTrON PARAMETER 

TALC AEROSOL 

• Ne = 3.78, aiR = 0.0121, G = 0.0069 

• We = 6.25, aiR = 0.0117, G = 0.0023 
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Figure 6.10 

EXPERIMENTAL r-1EASUREMENTS OF COLLECTION EFFICIENCY 

AS A FUNCTION OF IMPACT ION PARAMETER 

TALC AEROSOL 

• Ne = 4.14, aiR = 0.0087, G = 0.0028 

V We = 4.08, aiR = 0.0096, G = 0.0029 

o We = 4.46, aiR = 0.1214, G = 0.0027 
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6.3 Discussion of Rebound Criteria for the Paraffin Wax 

Example 

It appears from the experirnental 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 drop1et and so 

being captured without actually penetrating. The purpose of 

this section is to reduce the uncertainty in this intuitive 

visualisation and give it sorne quantitative basis for validity. 

Equation (5.5) shows that, for a rebounding particle to 

escape capture, its approach energy must obey the inequality: 

l na 
( 5 • 5) 

If aIl 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 aerbsols impacting into water droplets. In this case, 

the irnpacting particle was not hydrophobie but contact between 

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

measured the kinetic enerqy 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 U. 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 

enerqy due to the normal velocity of the I)Qrticlc is lowest. 

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

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

loss during collision (right hand side of Expression 5.5) and 

the appr-oach energy are functions of the angle of incidence. 

It is impossible to establish generil expressions for either 

term since 1· , a, and UR depend on the particle trajectory 
na 

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 widtll and therefore varies 

during the collision process. Figure 6.11 gives a comparison 

of the magnitudes of the se 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 energy, it presents 

results from two specifie trajectories with Yoo = 0.1 and Yoo 

= 0.812. The chain dotted line shows the energy necessary for 

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



- 149 -

Figure 6.11 

ÇOMPARISON OF ENERGY FUNCTIONS WITH GAP 

WIDTH FOR THE COLLISION MECHANISMS 
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beginning at yoo = 0.1 has sufficient energy to penetrate whilst 

the trajectory with yoo = 0.812 does note 

Several factors are irnmediately apparent from this graphe 

First, van der Waals forces are relatively unimportant since 

the energy lost to them is several orders of magnitude smaller 

th an the ap~roach energy. Secondly, the electrostatic forces 

also appear to be relatively unimportant as they rise to a . 

significant value only at very srnall separations. Finally, it 

is apparent from Figure 6.11 that the major energy los ses are 

duc to viscous forces. 

There have been many attempts to measure the film thick-

ness at rupture between two approaching surfaces. 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 mol~cules. Consequently, the area in 

Figure 6.11 which ho1ds the most interest is that which is 

enclosed within the dashed rectangle. Within thes~ 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 and, 

for a successful bounce, the expression reduces to: 
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l 
l ~ lvr_

f 
+ l . 

na - Vl 
( 6 • 4 ) 

Under the same velocity conditions, the force on a parti-

cIe receding from a surface is the same as the force on approach. 

However, for collisions such as those considered here, l . will 
Vl 

not be equal to l since both are dependent on velocity and vr 

part of the kinetic energy of the rebounding partie le is lost 

during the contact period. As the viscous force is directly 

proportional to the velocity, l is given by: 
vr 

l = l .""'!( 1 - f ) 
vr Vl V 

and hence for a successful bounce: 

l 1. (1 +' (1.- f)-1/2) 
na;;?; Vl 

( 6. 5) 

(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 sarne is true of the choice of 

the value a.lR as the starting distance at which viscous forces 

act. However, owing to the uncertainty involved 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 l .: 
Vl 

l . 
Vl 

( 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 1055 is given by: 

I . + I = 2I . 
Vl. vr Vl. 

and Inequality (6.6) reduces to: 

or: 

2 
l08.32'TTl1a UR 

p URd ~ 324.9611 . 
P 

or, for the paraffin wax example: 

( 6 . 8) 

( 6. 9) 

For a particle which makes contact at the equator of the 

droplet, UR = O. There is, therefore, an area on the surface 

of any drop let 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 
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Figure 6012 

VARIATION OF UR {II7ITH ANGLE OF INCIDENCE 

COMPUTED USING POTENTIALoFLOW 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 f, 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 

the y 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 McCull~ et al (47) that hydrophobie 

particles form a crust on the surface of the droplet and that 

collected particles a~pear 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 D fluid strcDm 

is a weIl studied phenomenon and needs no furtllcr clucidation 

here. It is sufficient to state that, at the Reynolds numbers 

of these experiments, this circulation is relatively vigorous. 

Moreover, 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 ~replet, work being done 

upon it by t~e free surface energy of the water. Moreover, 

this process is much slower than the rebound process and so 

the particle is net given a sufficient impulse to allow it to 

escape capture. It is therefore held on the outsidc 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. In fact, it is likely 

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 



1 

- 156 -

variations of energy with penetration, may therefore be used 

to indicate the re1ationship 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 equilibrium 

position at this minimum. Its depth of immersion at that 

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 0)' (6.1~) 

It is therefore concluded that, as far as the collision 

process for the illustrative example is concerned, only the 

particles which penetrate are captured and that these particles 

gather on the outside of the droplet. The penetration effi-

ciency can 'tllUS 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 'vhich this conclusion is valide 
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6.4 Criteria for the Neglect of the Surface Intera~tive 

Forces 

In this section, arder of magnitude orguments will be 

usen ta establish criteria for the neqlect of each of the 

three surface interactive forces. If these' forces CRn indeed 

be neglected then, os for the poroffin W,lX examplc, 0 col-

liding particle may be considered either ta rebound or ta 

penetra te such that no collection occurs without penetration. 

At moderate angles of incidence, the approach enerqy of the 

3 2 particle is of arder a Um • If this quantity is very much 

'greater than the energy 1055 ta each of: thc mechanisms, then 

they may be safely neglected. 

It is easily shawn that van der ~aals forces are onlv 

important for very 10w energy collisions such as wou1d be ob-

taincc1 for slllaii particles in crcepillt")' flO\\7 around a collector. 

For most m~terials, the Hamaker constant will be of arder 10- 12 

-14 -12 ··5 ta 10 (34). Using 10 as the lll"'ppr 1imit, and H = 10 

as the rupture point of the gas film, the energy lasses ta 

vmv effects are of arder a x 10- 7 . Thus van der Ivaa1s forces 

may be neglected if: 

(6.~1) 

The smallest \'aille of a 2u ..... 2 
llsed in 'thcsc experifT1c'Ints is (1.04 

and sa neglect of these forces is justified. 

As may be expected from the calculation5 for the paraffin 
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wax example, the electrostatic effects are slightly more impor-

tant. For an earthed colle~tor: 

1. = Q 2 ( _1 • S 0 x e p 
- 7.19 x 10

19 
. D .. _.?----

2(:111-··0.01) 

+ 4.71 (6.12) 

For moderately concentrated aerosols, the fjrst term in this 

equation is dominant and: 

l e 
~ 5.66 x 10 27 n 2 .p (6.13) 

For porticlcs of less than 30\1, charges of C]reater than 100 

clectrons pel.' l'article seldom occur unless the aerosol has been 

deliberately charged ~42). Thus Op is of maximum order 1.602 x 

10- 17 coulombs and l is of arder 1.45 x 10- 6 ergs. The elec­
e 

trical effects may therefore be ~eglected provided that: 

3 2 10-6 a U()) »1.45 x (6.14) 

The smallest value of a 3ux
2 

in these experiments is 1.77 x 10- 5 

such that the maximum possible electrostatic energy gain is 

always an arder of magnitude less than the approach energy of 

the particle for aIl the experimental situations. 

As noted above, the viscous forces are a function of the 

anq 1 C 0 f i nci dence .1 ncl CClnnot there fore be deal t \-li th by order 

of magnitude arguments. Instead, computations have been made 

of the normal velocity on impact as a function of the anCJle of 
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inciden~for the case of the lowest energy of collision encoun­

tered in the oxpcriments. 1'his corrcspol1cls to \1 9.8)1 D.O.P. 

partie le impQcting onto a 0.15 cm. drop ~t ~ 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.jsec. 

Thus the same conclusion may be drawn as for the paraffin wax 

examp1e, that viscous forces can only prevent rebound at very 

high angles of incidence. 

From these considerations, it may be seen that the collec­

tion of the aero50l i5 theoretica.lly qoverned bv the abi1ity 

of the particles to penetrate the c1roplet surface. 'J'he agree­

ment of the 9araffin wax aeroso1 measurements with the theo~ 

retical predictions substantiate this reùsoning. The results 

for the two 1iquid aeroso15, paraffin oil and D.a.p., also 

show a re1ativ~ly good agreement with the theory. Both cases 

show ù similar c1eviation in thùt the bcst fit line throuqh 

the data points of each is about 10% ùbove the theoretical 

line over the entire range of K. Thi 5 increase in the v;1lue 

of E cO\l]d nossihly }~0. \Ittrihuterl to dc'fonn.ltion of the .liqu:!.cl 

Dùrt.i..c.lc .:15 it pi1sses through the ~·~.:1f:.:~r interface. Such defor­

mation coulJ be expected to increase the collection of liquid 

acrosols by lO\'lcrinq the encrq? n(JCnSsélry for r-(!nl::tr~t:ion. 
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The potential flow assumptions used in'computing the 

theoretical values of collection efficiencies give a much. 

better agreement fo! the para~fin wax results than for the 

wettable particles, the.exp~rimental points of the latter b~ing' 

about 6% below the theoretical line. This agreement is to be 

expected since the trajectories ~here there is greatest error ' 

involv~d in the. assumpt·ion of potential flo",! closç to the drop 

are those most nearly approachinq the gr~zing trajectory. The 

condition that the particle arrive at the drop surface with a 

certain amount of kinetic energy eliminates such very l6w 

energy collisions. 

Compar ~ son of: the presen t resul ts ".ri th 0 ther da ta i s very 

difficult. The only published set of experiments which are 
. 

relevant are those reported by Montagna (49). Howéver, he 

was working with s~all aerosols and his data were not taken in 

a ,comparable range. Using his experimental conditions of 

9 = lot to 138
0 

at velocities of 625 em./sec. with a 5~ 

aerosol, it is easily shown, by sGbstitution in Equation (5.19), 

that his DDrticles do not have suffieient energy to penetr~te. 

Neverthelcss, even ulider these low energy conditions and even 

for ,') < 90', he finds a rec1uction in E \dth incl"c.::lsing ,contact 

angle. It is v~ry difficult to isolate the meehanism whieh ~ 

eauscd this cffect. For example, (\(:c1i.t,ion of surfactant ta the 

droplct material will change the nature of the water interface 

with an unDrcdictable effect on the flow close ta the drop. 
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r,lor\?ovcr, the contùct angle th.:l~ he finds (138 ) for the pure' 

water to su1phur syst~rn ~s l3~~ at variance with the figure 

of 60
0 

found by other workers (25). " This could be ùscribed 

to the method that he used for obtaining the contact angle. He 
, , 

rneasured e frorn an advancing interface travelling at 5 ern./sec. 

Furthermore, he ignores the effect of e1èctrostatic forces even 

(6.14) shows that, if the partic1es had sufficient charge, the 

energy gain from electrostatic effects could be of the sarne 

order of magnitude as the kinetic energy of the partieles. One 

tentative explanation o~ Montagnais results stems from an 

analysis of E~uùtion (5.15) which shows th~t ùny partiel? with 

o > 0" has Ù.n e(lUilibrium' positiol1 on the surface of the drop. 

The force holding the partiele in position and the depth of the 

immersion at equilibriuIn becoInc sm,l11~r \vith incret1!jill(' o. 

From this finding, it c6uld be suggested that the 16Kering of 

collection efficiency thùt he and other ~·:orkers here observed 

was due ta sorne form of reentrainment effeet which would thus 

be ~ore si0nificùnt at higher O. 

The auestion of whether capture of aerosol !=,artic,les is 

affeeted by surface energy phcnofuena for n < 90" iemains to be 

definitc1y ùnswered. There is no thcoretical b~sis Jar any 

su ch effect if quasistatie assumptions ùre made nt the interface. 

As soon as a particle rnakes contact ~ith the watcr sur~ace, it 

is drawn into th~ 1iguid to a certain depth which is dependent 
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on its contact angle, However, the velocity of impact is often 

guite high, especially for 10\" Ct collisions, anc'! equilibrium 

assumptions at the interfac.e miqht not bc valicl. Once the 

partiele has penetrated beyond its equilibrium position, the 

line of three phase contact passing over its sllrLicc is cffec':' 

tively eguivalent to that of an advancing inter~ace. Under 

these circumstances, the c'!ynnmic cont<1ct <1ngle will be gre.:1ter 

than the eguilibrium contact anqlc, .:-Incl the nccc'ss.:-lt:''!O pene­

tration wOl:k will he higher. Should the clyn,lmie _contact angle 

exeeed 90°, then the water interface would aet to expel the 

partiele. There is insufficient knowledge of the effects of 

interface velocity on the cont~et angle to be able to say with 

any eertainty how important an effect this eould be. In the 

light of this considera tion, T-tacDonald 1 s find in0 shoulc'! be 

modified to the effeet that only acrosols c;·:l1ild.l:ing a dynùlllic 

contact an~lle greater than 90° have reduced capture efficiencies. 

One furthcr point arise From the discussion in this 

chapter. Tt is apparent that there are two types of coLI..ision 

regimes, high energy and low energy. In the high enerÇlY colli­

sion regime such as was studied in these experi~ents, colleç­

tion efficieney has been shown to be governed by the ability 

of the particles to renetrate the clroplet surf<1cP'. 'l'he present 

work has becn cQncerned exclusively ~ith this type of collision. 

The low energy regime oc6urs predorninantly for small particles 

diameters whon the kinetic energy is sn smnll that it may be 
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influcncecl by .:my of the surf':lcC' intl"'I";lct:i\"C' fCQ"Cl'S. 'J'hi~ 

distinction does not seem to have bC'cn realised by other 

workers. It is important, however, because high energy 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 cfficiency. In contrast, the low 

c1epend not onl1' on the aeroclvnamic trcljectOl"~' of the particlcs 

bu t a Iso on the mù.qn i tudes of: the su r L1CC' in terClct i V(' forces 

which, as noted above, cannot as yet be predictccl witll sufficient 

accuracy to define th~ collision process. 
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Conclusion 

The work in this thesis has been directed towards checking 
, , 

the validi ty of one of the t1ssl1l1lption~ in the L.11hll'\Ui r model. 

It has sought to substantiate the hypothesis that not ~very 

aerosol particle which is brought aerodynamically to the surface 

of a collecting'drop is captured. The problem has been approached 

from the point of view of particle wettability rind tackled both 

by experimentation and by theorefical analysis of the collision 

process~ 

During the course of thi~ work, an experimental technique 

was developed which en~bles collision e[ficicncies to be mea-

sured relatively simply ~nd accurately. The results obtained 

by the method for hydrophilic aerosols show excellent agreement 

with the best results of other workers in the {ield and also 

\\'1 th the theoretically expected values. The flexibili ty of the 

technique allo\~s it to be used over a range of aerosol materials. 

Consequently, this capabili ty \\'as alsQ exploi ted ta meaf'llt:'c the 

collection efficiencies of four different types of hydrophobie 

patticles, so facilitating the fulfillment of the primar~ experi-

mental objective which was to compare measurcments for hydro-

pilObic and hydrophilic aerosols taken under the: same condi tïons. 

In aIl c0ses', the collection effici~ncy ~,·as shc'"n tc 1:e lCi\'er 

for the hydrophobic particles. This conclusion has been 

reached before on an experiment~l basis for solid aerosols but ' 
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not over so wide a range of operating v~riahles and of aerosol 

materials. 'l'here are no published collection efficiency data 

for the collection efficiencies of li~uid hydrophobie particles. 

The variation of collection efficiency with impact ion 

parameter was shO\vn to depeild not only on the type of aerosol 

but also on the conditions under which the experiments were 

performed. This- has been prcc1ictecl thcoretically in the pùst 

but not verified experimentally. It wns shown to clepend parti­

cularly on the aerosol velocity. This is not true for the 

hydrophilic particles. 

The collision process between a hydrophobie particle and 

ù water droplet has also been analysec1 thcoretically in this 

thesis. l\ tlleory to calculate the work nccessary [or the 

particle to·penetrate the droplet surface hùs been proposed. 

It predicts that the penetration depends on the vlcber number 

and the cos ine of the con tact ':\I1g le. 'l'hese pn;!(lj c Lions arc in 

line with the experimental findings. A new concept of pene­

tration efficienc1' was defined and calculated cn the bas~.s of 

this theory assuming potenti.:ll 00\\' O'.'Ol~ the fon.,r.:lrd hùl[ of the 

drop. The caleulated value~ for thrcc aorosols agrce weIl ~ith 

the e:-:Fcr imen tal rcsul ts, these be ing (h~scr ihed nuch be t ter by 

the new theory than by any previously exisLing thcory. The 

relùtionship between penetration eff,iciency and collection 

efficiency \~'as examinec1 and it \~'as demonstraLec1 that, under 

sorne conditions, the two cùn be eguivùlcnt. It was shown that, 

for high energ1' collisions, partieles which do not penetri~e 
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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 where they remairi. The theoretical calculations 

show thatall 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 cfficicntly il!; wcttabl.e parLir:!cs. 

Finally it 0as proposed that there are two types of 

collision regimes for hydrophobie partic..:lcs, high encrgy and 

low energy. The work in this thesis h.:ts de.:t1 t wi th th(~ high 

energy regime in which it has been shown that the collection 

efficiency is determined by the ability of the particle to 

pcnotr.:tt.c t.he d1."op surf.:lce. 'l'ho hypol:l11~!,is thilt llydrol111Obic 

particles are captured less efficiently than hydrophilic 

particles has therefore been'substantiated under the conditions 

of this work. Thus at high values of the impaction p.:tramcter 

for hydrophobie particles impacting onto water droplets the 

Langmuir moJel is inadequate since not every particle trans­

ported to the drop surface is nccessari1y capturcd. 
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Claims ta 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 suspendcù drops. 

2. The experimental finding that liquid hydrophobie parti-

cles are collectec1 less efficiently than hydrophilic 

particles. 

3. The expetimental finding that, at high values of the 

impactionparameter, the collection efficiency of both 

solid and liguid aerosols ~aries according to the Weber 

numbcr. 

4. The development of a theory to account for the total 

change in inter facial energy of the system during the 

penetTé1 tion process, and the use of th is theory tr 

calculate collection efficiencies of hydrophobie particles. 
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Nomenclature 

Wetted arca of non wettablc surf~cc 

AI Hamaker constant for non retarc1ed forces 

Ali Hamaker constant for ret<uded forces 

A(H) IIamaker function defined in Section 5.3.1 

a Aerosol particle radius 

Radius of wetted perimetcr of non ',,'ct table SUl- face 

B Centre to centre separat.ion of coll cctor <11H1 ,lerosol 

particle 

b Heightof spherical cap of liquid on filter surface 

C Cunningham correction facto~ 

C Concentration of aerosol particles 
p 

c Circumfcrence of ring in Equation (4.2) 

D 

o p 

o 
s 

d 

d 
p 

oiameter of 

Diameter of 

Oillmeter of 

Oillmcter of 

Oiameter of 

collecting drop 

sal'l!)ling probe 

spinning dise 

aerosol particle 

primary drops during 

E Collection efficicncy 

EA Aerodynamic collision efficiency 

EC Cllpture efficiency 

E :·1.1:-.: ir,1\11:1 co .llc:c t ion e f fic ic nci' 
I~ 

F Force 

generation 

FI Correction factor def~ned by Equation (4.2) 

F l Force cluc to non- reLl nlc(l \'"1):) (' f fc'cts 
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F2 

F e 

F s 

FT 

f 
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II 

Hl 

H2 

H 
0 

h 

h(ù 

l 

l e 

l na 

l ni 
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Force due to retarded VDI'l effects 

Force clue to electrostatic charge on the particle 

Van der Waals force 

Force due to surface tension 

Fractional encrgy clissip.:1tecl during cont.:1ct pcriod 

Oimensionless gravitational settling velocity 

Acceleration due to 0r.:1vity 

Surface to surface separation 

Specified values of Il 

Original value of II 

Planck's constant (1.054 x 10- 27 erg. sec.) 

Lifshitz-van der Waals constant 

Energy lost to electrical effects 

Apr:roach energy 

Energy due to normal motion at the moment of impact 

l Energy.due to nonnal motion of particlc after rebnund 
np 

l nr Enerq:;.' due to normal motion of particle at instant 

rebound 

l EnercJ:/ lost to VDI-v effects 
s 

l T En cr q y .1 0 s t t () sur f.:1 ccc ne r q y f ::n' ces 

l, Energy lost to viscous forces as partie le rebounds 
\'l. 

l Energy lost to viscous forces as particle rebounds 
vr 

K Impaction parameter defined b~ ~qu.:1tion (1.2) 

K z.tinLl'1uIn '.ralue of 1< at \·;hich collection i5 possible 
o 

of 
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KG Dimensionless parameter for elec~rical effects defined 

in Equation (3.13) 

k Constant used in Equation (4.2) 

k
l 

Constant used in Equation (2.1) 

L Radius of a sphere of which drop on surface forms a 

segment 

~ Cosh-l(H/a) used in Equation (5.39) 

M Ratio of minimum velocity necessary for penetration to 

the ·frce stream veloci ty 

m Mass of aerosol partie le 

N Number of particles counted in 13 seconds without the 
p 

drop 

N Nwnberof particles collected by the drop in 18 seconds 
c 

n Summation variable used in Egu~tion (5.39) 

P Dial reading of Tensiomat used in Eguatiorl (4.2) 

p PenetFation of particle into drop surface 

o Charge on an aerosol particle '-p 

q Radius of wetted perimeter of particle 

R Radius of the droplet 

Re Reynolds number 

R. Radius. of the laminar jet 
J 

t 'l'imc 

li Velocity 

U Initial velocity 
o 

UR Radial velocity 

U Ve.1ocity in x direction 
x 
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U y. 

Uoo 

v 

V a 

Vc 

V 0 

VRMS 

'\le 
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Ve10city in y direction 

Velocity of free gas stream 

D.C. output voltage from·anemometer 

Vo~ume of liqqid d~op on solid surface 

Volumetrie flow rate through the counter 

D.C. output voltage from anemometer at zero gas velocity 

A.C. output voltage fron anemometer 
2 . 

Weber nwnber (p dU /0) p 00 

Distance coordinate measured vertically down from the' 

centre of the collector 

y Di~tance coo~dinate neasured horizontally from the centre 

of the collector 

Yoo Distance of trajectory from axis of collector at infinity 

y~G Yw for the grazing trajectory 

GreekLetters· 

Angle of incidence 

Surface free energy of water drop 
,. 

YSL Surface energy of aerosol.particle-water interface 

Surface energy of aerosol particle 

Deformntion of drop surfnce 
21 2 . , 

Co Pernittivity of free space fB.8S x 10- coulombs /dynes.cm.~) 

E ,1I(w} Imaginary part of the complex dielectric constant or 
J. 

medium j 
. ' 

... 
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c .(i~) Dielectric permittivity of medium j at imùginùry 
J 

fniquency (iE;) 

4' Penetration ùngle ùe[ined in Figure 5.5 

0 Contact angl~ 

À Variable defined by Equation (5.39) 

1.1 Viscosity of air 

Pl Density·of lower phase in Equation (4.2) 

P2 Density of upper phase in Equation (4.2) 

Pf Air.density 

Pp Particle density 

0 
S 

Density of feed to generator 

Cl Surface tension of water 

w Angular frequency of photon energy 

(l'd Angular velocity of .spinning dise 

Subscripts 

x In x direction 

y In y direction 

p Particle 

f Fluid 

Superscripts 

. Dimensionless variable: aIl quantities are rendered . 
. . -:--- . 

. d~mensionless with respect to drop radius and free 

. stream veloci ty •• 

.' . 
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APPENDIX Al 

LOGIC F'LO\\l CHART Of' C()~lrll'l'Im PIWGI,!\!'\ 
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APPENDIX·A2 

LISTING OF PROG'R1\N USED TO Ci\LCULA'I'E 

COLLEc:TIOI~ AND PENETRATION EFfICIENCIES 
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APPENDIX BI 

TABLE OF EXPERUlENTAL OPERATING CONDITIONS 



NU:TI!)er 
Run Size Velocity of Average 
Nu;nber Aerosol ( lJ ) cm/sec. Drops aiR G ~"le 

100 Ferrous Sulph~te 10.8 162.5 14 0.00659 0.00386 0.73 

101 Ferrous Sul?h~te 10.8 292.3 5 0.00541 0.00215 2.36 

102 Ferrous Sulphatc 12.4 382.3 r 0.OO62G 0.00216 4.65 0 

103 Talc 18.3 397.0 Il 0.0121-i 0.00273 4.46 

104 Talc 18.3 382.6 9 0.00367 0.00283 4.14 

105 Talc 18.9 379.4 2 0.009Sa 0.00286 4.08 ...... 
'0 

106 Talc 18.3 460.9 15 0.01169 0.00231 6.25 f-' 

107 D.O.P 9.8 387.7 8 O.004él 0.00070 1.98 

lOS D.O.P 11.4 382 .. 3 Il 0.00623 0.00096 2.24 

109 ~·:a ter 7.2 390.'; 22 G.00441 0.00034 1.51 

110 :-!c ~!1'.r l cne 31 ac 5.3 340.8 22 0.003:'; 0.000-i0 1.30 

l l ' ~~.L r-:e tl1y lene Blue 5.3 337.8 12 0.0027') O.OOOl!O 1.27 

112 T.-:l1c 25.5 309.7 10 0.012ll 0.00685 3.78 

Il · ~ ... r>.-:lr~ffin Oil 15.0 339.8 26 0.00929 0.00169 2.09 

115 P.:l.:-:tffin Oil 15.0 .... ,., - 9 O.OO6ï3 0.00167 2.1~ ...J .. ! ...) • J 

116 Puraf f in :':ax 22.9 4G5.9 41 ·0.01329 0.00297 6.27 

117 ? ."1 1.- w..f fin .,.: a: .. : 27. ·1 321.0 12 0.01334 0.00618 3.56 

113 ?ar~ffin i"iax 27.5 316.3 7 0.0147~ 0.00632 3.47 

11,9 ?~r.:lff in :"~a;.: 22.4 400.8 20 0.01389 0.00331 4.54 

120 :'~ethy1ene Blue 5.0 ~2ï.6 4 0.00359 0.00024 1.76 

121 Fcrrous Sulphlltc Il.8 163.1 ?, _ .J C.0080.s 0.00469 0.80 

122 D.O.P. 15.7 339.6 9 0.00919 0.00209 2.43 
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REDUCE EXPERHmNTAL DAT1\ 
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C 
C 
ç 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

TH~ ~Exr CAQ~ Cn~TAINS T~E ,·Q~~~NT QU~ ~UM,,~q l~ Tt~E FTR5T • COLS. 
Tt-41 S 's Fl.Le .. r-o nv· ... 10 COLU"4"4 F If: Lr. t:ç ... r ... '''4 p--Ir; Tt~~ NA~E 'JF THE SYSTEM 
USEe. 10 Ct-4Aq4CTEr}~ ARF ALLC.~D AND T'1~Y wusr ALL HE LETTEQS. 
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·~T lE~C YELOCITYIFla.OI. AND T~E Nu .. nE~ o~ ~nOPLETS FOR THAT RUN. 

NEXT DATA CAUO; THE OIA"ETER CF THE PA~TICLE(CAN RE A NU"BER FRaN 1.0 Ta 
1_.0 CQRRESPCNOING TO Tt<E SilE "ANGE OH Tt1F PARICLE COUNTER.OR A SPECI~IC 

> ..... 0 \ 

1-' 
'..0 
w 



~ 

J 
--, 4 
1 -1 -; 

: • -1 li 

: ~: .~ 7 

~,. :: .. ! ' ft 
., ? 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

"-.:.. C 
, "J C L_. 

-;-.1 C 
--" C 

: , c 
.. :-~ c 

"- -. C 

, C 
./ • C ',' , ; C 

_' ~ c 
le 

:.~ 1 11 
1" 

;._ ~ 1.J 
r:,:'~ 
1 ~.I l~ 

~--:; 1'1 :....:.:..: 

1ft 

17 

" 

:; 
20 

c:::l! 
C'" 1 ., 1 

~I .. 2 
~ 21 
~j .... 

L.O' 
C""J ! .l '1 

, ;'ft 

sr l€ CF nA:;r rCL!': CA~ 11= USJ.!". (N T ... ,"..# CAc:.c..U~AO .N A NU"':t.EQ 100 r.RE,ATER 

T ...... !I.~ P .. "TICLC SIlE IN "IC~C"S) .r"" $ .... '·LE FLO" <l .. rE 1 .. CC./"IP,ure.rHE 
S""PLL TI~t IN ~ECO~CS. 1"~ ne qE .. OING. ANO THE AC QtAOING "HE "LL REAO IN 
.. ITH A Fm"'A' OF "11).0. 

ON T~E NFX' 'NF~' CAQ~5 THF NU"HB<l "F PARTICLtS COLlECTEO. 1(10). 
THC NL""!;'; wIT'.C)UT , .. ,;: D'lep IN POSITION. '1110).100.0 THE DI .... FTER OF 
T~E O~[::J A~F QE~n IN. 
THE NC~T C~TA CA~O s~aULC 'H~N De A~nTttt~ QUN C4~O. 

pQet,E C"L I ...... T le'l 

OI"(N"IGN ~ELPHI401.DCPRI401 ... uI61.Tr"PI6).CI"114) 
IhTlC'".(R 1"~CU~C.~U"'4NO 

eHAnArr~p.,c SYST 
LlE4L ""l.C,"l. 
RE&n.CIA.T~"p.",U 

00 ':>7\ LL:I.J 
READe ~. 1 »P.C4L .PWOdNQ. T~OP. ~r "PA. TE""''''. PS",'f.VOPA 
FOR .... IIIJ ... 1.5FIC.0) 
wQITEI6.IC?I 

DL" 15 .. CeNTRel VAQIALE ~OR THE vELCCITY C"LI~<l"~ICN. 
IF cu,,·o.c THE~ T"E ~FT 'E~T M~TLQ CALIO~ .. T'C~ IS GOING TO DE USEO. 
IF CU~·I.G IHEN T~E V~NTu~1 ~FTCR 15 GOING TO hE USEO. 

Oll"~O.C 

IFCO~~.t_~.~.Q) GO Tn 7~C 

wA 1 r E ( ( • Ile , ~t;r")I~".O 

Ile F~~~&T(4~~.·P~CI1~ C4LJ(~RAr('~ CAf. f~E'~TU~I· ~fTEQJ·9".5Rx.,p~n~E 
il ,..l"'"fQ = ',43) 
.~ITEC~.111JnSP~.vOPQ •• TN'ID.r~~PQ 

III FCA~.1(10 •• ·PC.~~ SUPPL Y VCLr4GE = ·.rb.~.· vOLr~'.,.lOx.'~TArIC p 

QPflfl!:. ;1~Anl""'C = -.FS • .s.- VOLfC;· • .I' • .l., ... ·.r,..,cc:;p ... t:glc PUESSu~E :1 '.FS, 
.1,' ~W~. WtQCUQy' 
.;.~:1.·r~~~~~.TU~~ = ',F4.1.' O~~=ëCS C~~TJCQAO( 1) 

."ITF'I' .. 1121 
112 Fr.Qv.'t~",.t41t.·p'~lnCE·.7x.·TR,,"'c;oucf'r~·.lJt.·AIf.f VELOCITY'".l'-x,' 

~VnLTA(~·.ex.·~:.nrN~·".14X.·(VûL~S)·.6~.·(~rLLlvOLTS)'.~~.'(METQF. 

.S'~EC)·./~l ~ 
G~ Tê 1-.Jl 

7~O wQITEI~.1~OlPQr.HNO 

7~O FCC.aI14~ •• ,p~e~~ C'll"RATION 0"T4 IwET TeST ~ETERI'./'.58X.·PHOBE 
_ .... l.. .. ~t=R :. 1 •• '.'/) 

.RITElh.75~ivCPQ 
7~2 FO~~A~(.b •• ·ST4TIC ~~Ot'€ QEAOING w '.F6.J.' VCLTS" 

.• RITEIO.15JI 
7~l ÇOAw.'f"".1?~.·~otDCE·.T.7.·AIQ ~~LOCITY'.,.17X.·YOLTAGE·.T.7. 

.·I~ET~F5/SECI·,'/I 

00 763 1-I.NC"l 
IFCI.EO.2 .. )CC Ta 817 

.... --

i-' 
w 
~ 



G1 ~·~:~l 
' .. 
j 

· -- .~ 

>.;~·ï 
1'~4 
· ·:.i 
~":-'i 
1 ! · ., 
. '." i ., 

· . " 
· ..... ~ -. : 
: -.: i 
~-,,! 
:-~: l 

:':~1 

~I 

~I 
~I 
~: 

Ln! 
cv:> 1 

L. 

27 
21' 
ze; 
Je 
31 
.12 

1'17 
~c Ta ~oo 
WI)ITE(b.l~9) 

t!CO Cr.',jT l "lj!::· 

Ut A;) l '~ ." 0 2 1 DCP'lI 1 ) • TI", CF 
eOl "C~"'At( IFl·:.OJ 

IFII."C.IIG.J TrI '1~O 

JJ A:(O.77S.1.21)·.~ 

J.. V~LPRII)=ICF.IO:OOI/ITIM.1.1 .. 16.41 
l5 VFLPRIl)2VELP"III-O.CI 
3~ ~O TC 7~J 

)7 <lOc.vn""III=O.u 
31' 1(,J w;>ITEI".'1CIIt:CP"III.vELP"I!I 
:!il c;Cl f".,r.,..Al(/.I'jx.F7.J.T4t'.t.F7 • .1) 

4C ~o Ta (~J~ 

"1 7~1 hCAL=t\C..l.L.l 

"Z 
4.1 .... 
.5 

"6 
.. 7 

"1' 

49 
SC 
~l 

52 

'53 
~ .. 
55 
sc. 
57 
!Se 
:>9 

ec 
61 
62 
63 
64 

117 

109 
ZelO 
C 
C 
C 
C 
C 

C 
C 

• C 

C 

C 
C 
C 

on J l:l."~AL 

IFII.~C.141~0 Ta 117 
IFII.ëC • .14IGO Ta 117 
GO TU 200 

"RITEI6.IC?1 
FOR""TI'I'I 
COhTl"utO 

C4LleQ"TIC" OF PP~S5URE TR ..... 50UCE~ 

REAOI5.2ICCPRIII,TPPR 
2 FO" .. ATl2FI0.JI 
E"=I.C/3,4~JI"6 

POP"-e".ITnpQ-T"OPI 

POPUli) 15 T"E n~FS:>uRE QUOP IN ,. ... OF WATCQ CQRPESPCNOING TO THE 
TR ..... ~CUCE" PEAnCUT W"~N CALIUR4TING THE P~OAE. 

CAL 1 ... aT 1 Cr. CF pnOIll, 

A'~ArVPQ·l).5Q51 

A:w.41'1"4 

G~~P='l-(PCPR~AT)J··A 

IFII.::C.IIGO Ta '50/) 
VELP~III=SCRTI12.0·2B7.1.ITE"PR.271.0J/41·(I-GUN~I) 

~a TC J 

500 VELP"(II=O.O 
C 
C-
c 
c 
c 
c 

) 

4 

'J02 

q 
C 
C 
C 
C 

THE AIR VELOClTV rs CALC~LAT[O HFRE IN "ET RES PER 5ECCNO 
AV T~E FC~~ULA GlVEN Ih '"~ 0lS4 ~ANU"L 

wAITE(6,.,UCPR(II.TAPR,VFLPA(11 
FOR~A"/.15K.F7.3.1~x.F •• l.10 •• F8 •• , 
CCNTI"UE 
~eAo'~.I.1 .",,,XPT 
1'OR .. AI(121 

NExPTw THE NU_DER OF ~UNS. 

,~..-, .. 

~ 
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• 'f 
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,1 --, 
A 

". :.. 
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i, -"1 

-J 
, 'f 

1.' 'i '. • 
- ; · :- -,j 

t:-:-~ 

L:l 
~ 

~ ......, 
~ ,...-, 
L..'") , 

......" 

1 L __ 

t:S 
t:6 

67 
t:e 
6'1 

70 

c .... e A~ TH" "v""E~ OF O~OPLE YS. 
C 

CC'1 12 ""N=l.p..F.IC.PT 

oo:z=o 
ÇT.:::;.C 
.l.Q T.::C _ a 
.:x.:.c 
~!:.Ar.(-:.SA)AU"'''O.SY~T 

71 58 Fcn~At(14.A~~, 

7~ ~EAn(~.lJl~~t~~r.HuMtD.Tfwp~.Ar~.A~OD.VU 

1) 13 ~~n~~"I~.~F1C.:' 
74 TE~PU~Tt_~P:~.4'.~ 

7".; 

7t: 

77 
76 
7'1 
tlO 

1'1 
t!;' 

l'l 
:14 
t'S 
et: 
1'11 

ee 

1''1 

'la 
~I 

'12 '), 
'1" 
q'!! 

'10 

'17 

'1,. 

-1'1 

100 
ICI 
IC~ 

I;lJ 
le4 
III !I 
ICa 
ICl 
ICft 
IC~ 

ue 

c 
c 
c 
c 
c 
C 

C 
C 
C 

C 

15 

700 

701 

cc~nECTlç" fC n Hrl~HT ON P~ES~UAE USING TH~ IIA~OMETIC FO~MULA.REFEUENCE; 

'FLUIO "rCHA~IC~' HY nE."EvE~S. HEIGHT DlfFERENTIAL USEO WA5 6".5 PEET. 

4T~.;A'~.~~PC(-~".~1·64.~"(IC.73·144.TEMP~)J 

TE~~4=Tf·~P~-4~~.Q 

"U"IO~HU"IC·ICt) 

QEAC(~.lr,)CIAP.CC.AC.NEX 

F c:n .. & 1 ( .lF 1;:. c • 141 
IF(OIAP.LT.It)~.QI G~ TO 700 
OIAP.=(r.-IAP-1 ;;0.01/( 10 •• 41 
~C TO 7.l1 
.",..":n[AD 

:JIA:'=CIA(r\.Ii"/( 1"-.4) 
e::"T 1 1<\,;1: 

TE"=TE"PP-4t>0.0 
TE"'=,~'Q)·(TE~-lZ'·~7].1~ 

gMCC=(~H8.~'(1~··6J).AT~/'C.b217.TE~) 

LINfAR INTEwprL&TION USED TO FINO T~E VI5CCSITY 

=c ~J "'=1.6 
VIC:'" 

IF(TE~"~.LF.TrWD(~KJJ~G TO 2. 
23 eC"TII<U!: 
Z4 A=lrWP(~'-TL~P~ 

"LC~"L(~'+(A'~.O'·(~UI"'-~UI~-III 

~~C:~~C·14.H~2/(tO.O··4J 

C ',:: 4LCULA riel< CF THE VELce ITY. 
c 

-.1-=1 

"2="CAL 
"3_lo.l"'ZI/;-

-oc "'4:-".1 
IFloe-cePRI""'1401.40Z."Ol 

"01 .... z·~.l 
N3:(NI+"'ZI/2 
IFI .. ).CC .... ,t;C TO "OZ 
~c TD 4,J0 

40l "-1:a,..:1 
,!03 s (NI+"ZI/Z 
lF(o.3.EO."".lCOC TO "02 
GO Ta "00 

.02 ... .s.,..3.' 
1",.3 

t-' 
':!) , 

,c, 
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~:_ :.-1 
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;~~ 
i -" ,,_ t 
t- --. 

, ....... -. -, .......... 

C"":) 

~ 

..--
C".l • 
..--
t::. 
c.-, 

III 
112 
IIJ 
Il'' 
115 
Il Cl 

111 
Il H 

II~ 

12e 
121 
122 
123 
12. 
125 
126 
121 
l~H 

129 
IJoJ 
1.31 

lJ2 
1 :J 1 

Il'' 
1 15 
116 
1 ), 
1 la 
I)q 
l''C 
14' 
l''Z 
143 
1". 
1."1 
1"6 
141 
I.e 
I"q 
I~O 

1"1 

c 
c 
c 
c 
c 
c 
c 
C 

Sv 

18 

INI~~PCLAIION CO~VERTI~G VOLTA~E Ta VELOCITY ~SING A FCVRTH POWER 
r~rL~~r.LArICN. 

rHL ~:LA')E' CF TH~ t'Rr~GE V~LTAG~ (OCI A'~n T~E saUAQE ~nOT OF T~F 

vELGCITV A~E U~En. ~~EN TI'~ 1~I!QPCLArl~~ 15 DC~E T"~ QE5VLTING VELOCITY 
1. SC~AuEC TC GIVE T~e ~STI~ATeD VELOCITV. 

1:1-1 
D=vt:U:Q( Il 
(=DCPI>III 
1 = 1-1 
F =V[LI'<1111 
r;=ucnn r J) 

DC=CC·OC 
E-=t::·~ 

F :<;c'" Tt- 1 
()~Sr.RT Inl 

G"G.G 
VEL:IICC-FI.(F-DI/(r,-EII.n 
vF.L=vEL*VEL 
"C:AC·C.CCI 
TVAn"IC~*AC*14·0CI/I(DC.VOI·COC-VO)1 

Vt:LP:a\lfL.t.:O 
wE=P~CO·V~LP.v~La.DtAP/7~." 

.Rrr((6.~r,)·"fr;r 

FUR""At ('1' .///,.TJ.,. 'fiyc;rf'" uc;F.::) W.\~·.A").J.///') 

_AI TE(6.1 P)l-J'.;l\ ..... I1.tlU M 10. fi "'P".AT".~t.r.().Q'HV:.w·JC.DtAP.Vf::.L. TlJ~H.wt: 

FUPVAT (, ... ·~u·. ~~'J"4.IFJ)·. T l~.·t'I''''I'~1 TY·. f ..... T.' r~""'~QArUQt.' .T4~. 'nQr:c:;s 
~U~i' .T";:''? 'rè"·jl IY f;r-' , rtI4 •• t"·~C;1 fV n'-:'.T 7'~.'VI c;COC;' TY'. Ton. 'nrAM. 
~nF' • T 1 CO.' .41. ;Jr:,,;r:L·. r J J;".' I\:.I"\lL~·4Ct:· • r J 74. '.f' rEQ'.,. r~? 'U t'j,oFR~Ç"O 
.. ' • T (J 4 •• cep. ri tH;Il' J -:" • J.' ~ ••. , I."(J !;;";L ' • T 11) Ij ••. " J. L r.c t 1 Y' • Tl ('4 • ' ~IJ'" "1'= D' ,/. T 

à")? • Pt'" ASE •• 1',4 ••• 1IH"':;f •• 1 "" • • v .. ..., TI CLt:: C; , • '. ri r J •• (.·F..R CEN T ) •• r;t 7. ' (nc: 
ilf'; F)'.J4v.'("""'ï ".G".T~J~,·(G'CC".f76.·(:J')J':.~:".TRH.'(CPolS)'.TlùO,' 
.. ( ... , '-.re , , • Til;» • ' ("r:"? CE -..: T' •• / /. T J. 1 ~. T 1 ~. r-; • l , r 27. F 5.1 • T 4 C.': b. 1 • T'52 

~ • F #). 1. t f: 1\ • .= 1. r) • T 7". t- ~. , • T p". F·7 • '.1. TIC t), F 'i. 1 .. Til 2, F 5 • J. T 1 .2 _ ,f- S. Z." 
.. ,/,' • ,1 JI' ••• , .',1 J~~( -.,,» 

.<>, 1((6.<,]) 

53 FC;~MAr(/"~,:'.(,·!lQnll .... \JMnt-:"·.r:-~,·OIA ... r~F',r)S.'NU"'Hc~'.T'50.·UACK 

~~n~U~C·.T~~.'rnLLCCTrC~·,rM~.·,W~ACTJON·,T?~,·~~YNOLOS'."fZO,'OPO 

"~LE r' • T l&j.' c:.r .. l.l.L.C TEO'. TC,('.' C('UNT·. r05 •• FF,. Je IEPiCY·. T80.' PiU"'HER·. 19 
i'5. ·f'\.nJh''''ë~·.,. T7?· (CliS". r65.· (;JEQ CENT»· .~"J 
h€~~:~FIAST.~rc-t 

:0 lb ~=NFII>~r.NE~p 

".-="'1(.' 
~EAnt~.11'CI_n."p"n~.NCOLL 

17 FOQWATI~'C.O.71~) 

QF=~~CC·01AtJ.V€LP,NUC 

g~( (\l'éLP*n ... f,c.n 1 A..,a"(?o."'uC-OI.o\O) ).OIAP 
~.FLOATINCCLLI/FLOATINP~RS) 

..... ~UI .. D··2 
x.x:=,..P.121 
IFIUU~~C.LE.I021~XX-II.15ftO.1 
EFF.a.e,.wx/ ... -
IFC~l.EC.1)GC Ta 75 
.x.aKJt' 16. ~ 
!>O TO 76 

75 lu(=".'3'~.O 

76 CCNTI~uti 

IF(x~.EC.I.OI roo Ta ~Ol 

.. 
. _- -------------------------- -! 

1 

~ 

-..J 
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·1 
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J 

_ J 
,~'~ l 
'~'-d 
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,1 

:-1 
~:-_.j 
,-- -,J 
; --
~ 

~! 

C"? ; 

~I 
~I 

Ln i 
C"'") 1 

1 

1 
'--

152 
15] 

15" 
t55 

15" 
1~7 

J5S 
15') 
lei) 

101 
Ie.,;-

le.! 
1<>" 
165 
166 

SOI 

502 

50 
le 

12 
571 

SOATA 

IFC <K .,,0.2.0' GO Ta 501 
lF(.K.~~.J.O' GO TO ~Ol 

lFC~K.rC.4.Gl GO Ta 501 

GO TO ~~2 

wC> 1 TE- Co. 1 0 'l,I 

.... 1 TE 1 t. .!J3' 
Ki= 1 

ccp.,r l''\;E 
.ntTe(~.56)k.CIAO.~CCLL.~PA~S.ëFF.P.RE 

FCr.~Ar(/.T5.IJ.T~O.F5.~.r~5.1S.T50.15.T65.F5.1.TeO.F5.2.T95.FS.l) 

CC', T 1 M .. E 

CC"TI"uE 
CCI'oTI"uE 
STOP 
ENO 

-_.- --- -------

---1 

. 
1 
1 
! ____ ' ______ i 

t-' 
\::) 

00 



AFPENDIX 83 

EXPERIMEN~l\L EESULTS 



.. ,.. ... , 

pQonE ~ALI~Q4TIC~ n4TA (~~T TEST ~ETERI 

pnGU~ NU~HER TL 

~T4rJç p"~~~ ~EAOING 4.<;:)1 VOLTS 

!l'lIOCF. AI" VFLGCITY 
VCLT.tCE ( .. FTQE51'<j~CI 

4.QO.:! O.('ilO 

5.421 O'''lb 

5.~4C; 0."~7 

5.b60 0.771 

--"j 5.737 0.Q13 
~ 

S.84~ 
0 \.153 
0 

"1 
5.939 \.361 

6.C37 1.t>54 

b.IJ5 I.Qb6 

6.231 2.2 __ 1\ 

6.320 2 .... 50 

6.Jge 2.~76 

6 .... 2 ·l.~O J 

... _.~ 
6.S0e .J.4 'II 

6.572 .3.7'l0 

6.6~ 3 4.072 

6.6ge 4.J.,6 

6.747 4.seJ 

Lni 
6.792 •• 611 

("J! 6.1l4' 5.078 
...-- ! 

C"'J 1 6.1l67 5.224 ...--1 
Lnl 
("J 1 



-: 
· ::.J 
· : --:1 
._~ 

· -1 
.~.j 

~ .-'~ ~ 
- J 

- 1 

·.~l 
.':: ~ 
~:-_ .t 

;_:j 
: .:.'~ 
.. f':~ .. 

~._::l 
~'':'1 

;-'-:.:1' 
~~1 ----

! 
1 

. 1 
c.o , 
C'') 1 
..-1 
~I 

~I 

C;VSTEN U$f() .A~ FER~C~§ ~ULPHAr[ Ar~osnL: ~~'fR onnPLET 

RC" NU-Et.R HU"IOITV TIi"PERATUQE P<>FS5UQC: OF~~IT'" OF 01'''51 rv CI' VISCOSI TV OIAM. OF AEROSCL TURBULENCE wEBER 
r: 1 ~,.11 ~~t a cn'" INunu'i IoEROSOL VFLOCITV NU"HER 
PH4~E pUASE PA'HICLES 

(PER CE .. ' 1 (CEG FI (""5 .te;) «("JO/CC) (PUISEI (C"SI ' ..... SECI 'I>ER CENT) 

100 63.0 B3.0 751 •• 1 • ~t~ l 0.0012e 0.OOOI~9 O.OûIOR 1.625 0.056 0.73 

••.•...•.......•••........•.•.•...............•.............................................•...•.....•••.••.......•••..•..••••...• ••.••..............••...........•............................................•.....•.....•......•....•.••.•...••....•••••••••...••. 

DIHlP "u"eER 

2CO 

2C'1 

ZC2 

~O.l 

.:'0" 

205 

~06 

~e7 

2CD 

;:oq 

21C 

211 

212 

21.1 

01 AI". CF 
ORCPLET 
(C"SI 

0.12? 

C.I]2 

0.145 

e..le8 

0.22J 

0.243 

0.175 

0.168 

0.lt6 

0.lt6 

0.141 

C.IS2 

C.l04 

0.173 

NU"IIER 
COLLECTED 

13"4 

lbSI 

1817 

224" 

2Q1l 

3J.l~ 

1 ?1~ 

206fl 

17"3 

2178 

17U 

1911e. 

227/J 

2.6" 

OACKGROUNO 
COU .. , 

22JOe 

22277 

22514 

200'}5 

1915b 

l '"Ica" 

20"83 

22<Ql'i: 

22'>1" 

ll"e) 

202!!/) 

20821 

21715 

21663 

COLLECTln ... 
EFFICI,,"'CV 
'PtR CENTI 

42.6 

50.0 

45.5 

37.1 

36.1 

34.9 

35.9 

J8 •• 

3 1." 

.. 1 •. 1 

50.5 

_t.. •• 

.!,.9 

••• 1 

l''PACTIO''' 
NUIoIHER 

1 .61 

1.58 

1.43 

1 • 1 1 

C.Q3 

o.eo 

1.19 

1.24 

1.25 

\.25 

1.0\7 

I.J7 

1.27 

1.20 

REYNOLDS 
NU"SER 

142.0 

1"5.3 

159.7 

207.0 

245.5 

207.6 

192.7 

18";' 0 

11.12.8 

182.8 

155.3 

167.4 

180.6 

190.5 

1_- -----_._-- - ------ -------

N 
o 
...... 



ARlnC:E 
\/CLTAGE 

8.772 

--.. 9.17'; 

1 
_1 9.7 ... 

;.::~-i . -, IC.t6J 
1 

_:j 10. '11 
.••• >; 
~:-;! lO.(Jl~ 

. ..;: 
: ! lO.';,t&-; ;:'::-... ; 

~-l 

-1 
Il.;>J2 

: -. Il.~''~ 

Il.b 7'5 

. e, 1 

• :-_~ 1 12.1C.7 

*. -.. ~ . l~ ••• C ... ~ ;::. 
J". ~ •• ' 
~~-:-1 

i 

J 
~i 
NI 

~I 
:""")1 

P~ORE CALI~~ATION nATA (_cT TEST NETER) 

p~oeE NU~"ER TL 

STATIC PRO~~ READING e.112 VOLTS 

AI~ \/t:LOCITY 
(NETRES/~SI:;C ) 

O.OCC 

0.153 

O.4J3 

0.66'1 

ù.9H 

1.2S2 

1.6<;l4 

2.170 

2.738 

J.416 

4.112 

5.0J2 

-----~--------------:---------

1 

1 
1 , 
1 

--------------------~-------~ 

rv 
-= r-.: 



--. 

. ;i 

. .:; 
t_· ~ : 

• . , , -... 
~~.~ 
,.- i 
-~~ 

• ,,')i 

,... ~ ~ ~ 
;.::.,; 

1 
'._'1 .... i 

-1 
: . j 

~:.:: .~ 

.. --, 
~--
~_··t . -.. 
: .-~ 
!~--l 
~ 

i CD: 
~l 
..-i 

C'll 
..-i 
LOi 
C""'). 

1 

,-.--~. 

-----'-----.- ------, 

RUN Nu~rER HU~IOITY 

(PER cet-T) 

101 56.0 

SYS TE ... USED ... S FER~Ot;S '>UL"". TE .ERCSOL: ..... TER OROPLET 

TE~PER.TURE P~E5SU4E 

(OEG F) (,.,,.,s HG) 

e4.0 751'.4 

CEN'>ITY OF O~NSlrY OF VISCO'>ITY 
OIc.j"f:QSEO 
Pt1.~:: 

(G/CC) 

1. A6] 

CC" TI !.l.OUS 
PHASOO 

0.00129 

(POISO: ) 

O.COOlee 

DIA". OF 
AERCSOL 
P .. <fICLES 
(C~S) 

0.0(,106 

AERQSOL 
VELOCITY 

(""SEC) 

2.92J 

TURnULENCE WEBER 
NU"BER 

(PER CENT) 

0.017 2.J6 

••••••••••••••••••••••••••••••••••• ~ ••••• * •••••••••••• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• .. ~ •.•...............•.....••.... ~ .............••.•••..•.. ~~.~ ............ ~ .....•..........• ~ ...•.•.•• ~ ........•• ~ .•......... ~ .... . 
DROP NU~BER 

22C 

221 

222 

223 

224 

Ol"~. CF 
OPCPLET 
(C~S) 

0.175 

C.2C3 

0.201 

0.203 

0.222 

NII"'lE" 
COLLECTEe 

16?5 

22ea 

2"(,1 

l";QZ 

22'H. 

SACI<;GROUNO 
COu .. T 

11727 

11727 

1171 ? 

11670 

l1C49 

COLLECTION 
EFFICIFNCY 
(PFA CENT) 

55.5 

55.7 

59.6 

48.7 

47.0 

l''PACTleN 
NU':'UER 

2.14 

1.85 

1.86 

. 1.6~ 

I.C9 

.RE YN 9LOS 
Nu"OER 

350.3 

0\06.4 

402.4 

406.4 

••••• 

1 
1 

1_-

N 
o 



------ ---------- _of 

$YSTE~ USfC ~AS ~~~qOU$ ~UL~HATE AEROSOL: ~ATCR onnPLET 

RU'" "U)lI!ER .... j .. IOITY Tf"PE""TURE PRE<;sunE OENr, t T Y CH; OFNSITY OF V ISCOSI TY· DIA .... OF AEROSeL TURBULENCE WEBER 
01';<'En5(0 CONTINUOU5 AERCSOL VELOCITY NU"BeR 
P,""SF PH"SI: PAIHICLES 

("'OR CE"T) (OCG F) (""S I1G) IG/CCI IPOISE' IC"S' l'',sec, (PER CENT' 

IC2 68.0 ;'J.O 75<).0 1.1'1"] 0.0012? o.OOOleQ 0.00124 J.828 0.011 4.65 

--~ .•.•.•.••...•......•...••...••.....•.•.......•.•.•.....•...•..•.•......•..••.....•..•.•.••.••.•. ~ ...........•...••..•.•.....••.••.• 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• , 

- i . '.' ~ 

.' 

::,1 
_r :;. 

7-; 
; ~~ ; 
;::- ~ 

i 

"1 

•• ..1 
'''':_ t 
; -, 
'" .-' "- ~ 

-_.! 

~. 

CJ' 
c,,=:o 
~ 

oC"\.!. 

C"""). 

'---

DROP hU"BER 

225 

2?6 

~27 

221! 

22<;1 

=:30 

OH'''. CF 
ORCPl:tT 
IC,"S) 

0.242 

0.2.JQ 

0.20? 

o.lel> 

0.171 

0.167 

NU""'ER 
CCLLECTeO 

J777 

J651 

271b 

2307 

17<)1 

1674 

A"CKG"OUNO 
CCUNT 

10""6 

1:l1'>0 

le410 

1017? 

10430 

ICO.O 

COLLECTION 
EFFICIFNCY 
(PER CthT' 

72~5 

74.0 

70.2 

77.G 

CiQ.O 

70.J 

l'':>ACTION 
Nu .. tlER 

2.é7 

2.70 

].(.? 

J •• 7 

3.78 

J.!!7 

REYNOLDS 
NU"BER 

6J4.1 

626.2 

0;47.6 

_87._ 
44A.l 

437.6 

i 
1 

rv 
o 



,.--, 

SYSTF" U$EO WAS TALCU" '>!l .. OE~ AEI10S0L: "'ATE~ 0l10PLET 

~UN NU"l1t .. "U.,oIOITY TC"PEQATU~E PQt:SSlJRE OE""ITY CF OEtjSITY CF VISCOSITY a 1 AN. OF AEROSOL TURBULENCE wEBER 
OIS",..Q~fO CONTIr.UCUS AERCSOL VELOCITY NU,!IlER 
P"'A~,t:. PHA"t: PAR JI CL!:S 

(PER CEr.TI '(OCO FI (""'5 t.1~) (O/CCI (Pal SE 1 (C"~I ( l'/SECI (PER CENTI 

la.! 69.0 oo.!> 761.2 1.12& 0.a012Q O.OOOIS" 0.00103 J.Q7a 0.022 .... 6 

•......•...............................•....................•..............................•.•.•........•••••...•••...•..•.•••••... ••.•...........•......•..••.•.•..•...•......................••.........•.•.•..........••...••.....••••..•...••..•..•..•.••.•••.•.•. 



SYSTE~ USEO ~AS TALCU" p~.neR A~~n~CL: ~ATER OROPLET 

RUN HII"~eR ,.U"'IOITy TE""'OR"'TURE PRESSUr:JE 0[,..t;1 TV CF DENSITY OF VISCUSITY DI ...... OF "'EClOSOL TURBULENCE WEBER 
OI~r>èCl5EO CONTINunus "'EROSOL vELOC 1 TY NU"AER 
PHAt;t:: PHASE P"'RTICLES 

(PECl CE" T 1 (DeG FI (..,~~ uG) IG/CCI (pal~~) (CwSI ("'/SECI (PER CENTI 

10. 6?0 /\0.5 76\ .2 \.126 0.00\2Q 0.00018Q 0.001/13 3. B26 0.012 4.14 

-'" :i 
••...............•...........•.........................•....•...................•...•••.•..•..•......•.•.....••••...••.•..•...•.•.• 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

~~ '1 
:. :; 

".; 

- 1 
~~ 1 

~ -.J 

.II _-" 1 •. - t 
. 

DROP "'U"BER 

25~ 

~ "'56 ! ~ 

~ - ; 
1 , 

~;..- :; 
.. ::-.~ . _. ,,- . 
' •• - J 
--" 

1 

~I 
0:::- ~ 
~; 

~I 
1.-'"") 1 
cv:> ! 

1 

251 

25" 

25'1 

2f,0 

261 

262 

263 

1 ___ _ 

DI"". CF 
ORellLET 
IC"SI 

0.234 

O.21S 

0.24Q 

0.24e 

0.202 

0.205 

0.155 

0"200 

0.229 

Nu,",PEA 

COLLECTEO 

1..,136 

2115 

376? 

2QOO 

2661 

1258 

175/1 

2779 

1694 

O"'CKG'IOUNO 
COUNT 

22700; 

22172 

22/111 

22e7e 

22"63 

22P24 

22"87 

221161 

22H53 

COLLECTION 
EFF IC IENCY 
(ilE" CENT) 

Il.?: 

13.7 

le.z 

14.0 

19.4 

8.9 

21.1l 

20.7 

9.6 

IwPACTIOIi 
"'U"BER 

3.02 

).<;4 

1.40 

1.41 

4.IQ 

4.13 

5.46 

0\.23 

).70 

REYNOLDS 
NU"AER 

612.4 

562.6 

651.6 

""q.o 

5;>B.6 

536.5 

405.6 

52J.4 

599.3 

---------- ----------

l''': 
C 
ç" 



--. 
. ' .. \ 

{~'j 
>.; 
;.J 
•• '0' 1 

. '1' 
: ..... -1 
i."'::! 

i 
.. j 

!: J 

:. -'1 
'. ' 

• ~ l :::1 
-.... :~. t 
f;ij 

1 
1 

1 
1 

i 

t'JI 
~ . 
.--1 
C\JI 

-1 
L..r.l • 
CV? \ 

1 

Ii.i 

--------1 

.SVSTE~ USED •• 5 TALCU~ PO.OER AEROSOL: •• rEA OROPLET 

RUN NU""CA "U"IOITV TE"PER.TUA~ r>AESSU~~ OF.~~#1 TV UF DENSITY OF VISCOSITV DIA". OF AF.ROSOL TURBULENCE wEBER 
r.1'>"t:'lSEO CONT Il,uOUS AERC50L vELOCI TV hU"SEA 
O""A~r: PHASE PARTICLES 

(PER CEhT) (DEG F) ""'S HG) (G/CCI (POISE) (C"!.) '''/SEC) (PE"! CENT) 

les 69.0 110.5 701.2 1.12to 0.00129 0.00011l9 0.COIS3 3.79A 0.015 A.CB 

•••...•.........••....••...•.•.........•.....•..................•.....•......•........•...........••..•••••••....•.••...•..•••.•••• 
••••••••••••••••••••••••••••• * •••••••••••••••••••••••••••••••••••••••• _ •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

onop "U"IlEA 

268 

269 

01"". CF 
ORCPLET 
(C"S) 

0.193 

0.189 

NU"'f~CR 

COLLECTEO 

172A 

180A 

AACICGROUNO 
CCUhT 

2080A 

20eS& 

COLLECTION 
EFFICIENCV 
(PEn CENT) 

15.2 

16.5 

l''PACTICN 
NU"BEA 

A.35 

4.4. 

REvNOLDS 
NU"!lEA 

~tjO.9 

&90.6 

1_ , , 
J 

N 
a 
.--1 



'-" 
: .. , 

r-o 

: . i 
.. j 

' •. :i 
<1 

" ... _. 
-~ 

:-.j 

~:1 
p- ; 

.,! 

-- ; 

'-', 
l 

; -:. j 
-::..~ 
{ ... -, 
~ 

C"'") 

c::- ' ...-, 
~! 

...­
;"""'J: 

c---l : 
1 
i 

,,--. 

----f 

SYST~M useo .AS rALCUM pcwnE~ AEROSOL: ."TER O~OPLET 

RUN ",.",'t;R t-U"IDITY T!;"PERIoTURE pnE";SU'~t: DENSITY OF OENSI TY CF VI$COSITY DIA". OF IoEROSCL TU~BULENCE wEBER 
CI!;nERSEO CO .. T l'wOUS AEROSOL VELOCITY NUJ08ER 
P1-4A5F. PHASE PARTICLES 

(PER CE"TI (oeG FI ( .... c; .. GI (G/CCI (POISF.:I (C"SI ("'SECI (PER CENTI 

1 c: C. 69.0 80.5 761.2: 1.1?6 0.0012<) 0.00011'19 0.0011"3 4.699 0.016 6.25 

•••••....•..•.•.•.•••..••..••..•.......•...•.•.•••.•........•.........•....•....•..••••.••.••••••.•••..•....•...•••.•.••••.••.••••. ••................••..•.......•.. -...•.......•.........•.....••.......•.•..........•.••.•...•..••••.••.•..••....•.•••.•••••••.••••• 

O"U" NU"/IER DI"". CF 
DRCPLET 
(C"SI 

NU,.,,!ER 

COLLECTEO 
tlACKC;ROUNO 
CCUNT 

CCLLECTION 
EFFICIEr,CY 
(PER CENT) 

IMPACTICN 
NUMtlER 

REYNOLOS 
Nu"nER l'V 

a 



oJ 

· ._~ 
; .. ·i 1 

~ ... ~ 
d 

. -'·.1 

:-i 
:". , · -, ":-.' 
, -- 1 

_. 
~ .. 
1 , 

~ .; 
· :.03 
~~ 
...:=..J 

~; 

~ 

~ 
...-
U? 
(Y'j 

'-

.. 

SY<;TE" USI:O WAS OIJCTYL PttTHALATE AtOnOSOL: wATE~ OROPLET 

RU .. NU""f. ~ "U"IOITY TE"PERATURE PH~SSU>l':: (Jf:r-.C;!fV 01' DfNSITY OF VISCQ<;ITY DI"". OF AEROSOL TUABULENCE WEBER 
OISPt:'R<,EO CUNTINUOUS AE .. CS::L vELCCITY NU"'AER 
P"'''5L P"iASE PARTICLES 

(DEA CE .. T 1 IOEG FI (""'5 t-4~' IG/CCI IPOISEI IC"'sl l'''/SEC) (PER CENT) 

lC7 c.Z.O /l1.S 75~.4 0.?77 0.0012<) 0.0001A9 O.OCC?" 3.877 0.017 1.91! 

....•..•..•.....••....•••..••.•.•••.•...•.....••............•............•.••..•••••••••......••.••••..•••.•••.••.••.•••••.•••.•••• •.•.........................•............•..........•...••..•...•................•.••..••.......•..•.••.••.•...••••••••.•.•.••••••• 

OAOP hUIII!ER 

32S 

]26 

327 

12/1 

1 .. 9 

]30 

J31 

332 

01"'" CF 
CRCPLET 
(CIISI 

0.218 

0.2~5 

O.2~0 

0.240 

c.zla 

0.206 

0.2J2 

0.157 

NU"lItR 
COLLf"CTEO 

1 SJ/I 

1443 

1111 

1063 

9?Z 

1 181 

18Jb 

1024 

flACKGROUNO 
COUNT 

155A5 

157el! 

1700? 

1740Z 

16172 

16Z49 

174 .. 4 

17662 

COLLECTICN 
CFFICIE"CY 
(PER CE"T) 

14.1 

9.6 

7.7 

7.2 

A.8 

11.7 

17.6 

16.0 

l''PACHCN 
NU .. iIER 

O.QI! 

0.64 

o.e? 

o.e? 

O.';FI 

1.04 

1.06 

1.36 

REYNOLDS 
"U"'BER 

S76.8 

~76. 7 

635.0 

635.0 

S76.8 

S45.0 

51 •• 4 

415.4 

-, 
1 

1 

1 
1 

1 
1 

N 
o 
\0 



--; 

. ; 'J .. 
• " 1 

:-: ! . 
:1 

::~~j 
;:'j 
.~a 

; 
-, 

':.~ 
: ... .. - . 
". . 

.1 ..... :.~ 

. ." ._- .. 

Ln 
C::::', 
~ 

C'\.l 
..-­
:-,'") 
cv:> 

.. 

!;Y'iTE'" USED "A$ DIOCTYL r>ltr"ALATI: AEROSOL: "'ATER DQOPLET 

R~N NU~~ER HUMIOITY TE,.,PEIlATUHE PRESSURE OENS 1 TY CF DENSITY OF VISCOSITY 01 ..... OF AEROSOL TURAULENEE WEBER 
OI,nFt>SEO CONTIt.UOUS AE"OSOL VELCCITY NU"BER 
PHI\';F PHASE PAfHICLES 

(PER CC" fi (Ol't; FI ("'''5 HGI (G/CCI (POISFI (C"'SI ("'/SEC) (PER CENT) 

106 '!>2.ù 61.'> 7'ie.4 O. '177 0.C0129 0.00018'il 0.00114 3.823 0.022 2.24 

•••.••••.......••.•.•••.••......•.••....•..•........... -.•...•.........•................•.••....•.......•.........•.•...•....•••... 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

OROI' NU .. ~ER 

.340 

J41 

3"2 

34l 

.34" 

.345 

34/\ 

.347 

3.0 

.)"Q 

350 

DIA". CF 
O"CPLET 
(C~'il 

C.21b 

0.116 

0.23" 

0.250 

O.Z.3;> 

0.107 

0.1 ÇO 

0."ZI5 

0.164 

a.lee 

0.129 

NU"'UEQ 
COLLECTED 

1123 

1011l 

221i0 

2A20 

220;;0 

2144 

1392 

2167 

1694 

1707 

'115 

BACKGROUND 
COUNT 

17101 

1822b 

IAOb" 

18"'52 

le.J~~ 

16381 

11'70J 

18097 

180)97 

11l20b 

17600 

'COLLECTION 
EFF1CIE"CY 
(PER CENT) 

9.b 

4 ].4 

15.7 

10.7 

15.5 

21'.5 

14.0 

17.6 

16.6 

1.l. 1 

25.6 

'''PACT ION 
NU .. 8ER 

1.32 

2.42 

1.22 

1.14 

1.23 

1.71 

1.50 

i.3J 

1.55 

1.52 

2.21 

REYNOLDS 
NU"'BER 

501.0 

307.9 

biO .... 

052.3 

bOS.4 

435.8 

.95.8 

561.0 

480.1 

490.6 

336.6 

l'V 
~ 
t.::J 



'---' 
1 

~·~·l 
;'. :j 
l' • 

•.. 1 ... 
-~ • 

. . l 
~ ::. ~ 

• 1 
1 _1 
,.~ .. '1 

; 

r. ' .. ~ 

;·~:1 
L~ 

<..D . 
"",,- : 
..-- . 
C'-.: 
..­
l.J,-' 
C""'J 

III 

SY5TE~ USED •• 5 .ATEA A(~OSOL: wATEA DACPLET 

RUN NUI'I!ER "U"IDITY TE~Pë'14 TUflE PI>ES511I-lE Ct: .... SITY CF Df"'SITY OF YISCOSITY OlAM. OF AERnSCL TURBULENCE WEBER 
DISPF."SEO COST l "'loOUS AE"CSCL YELOCITY NU~AER 

PHASe P'H.\SE PARTICLES 
IPER CE" T 1 ICCG FI (fit .. :.; Ht;) IG/CCI Il'OISE 1 (CMSI (~/SECI (PER CENT) 

10<1 84.0 <\0.0 75?4 I.COO 0.00129 o.oooles 0.00072 3.904 0.020 1.51 

•.•••..•....•.......••........•.........•.•..................•.......•.....•.•••....•..••.•••..••••.••.•...••••..•••••.•••..••••..• 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• $ ••••••••••••••••••••••••••• 

DROP hUNBER 

3S6 

.157 

.15fl 

J5" 

360 

J61 

]6;;-

.16J 

.16" 

J65 

.166 

J67 

J68 

.J69 

170 

DIA". CF 
O"CPLET 
(CfIIS) 

O.?O" 

0.220 

C.I 6~ 

0.147 

0.2ee 

0.229 

0.216 

0.22~ 

0.195 

C.145 

C.2:!J 

0.118 

0.15J 

0.2J3 

O.IOJ 

NU""tlEq 

COLLIOCTEO 

2222 

J246 

10423 

2 J]9 

l'lM; 

171 J 

21'J2 

2341 

1612 

202} 

1622 

1 Jc.c. 

1590 

l~q7 

1156 

RACKG"CUND 
COUI'<T 

16610 

16"16 

164?7 

154<17 

le045 

171H J 

II!e12 

16'>5), 

16"61 

le6A4 

17139 

177q" 

15656 

1_032 

176<10 

COLLECTION 
EFFICIF.NCY 
IPER CENT) 

20." 

27.1l 

21.t. 

47.6 

<1.8 

12.5 

22.2 

Iq.o 

1 7.0 

J9.3 

Il.7 

37.4 

2<1.6 

17.9 

"2.0 

,MPACTICN 
NU "BER 

0.58 

0.55 

0.74 

O.IlJ 

0.47 

0.53 

0.S6 

0.S4 

0.62 

IJ.e4 

0.52 

I.OJ 

0.80 

0.52 

1.18 

REYNOLDS 
NU"'HER 

570.7 

600.7 

450.6 

401.4 

710.0 

1525.3 

'S8'!.!! 

~1".4 

532.5 

3"5.9 

636.2 

322.2 

'J17.8 

6.16.2 

21H.3 

L 
~----------- ... _---------

N ....... 
1-' 



~ 

'1 

~ -. ~ 
i ; . 1 
1 -j 
.~·f: "J 
._-~ 

:-1 
J 

, ; 
, " , 
. " 

:' :J , -:--1 ' 
;... ~ 

J 

L.:·:--i 

i 
1 

r-' oo::r , 
~, 

C'.j , 

~! 

l.C") • 

~! 

L_ 

DROP NU"HlOq 

J71 

J72 

373 

374 

J75 

J76 

J77 

o 1 ~". CF 
CRCPLET 
(C"~) 

C.I"J 

0.1"8 

0.10" 

0.116 

Ci.2~3 

0.2"3 

0.C90 

"'U"'H~Q 

COLLECTEO 

1 Jql 

2237 

10Z1 

1137 

2<;0" 

2617 

1026 

IIACI<GQOUNO 
CCUNT 

17Q;>Q 

17Z06 

17:!61 

17361 

16Z8" 

15""0 

171C6 

COLLECT(ON 
EFFICIENCY 
(l'ER CENT) 

2S.8 

22.e. 

37.0 

33.2 

22." 

19.5 

50." 

l''PACTICN 
NU"AER 

O.IlS 

O.~I 

1.17 

1.05 

0.52 

o.~o 

1.35 

REYNOLDS 
NU"BER 

390.5 

5"0.7 

2e4.0 

316.e 

636.2 

663.5 

245.e 

-.--____ ,_. _________ ..0 

N 
f-' 
N 



ro--1 

;·~--1 
!:;:"4 

1 
1 
1 , , 

-:~ l ' 
j 
- . 

---j 
:04 

~ : -l 

~;-: '1 
.i 

; : -! .. 
. j 

_.~ 

--"-l -, 
t i 

,,~ ... , 

till L - -

;~.:-: 

1 

en l 
o:::::!"l 

1 
..-' (;"'..lI 
"-1 
U) , 
(")1 

1 
1 

(!RIr,GE 
vCLrAGE 

11.lb!! 

11 •• He 

12.Z:!J 

12.e:5J 

13.149 

13.J45 

13.764 

14.056 

14.33'5 

14.411 

14 •• 7. 

1 •• 90e 

15.422 

PDnHE CALIA~ArICN DATA C_cT TEST METERI 

pQoee NU~HER TS 

STArie PHOAE ~EAOING 11.168 VOLTS 

AIR VI"LOCITY 
,,,e:r"r:S,SECI 

0.000 

O.J)'; 

0.603 

0.Q62 

1.55<; 

1.827 

2.SCa 

3.07Q 

3.713 

J.~~2 

4.C.12 

5.142 

6.615 

--------------'-----

-._------------

p-fc~ 
f l 

N ..-. 
;..,J 



1-'( 

~. ~'1 
! .i 

-' , . ; 
;':~i 

::i .-. 
-1 

'! 

- , 
~-- .... 
: ~:i 
~ 

en! 
--==- . 
...-i 
C'..l' ..-, 
Le'") 1 
C":l • 

1 

i 

.. 

SYSTEM USEO WAS METHYLF~C PLuE AEROSOL: WATER OROPLET 

RUN Nu~n~R ~U~tCITY TE~PEqA HmE PQF.ssunt; r.O'-;1 TY OF OENSITY OF vlSCnSITY OIAM. OF AEROSCL TURHULENCE wEeER 
DISPERSCO CONTIr-.uOUS AE~OSCL VELOCITY NUMAER 
P .... SE PH"SE P ..... T ICLES 

(PER CE"'TI (CEG FI ("'''"'s tolu) (G/CCI (POISF.) (C .. S) (l'/SEC) (PER CENT) 

tiC 56.0 1\4.0 . 757.6 1.401 0.00129 0.000188 C.000S8 J.4C.8 0.020 1.30 

.. -.....•..........••...•••....•.•.•..•••....•...............•.........................••..•...•.••••...••••.•••..••••••.•...•••••• 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 0 ••••••••••••••••••••••••••••••••••••••• 

OROP NUM8ER 

31'11 

JI''' 

JB5 

Je6 

J87 

JBB 

JB? 

J90 

J91 

J92 

J9J 

J9~ 

J95 

39/\ 

397 

- -------

01"". CF 
OReilLE T 

(C"SI 

0.237 

0.;>20 

0.176 

o. Il J 

0.256 

0.21., 

C.~!l 

0.1t:1 

0.15B 

0.2 .. 9 

0.172 

0.197 

0.206 

0.1/12 

0.182 

NU,."'CR 
COLL:l'CTEO 

1605 

11E17 

147_ 

116" 

2S69 

17] 1 

2210 

1153 

12f\1 

1 _ J 7 

• 274 

l'lJ8 

1835 

1607 

Z043 

OACKGROUNO 
COuNT 

170e .. 

16"13" 

1 7e 71 

ItlHI 

Itl652 

IA687 

11!649 

1eOIe 

1!l219 

le731 

IB731 

18"06 

17'l55 

18110 

IBIJ5 

COLLECTION 
EFFICIENCY 
(PER CENT) 

Il .4 

10.1 

19.0 

JJ.o 

1".3 

1J.7 

18.1 

16.f' 

19.2 

8." 

15.7 

le.3 

16 ... 

18.e 

2J.Z 

IMP"CTION 
Nu"eER 

0 ... 0 

O."J 

0.54 

0.e4 

0.J7 

o ••• 

0 ... '5 

0.59 

0.'-:0 

0.J8 

O.~5 

0.4" 

0."6 

0.5Z 

0.5Z 

REYNOLDS 
NU"BER 

552.5 

512.9 

410.J 

26J." 

'596.8 

501.2 

"91.9 

375.3 

J68.3 

580.'5 

AOI.O 

459.3 

"So.J 

"Z".3 
~2".J 

-1 

1 , 

I\..l 
~ 



r:t ., 1 

'. ',] 

'j 

· - j 
~'-~:1 

", "1 · _. 
; . , . , 
.:: -' : 

'.1 

.1 

.. -: 
,t:. ".: 

i":'j 

. " 

; ~'. ~ , · - . 
~-:--j 

1 

i 
1 

1 
c::::l ' 
Ll."; 
-1 
C".l , 
~, 

Ln , 
~! , 

L_. 

DROP r.U"8ER 

J?P 

3Ç~ 

<100 

401 

4C2 

403 

4C4 

DI"". CF 
DQCPLE T 
(C"SI 

O.lél 

0.1 C<I 

0.211 

0.249 

0.2.H 

0.256 

0.150 

NU"f!ER 
CCLLECTED 

15Q4 

114 ) 

1123 

I<:lOe 

204::; 

144<1 

1604 

Il "CKG~OUNO 
CCU .. T 

1 t' 135 

ll'C 3Q 

t 8152 

1 eJ2J 

186sa 

IP.284 

111781 

COLLtOCTIC'I 
EFFICIENCY 
(PER CENTI 

23.1 

39.<; 

9.5 

11 •• 

13.3 

8.2 

25.9 

l''PACTICN 
NUMSE<I 

0.59 

0.<;1 

0."5 

0.38 

0 ... 0 

0.37 

0.63 

REY .... OLDS 
NU"SER 

37~.J 

2<12.5 

"91.9 

580.5 

552.5 

596.8 

349.7 

... ---." 

-----1 

: 
1 
1 
1 ___ 1 

N 
1-' 
V1 



---, 

~:-' ~ . o. 
~ .;; 

:~ 
:".~-:1 

... ~~ 
•. ";1 
,'''"0 o~ 
:: ~l ' 

.1 

"':--, 
. ! 

.-~ , 
~ -~! 

:~~:·1 
;~o~j 

~' 

L...'J : 
~i 
C"J l 
~I 

L-'J 1 
cv:l : 

1 

• 

SYSTEM USEO WA5 ~ETHYLtNF HLUê AêuOSOL: .ATE~ OROPLET 

RV~ NU"P.E~ HU"IOITY TE:"PERATURE PRES~U'lE. CC~~ITY CF rlFNSITY OF VISCOSITY OIA". CF AEROSOL TU~AULE"'CE WEBE~ 

C:";PFQ~EC CON T I,,"VOUS AE"CSCL VELOCITY NUI'BER 
PttA .... t- PHASE PARTICLES 

IPER CE"TI (CEG FI (""5 HGI (G/ècl (Pors~) (C"SI (""SEC) (PER CEhT) 

III 5ê.C 64.0 7S7.6 1.401 O.OOIZ~ a.OOCle/l 0.0"OS8 3.37B 0.015 1.27 

.u ................................................................................................................... 0 ••••••••••••• .................................................................................................................................... 

DROP NU"AER 

41e 

4 Il 

"12 

4' ] 

414 

.l~ 

416 

4' , 

418 

4'9 

.... e 

421 

OIA". CF 
ORCPLET 
(C"SI 

0.200 

O.Z JS 

C.ZI4 

O.2J~ 

0.<:24 

0.21S 

0.200 

C.21" 

0.Z09 

:.2"1 

0.219 

0.\ 71 

NV"bER 
COLLêCTCO 

12_7 

IpqR 

P68 

IZ4 J 

IfbS 

1 ?J? 

10llB 

1130 

1'43 

1 ~46 

1366 

1327 

AACI(l;RQUNC 
ccu.;r 

12eet; 

12742 

12360 

12AIlJ 

J~2~8 

12370 

12161 

12SIJ 

12769 

12<062 

\2517 

121C2 

COLLECTION 
I:.FFICIENCY 
(PF~ CENT 1 

16.5 

18.4 

10.4 

IZ.3 

lB ... 

12.J 

\'1.0 

IJ.4 

l'',C 

14.; 

IS.7 

25.5 

l'''PACTION 
"'''''bER 

0.47 

0.40 

0.4. 

0.40 

0.4Z 

0.40 

0.47 

0 •• 4 

O ... 5 

0.3? 

0.43 

0.55 

REYNOLDS 
NU,",AER 

462.2 

S4J.0 

.Q4.5 

S"3.0 

'117.6 

S4J.0 

462.2 

494.5 

4AJ.0 

SS6.9 

506.1 

395.2 

L. 

N 
1-' 
CI 

• 



~ 

~ ,- -, . ~ 

t. • - • ~ 

-.; 
; .~ .. _, 
~ <:~ 
!.;.:.. ; 

, 
, : :-,1 

1 
~ 

.. , 
r. ' • 

. '. 
-:-.:~ 

~ , 
,':,,:1 

, . ,._ ..... 
:':J 

1 
C'J: 
L..,'"J ...-, 
C". , 
...- . 
L..,'J ' 
~ 

-
SYSrEM US~O .AS TALCV~ PO~DE~ AE~OSOL: .ATL" OROPLET 

ReN NU~HCR ~U~IOlrY TE~pF.'a rURE PQt:SSURE OE .... Sl TV CF DENSlry OF VISCOSITY DIAM. OF A!:OPOSGL TUPRULENCE wEBER 
OISPCRSéO CONTIr.uOUS AERCSOL VELOC! TY NUMBER 
"H.1~E PHASE PAR T ICLES 

IPER CE"TI IDEG FI (""5 1<(;1 (G/CCI (POISE) (CMSI (M/SEC) (PER·CENT) 

112 7:!,.O ~b.O 757.? 1.12~ 0.OJ129 J.COOI88 0.00255 J.O'H 0.016 3.78 

••.•••..••.••.....••.•.••••.....•......••..••....•.•....•. _ ....•.•..................•...•...•..•.•..•...•...••..••••.....•....••.•• ••...•..•..............•••.•..•••..•.....••.........••.............••...•.••......•....••..•••..........•..••..••••••....•.•••••••• 

OROP NU"BE<I 01,\ fil. CF Nu,.nER ilAC><GROUND COLLtOCTICN l''PI·CTICN REYNCLDS 
OQCPLET COLLECTEO COU"'T EFFICIE",CY NUME,:;R NUMBER 
""51 (PER CENTI 

500 0.219 1215 1')02') 9.1 ~.12 465.5 

SOI 0.204 1048 19124 8.9 6.57 433.6 

~C2 0.252 1951 1 ;1610 10.7 5.32 535.7 

503 0.241 1809 19651 10.3 5.43 "i2S.0 

5C4 0.207 1132 19172 9.4 6.48 440.0 

"lOS 0.210 1262 lQ763 9.Q 6. JQ .-46.4 

5C6 0.211 12b4 l'H53 10.1 6.36 .48.5 

507 0.226 1693 19613 11.5 5.93 4110.4 

508 0.163 1269 18711 13.8 7.33 389.0 

509 0.173 1012 18536 12.4 7.75 367.7 

-----

N 
1-' 
~J 



·' ~j 
.~-:. ; 

; ~~ 
~:,. ~j 

-.1 
'4 , 

' .. 

j 
•• '1 

, , 
:- - i 
. . 
- ,1 

.... -1 -=-1 

C""J 1 

L..r. ' 

C"J : 
~j 

U") 

C"J 

----._-, 

SYSTE~ USEO _AS PA~AFF,N OIL AE~Or,OL: ~ATEQ DROPLET 

RU" II:"""I::R .. U~IDITY TE"PE'lATURE PRE'iSU~E CE!'~SITY CF DCNr,ITY OF VISCO'iITY DIAM. OF AEROSCL TU<lBULE"CE _EBFR 
C ",pf: RSEC cu ... r INUOUS AERCSOL VELOCITY NU",UER 
Pt-1A': .. t.: PHA-;E PARTICLES 

(l'ER CE" T 1 (D.:G FI <,,,.<; HG) (r./CCI (POISE) (C"SI (II/SEC) (DER CE ... TI 

114 71.0 65.0 754.0 O.BAO 0.00126 O.COCIBB C.OOISO 3.39B 0.020 2.09 

•...••..•.....•.••..•..•....••.•..•....•..••....•........•••.•••.......•..•......•...•...••.•...••.••...•••••...•••••••••..•••..••• •...•...........•..•• _ ..........•.......•...•...•.....................................•.....•..•..•.•................•••..••..••••. 

DROP "'U"BER 

5~0 

~51 

~52 

553 

5~" 

::55 

556 

~57 

5'!1e 

:!59 

560 

:'61 

562 

563 

'!I64 

011.01. CF 
DRcoLET 
(C"S 1 

0.C92 

0.197 

0.174 

C.141 

0.162 

C.174 

0.201 

0.121 

C.C95 

0.2~0 

0.135 

0.17" 

0.1ge 

0.158 

0.177 

NU"flER 
CCLLECTED 

1162 

375A 

31(.7 

1680 

2657 

2367 

3639 

173\ 

1 ~47 

3e"" 

2304 

2ee.! 

3337 

24" J 

:!9113 

UACKGRCUND 
CO\,NT 

162'lJ 

1"4 JO 

15412 

15f.5? 

1514<; 

ISI21 

1'i020 

1<>'iC\ 

161'>21 

167\ 7 

1"472 

1047'5 

163! 1 

17012 

16?J7 

COLLECTION 
EFF~CIFII:CY 

(PI.1l CLNTI 

57.4 

42.R 

40.2 

36 • ., 

4~.5 

3~.5 

40." 

41l." 

61.2 

25.2 

52.3 

36. ] 

35.'} 

JI/.p. 

3110,] 

I~PACTION 

Nu"nER 

4.l2 

2.02 

2.2A 

2.e2 

2.45 

;t.2B 

1.9B 

3.28 

4. lA 

1.59 

2.94 

2.26 

2.01 

2.!il 

2.24 

REYNOLDS 
NU"UER 

213.2 

4c.;".4 

403.1 

326.7 

375.3 

"03.1 

465.1 

2130.3 

220.\ 

579.2 

312.1:1 

"C3.1 

"5B.7 

366.1 

410.1 

: 

L __ 

N 
'-' 
CO 



- ~ 

~ 
_.: .; 

., 
-:~ -, 

.. -1 ,.- ... 

· , · , 
;.:J 
'. J. 

) 

'-~ , 
€ ::~ j 

• -:..; 1 i.2:.h 

.... """) i 
t.:J 1 

~i 
...... ·1 
~I 
:-""') 1 
~' • J, 

r"'-"· 

SYSTE'" USED "'AS '>AQAfFI'4 1I1L AEROSOL: "ATER DI~()PLFT 

nu .. .. t;"UéQ "U"IDI TV TE"PEQATUQE PQES~lH1E CFN"I rv OF ûEN!.ITV OF VISCOSITY 01 A .... OF AEQOSOL TUQeuLENCE WESER 
ct",PErl~t:C CON TI ' .. ,OUS AERC~OL VELOCI TY NU"'SER 
PMA .... r PHASE PAQTICLES 

(PER C""TI (DEG FI (""S HGI «(..tCC 1 (PO[~F.) (C"'SI ,"'SECI (PEI' CENTI 

115 71.0 8!j.O 754.0 0.t'1I0 0.1;012d 0.0001S8 -0.0':'150 3.4J7 0.020 2.14 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• - ••••••••••••••••••••• ~ •••• * •••••••••••••••••••••••••••••••••• •...•...........•...........•.•...•....•...........•.•..•...•................•.........••..•...•..•••..•.••.....•...•...•..•••••••• 

DROP .. u"SER 01 ..... CF 
C"CPLET 
IC~SI 

"U"I!ER 
CDLLECTEO 

AACKGQOU04D 
COUNT 

COLLECTION 
EFFIClfNCY 
IPER CE .. TI 

I ... PACTION 
NU,",UER 

REYNOLDS 
NU"BER 

rv 
"J 



..-­• 
::.. ~ 

. '. i ~- ·4~ 
• '-'1 
, .3 
, .:.1 , .. -' _ .. - . ... . :.: 
:~ 
: ~': 

- -:, ., .. , 
.. -4 

. "'1 .. 
..•. -~' .. 

-.1 

, 
L_ ..:= s - ..... 

• _"!" 
•• <1 

bJ. 
1 : . 
i 

1 
1 , 
j. 

1 

(O! 
L'JI 
~i 
~i 

~I 
C"") . 

1 

SYSTEM usen .AS PA~AFFIN ~A~ Ae~C50L: .AT(R OROPLFT 

Rt"N NU"t!t:A "U"IOITY TE"PER"TU~E PR"SSUR(; OEN~lrY CF OFN'> 1 TY ilF IIISCOSITY DIA",_ OF "E~OSOL TURHULE ... CE WE'3ER 
C l ';"~.RSEO CON T l''UOUS AEROSOL VELOCITY NU .. BER 
Pt'1A~L PtiASê. P"~TICLES 

(PER CE" T 1 (OEG FI ( .... S t<GI (G/CCI ("015EI ICI-OSI (",.I5ECI ("ER C,"·"T 1 

116 68.0 80.4 763.2 O.QIA O.OOIJO 0.000189 0.00Z29 4.659 0.011 6.Z7 

••..........•...•........•................ ~ ..••....••. ......•.......................•••..........................•••.........•••••. •.•.•...•......••..•.•..•••••.•.•.•....••...••................................•...•.•...••..• -..•.•••..••..................... ~ .... 
DROP ,",U"8E'" 

6CC 

C:CI 

6CZ 

6C3 

604 

6C5 

606 

61:7 

6ce 

eC9 

61C 

611 

61Z 

61) 

01""'. CF 
CACPLET 

""SI 

0.221 

O.;:IS 

0.19S 

0.208 

0.216 

0.Z21 

0.161 

0.15" 

0.150 

0.165 

0.1~6 

0.156 

0.101 

0.171 

NU"'UER 
COLLt:C TEO 

3147 

28Z1 

18·12 

2"42 

274 J 

2916 

17t'>8 

ISdfl 

141'9 

1044 

IS26 

1 )92 

1675 

leS7 

HACKGROUNO 
CCUNT 

10248 

IOJ62 

11)21'6 

10579 

1t;6Q5 

10711 

Iv241 

IOJ~2 

11)473 

1:;0;64 

10278 

10216 

10;»99 

le452 

COLLECTION 
EFFICIENCY 
(PF.~ CErHI 

4Z.8 

40.1 

33.0 

36.3 

37.4 

38.0 

"S.", 

.".1 

4 J.O 

38.9 

"1.6 

3e.1 

"Z.7 

42.1 

t"PACTICN 
NU .. IJE'" 

5.96 

6.IZ 

6.75 

6.JJ 

',.C~ 

5.«;6 

Il.17 

1!.!:I5 

Il.77 

7."8 

Il.4'' 

P ... 4 

Il.17 

7.70 

REYNOLDS 
NU"'lE'" 

706.0 . 

6116.8 

622.9 

664.5 

690.0 

706.0 

514.3 

"92.0 

,,79.2 

527.1 

,,911.3 

"98.3 

514.3 

546.1 

L_ 6'_ 0.11l0 1'>70 10310 40.2 7.JI 575.0 

1\..1 
1\..1 



~ , 
· .~ 

":1 

:·~·i 
:. :~I ... --
,~ -., 
"1"_410 

" '. :. ::j 
• !l 

1 "_.: 

!:.: .. ~ 
, -. ;.-: :-11 

· ~ :.:. 

~:.: J 
• '4 
• _-:- l 

"J 
:":-.; 
.'- li 

c-- : 
LOI 
..-- . 

-' ~, 

..--
LOi 

~ 
("";) , 

1 

,. 

O~OP "U"RéQ 

61'5 

616 

617 

61e 

61'l 

620 

621 

622 

62.1 

624 

625 

626 

621 

628 

b2'l 

63C 

6.11 

632 

633 

63" 

63'S 

636 

637 

op .... CF 
ORCPLET 
(C",SI 

O.lel 

C.2JI 

o.I'lO 

C.I<;O 

0.201 

0.1<;5 

0.215 

0.247 

0'; 115 

0.124 

0.2Sb 

C.224 

0.122 

0.111 

0.248 

0';177 

0.140 

0;;131 

0.136 

0.167 

0.139 

C.IAO 

C.141 

"_. --- -- .-

,,"U"!lER 
COLLECTEO 

;>170 

3537 

2507 

240'l 

2761 

2')48 

3776 

4715 

Il'l'l 

1404 

637b 

3424 

1301 

1026 

441le 

134<) 

1530 

1"8'l 

IO~O 

2353 

1612 

16'l2 

lé62 

AAC",G~OUNO 

CaUNT 

1 C J'lI 

11t.>23 

Il )72 

11.106 

1 1 3" t.> 

12')25 

12434 

12SSfl 

1.1103 

13397 

13777 

1 J641 

13271 

1 J4Q2 

13671 

13:106 

1~"04 

1 3JI8 

Ll424 

13303 

13193 

13275 

13330 

COLL(CTION 
EFFICIE"CY 
(PEQ CENTI 

43.4 

36.6 

41.6 

40.2 

41.1 

36.4 

38.6 

37.5 

.7.1 

46.4 

4R.J 

34.1 

44.9 

42.0 

J6.4 

42.8 

39.1 

.4 •• 

45.3 

43.2 

47.7 

44.3 

42.7 

r .. PACTION 
NUIo!IlER 

7.27 

5.70 

6.93 

6.0;3 

"6.5'5 

6.75 

6.12 

5.33 

11.44 

10.61 

5.14 

'\:e6 

10.79 

Il.86 

5.31 

10.36 

9.4C 

10.CS 

'l.08 

7.fe 

Q.47 

<)."0 

'l.3) 

REYNOLDS 
NUIo!AER 

576.2 

737.<) 

607.0 

607.0 

642.1 

622.9 

666.8 

7A';I.O 

167.4 

196.1 

"117.6 

715.6 

369.7 

354.6 

792.2 

405.7 

4"7.2 

411l.S 

.'·.5 
'533.5 

644.0 

4 .. 7.2 

"50.4 

-._----------------

... 

1\..) 

1\..) 

tv 
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~ 

i11 
• : 1 

:>: .! 

- ~ . -
\ --
'~:::J 
-;;:;j 
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r;:~ 

~ ~:.:ï 
,.: 1 

.~ .. ' 
: -;..~ i 

(-:'1 
;.':' :1 .. ::':: .. ~ 
~~;':'l 
": .... -, 
~ 

i 
1 

~i 
Ln! 
~:. 

c-.J ' 
~. 

!...-'j' 
C"j ; 

i. 

OUOP "UIIAEH 

o.le 

6J~ 

640 

DIA"'. CF 
DRCI'LET 
ICIISI 

O.ICO 

C."02 

O.14Q 

NI)"'Ht::R 
COLLECTlOO 

9JI 

3173 

IQ39 

flACKGQOU"'D 
COI.. ... T 

13179 

13234 

13269 

CCLLt::CT 1 C', 
EFFICIC"CY 
(l'ER CCNTI 

48.1 

40.0 

44.8 

l''PACTION 
"UII8ER 

1 3.16 

6.52 

e.e3 

REYNOLDS 
NUI'BER 

319.S 

645.3 

476.0 

.. 
"--, 

--_._-._-----_. 

N 

~'" 
'N 



~ ;;-~ 

'OJ 
• 1 . - . 
-". "-0· 
~. 

;:.~ i 
oj 

.. ~ 
.0 f 

l , 
j 
1 

~ -J 
:~~01 
:":':i 
-~ 

i 
i 
1 

1 
1 

1 
0":> 1 

u-:: . 
~I 
c-.; 0 , 
~. 

Ln: 
CV"J ! 

! 
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SYSTE~ USEe WAS PA~AFFIN wAI AE~OSOL: WAT~~ O~OPLET 

Rl;N Nu"ntOR rU"IOITY TE"'PE~ATU~E P~ESSU,l~ ('!EN$lTY CF nCNSITY OF VISCOSITY DIA .... OF AEROSOL TURHULENCE wEBER 
CIS"CIlSt:O CONTI,,"uOUS AEROSCL VELOCITY NUI'IlER 
P .. ASt: PHASE PA~T1CLES 

IPER CE"'TI IDEG F', (1"'5 HGI IG/CCI IPOISEI IC"'SI (l'/StOC) (PE~ CENTI 

117 66.0 62.0 763.9 0.91R 0.00130 O.OCOIBQ 0.0027A 3.210 0.013 3.56 

•..••••..•......•..•.......••..••.•...•...•..••...••••...• -.............................•..............••......•..........•••...... ••..••..•.......•.•.....•.•••.•••.......••.•.•..•..........••...•..........••....•..•••....•.•.•....• _ ......••..•••.•...•....••...• 

DRIlP ,""U"AER 

650 

6'.51 

taS2 

053 

65A 

055 

05e 

657 

6'.5e 

659 

e60 

661 

01 ... •• CF 
l)I>C"LE T 

ec"s) 

O.;>.l~ 

G.171 

0.2 '0 

0.1 '12 

C.l.,. 
0.244 

0.177 

0."2?3 

C'?'_O 

0.1 ez 

0.2eo 

C.ltll 

NU "1lF. R 
CCLLf'CTEO 

17J'i 

17<)6 

2361 

2567 

12QIl 

1711A 

121'01 

3795 

150Q 

1374 

"713 

158l 

DACKGllnUND 
ecu",T 

27221 

26075 

26~8J 

27027 

:>6"92 

26B~9 

2bAII2 

26703 

27103 

2MiJi 

27053 

261\Q7 

COLLECTIr.N 
EFFIClrNCY 
(Pê;> Cé; .. TI 

7.e 

15.6 

Il. J 

17.0 

6.7 

7.A 

10.2 

1<).5 

5.6 

13.2 

17.6 

12.2 

l''PACTION 
,""U"AER 

5.51 

7.tl 

0;.(:6 

6.18 

f>.71 

5.~J 

7.35 

5.eJ 

5.CO 

B.Ol 

5.CO 

7.19 

l'lEYNOLDS 
NUMAEw 

521.1 

377.6 

"507.9" 

A2A.0 

A2B.A 

516.8 

J90.9 

.~2 •• 

57A .1 

357.7 

57A.I 

399.7 

'-

N 
N 
~ 
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• ·1 " 

. 1 ... 
--'j 

t .... 

.. :-: , l'-~'' 
'..... 1 

C - -'1 ! 
i..-I 

1 

C)i 
c...:; 1 

~I 
~i 
,..-; 
L..("':, ~ 
cv:> 1 

1 
i 

... 

SY5TC~ USED _AS QARAFFI~ WA~ AERC50L: WATER OqOPLET 

Rl:N N\J"t.L;" ,.UMIDITY TE"QE~"TUHE f.lnr:S$UIlE ocr.,; 1 TY CF OFNSITY OF V[ScnS[TY OlAM. CF AEH05CL TURIlULENCE wEBER 
DISPERseo CO .. T[I'.UQI,;S AERC-:'CL VELCC[TY NU~IlER 

PHA"C PHA5iô PART[CLES 
(PER CE"T 1 (OEC 1" ) (II"S toC) (C/CCI (POISF) (C"SI ("/5EC) [QER CE .. T) 

118 bb.O 1'2.0 7.7)'5.4 0.911' O.OCLlC 0.000189 0.OC27S 3.163 C.OIC 3.47 

•••..•..•.......•....•..•..........•........•. ~ ..............................•...•.........•.......•.....•..••.•••..•.•...•..••.•.. •.•••....................••.....•..•................•.....................•...•.••.............•.......•••..•...•...•..•...•.•.••.• 

OROP "U"HER 

6AO 

6Al 

OC2 

OeJ 

084 

e85 

6B6 

O[A". CF 
OI<CFLET 
""5) 

0.24Q 

0.\ BO 

0.\77 

C.16tl 

0.204 

0.242 

0.137 

NU,·UlER 
COLLECTED 

192 l 

\ "61 

\8J4 

1)7 J 

2009 

2842 

11'49 

RACKCQOUND 
COUNT 

27645 

27748 

27032 

21129 

272<)7 

27090 

27e71 

COLLECT[;: ... 
EFFIC[E"CY 
(PER CE"T) 

e.2 

14 el 

1 •• 6 

1 Z.1 

12.e 

12.2 

2".1 ' 

IIoAPACTIC ... 
NU"(]ER 

S.J8 

7.1e 

7.30 

7.0Q 

6.33 

5.3" 

9."3 

REYNOLDS 
NU"IlER 

"i?3.2 

ltJZ.-' 

J'IS.9 

366.3 

•••• 8 

'527.6 

298.7 

'- -----------

N 
N 
''';' 



w 

SY~Tt~ USEO .AS PA~AFFIN wAX AE~USOL: .Ar~R OROPLET 

RUN NU~HER ~U~IOITY Të~PE'''' TURE PRéSSURE flENSITY CF OENSITY OF VISC051TY OIA~. OF AE~OSOL TU~BULE ... CE WEBER 
o t S,,'I:I~SEO CU'" TI NUOUS AERCSOL VELOCITY NU~HE~ 

P",ASt: PHASE PAUTICLES 
(PER CF."TI (CEG FI ("~:; HG) (G/CCI (POISËI (C~SI (~/SECI (PE~ CENT! 

119 74.e 81.2 150.6 0.'H8 C.00129 O.OOOI~ç 0.0':'224 4.C08 O.CII 4.54 

~~ . .. ~ 
•••••••••••••••••••••••••••••••••••• ~ •••••••••• * ••••••••• ~ ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ~ ••••••••••••••••• * •••••••••••• * •••••••••••••••••••••••••••••••••• 

: *'-;::.--: .-. 

d .. --.; 
~ .. -:-1 

'-A .,.-.... 
i "--~ 
(::-~ 

f·: ~J 
1 ", 

t ., ..... 
~._..o: 

.-! 

J}:_~ 
~-'" 
~ .. : i 

..-,. 
c..o 
~, 

C"J 
~, 

Ln : 
C"") 1 

1 
L-

DROP "U"OE~ 

70C 

701 

702 

703 

7C. 

705 

706 

lC 1 

7CS 

lC') 

710 

711 

712 

713 

71. 

DI ..... CF 
ORCPLE T 
(C~SI 

0.237 

0.222 

0.217 

0.201 

0.19.3 

0.21S 

0.126 

C .lle 

0.1 $4 

C.126 

0.148 

o.lce 

O.U'::S 

0.21S 

C.l~O 

_._------

NU"r>ER 
COLLECTEr. 

3 ]04 

26QI 

2623 

2S1P 

24"" 

28<;3 

1155 

Q:>6 

IS15 

119 J 

1519 

906 

1910 

2464 

17A3 

OACKGROUNO 
CCUNT 

16012 -

1~"Q7 

15921 

lo;PJ6 

1'51\<;2 

1!:7QJ 

IS771 

1'570 l 

157;>2 

l'St77 

156~S 

15621 

IS607 

15636 

1~~21 

COLLECTICN 
EFFICIENCY 
(Pt:R CENTI 

25.6 

23.3 

23.8 

26.9 

28.e 

25.9 

.JI •• 

'].2 

27.7 

.32.1 

30.2 

J3.9 

30.S 

23.2 

32.2 

l''PACTION 
NU"8E~ 

4.58 

4.e9 

5.CO 

5.40 

5.~2 

4.9S 

e.~1 

q.e6 

7.04 

1'.61 

7.3.3 

10.04 

6.46 

5.0. 

6.95 

~EYNCLOS 

NU"BE~ 

6"A.2 

6.17.2 

593.5 

548.9 

527.9 

S96.2 

34".6 

300.9 

421.2 

344.6 

A04. R 

29'5." 

459.5 

sse.o 

.26.7 

.... _-_.-

I-
i 

N 
N 
j'l 



:--1 

1 _~ , 

t._~ 

t~) 
;.- ·4 
! . 

" . 

. ~ 

=<1 · _ . ." 

· -~ . ... - . 
;".:-.-:. 1. __ 

• • -.; 1 
~:':11 

1 

1 

~I 
~I 
C'"'\J : 
,..--' 
UJI 
cv:; i 

CRüP .... u ... e=" 

71S 

716 

711 

716 

71~ 

Dl~". CF 
CRCPLtT 
(C"SI 

0.130 

C .17'< 

0.170 

0.144. 

·O.Ic>7 

NU"AFP 
CDLLf.CTED 

12?4 

21JI 

19} ~ 

U)9~ 

1076 

tI"CKG'l(lur,O 
CClU"r 

15~]O 

I~O;07 

155P\) 

15496 

15347 

COLLtCTIGN 
F.FFICIf"NCY 
(PEIl CENTI 

2'1.0 

29.2 

26.~ 

27.5 

29.~ 

\"PACT\CN 
NlJ ... hER 

7.9/l 

6.G6 

6.09 

7.~J 

6.49 

REYNOl.DS 
NU"AER 

372.0 

41\9.6 

486.a 

393.8 

456.7 

... 
--- "._--.-_.- -_. -_._---- - ----- --, 

1 

--------------~ 

I\J 
!'..l 
-..J 
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;-:-1 
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1 

,'?j 
~ ... ~ --, .'-
~ 0,: . 
r-:1 
.- . 

·f 

~ 

.~: 

- .. j 
:. --:r 

, . 
~ -- ~ 
i.:-..01 

1 

i 
! 
i 

C"'"J 1 
COI 
~I 

C'.J 1 
~I 

U?I 
C"'"J 1 

i 

III 

SV" TE'" llSEO .... 5 .. t::THVL~."~ "I.llF. ACROSOL: "A TER OROPLE T 

RLN NL~UER ~U"'IDITY TE"PERATU~E PRI:SSURF; Cf"'>ITV OF OF"IS t TV OF VISCOSITY 01 A"'. OF A"ROSCL TURIlULENCE wEilER 
OI5PFR5~C CONTI"vOllS AE"OSnL VELOCITY NU"AER 
PtiA",c PHA.':;E PART ICLES 

(;>ER CE .... T) (CEG F) (""'5 HGI IG/t:C) (POISF) 1 C"SI ( II/SEC) (PER CEhTI 

12C 69.0 81.0 761.0 1.4vl 0 • .li)1;>') 0.OOC11l9 O.OCOSO 4.276 ".Oi5 1.76 

••.•........•...•••.....•..••.•••• ~ ••..••••....•...... ......•...............•.......•........•..•..••.•.•..•••....•.••.••.•...•.••• •..•........•.........•....••...•......•.....................................•......•...•.•••..•••.•••.••••.••..•..•......••.••••.• 

ORCP hU"8ER 

7;'C 

721 

72;: 

72.3 

DIA". CF 
CRCPLET 
(C"SI 

0.136 

0.132 

0.132 

C.160 

NUlltlFR 
COLLECTED 

'l'57 

'l52 

1107 

1205 

AACo(G~OUr.D 

COUNT 

153')7 

14?03 

152';? 

15373 

COLLECTION 
EFFICI~ .. CY 
(Plo" CENTI 

2Z.\I 

25.0 

ze.4 

:!O.9 

l''PACTICN 
NU"HER 

O.(:~ 

0.t7 

0.67 

0.55 

REYNOLDS 
Nu"aER 

398.0 

3e6.3 

386.J 

A6e.2 

L ---_._------

N 
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C.:l 
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SY'>TF. .. uSEe> .... 'i n:~.,ous ·."L ...... TE •• EQ('';CL: .. A TEil OnOPLET 

Rl,;h "\J"bE~ toU"ICITY TE"PE~ .. TURE PPES!'itJ~l: CF.N'iITY nF IlE"SITY OF VISCnSITY o 1 A~. OF "EROSr.L TI,oRBULEhCE wEBER 
CI!iPFRSEO CONTI"'uOUS AEROSOL VELOCITY NU"SER 
Pt-4.\O;C PHASE P4RTICLES 

(PER CE"TI (CEG FI (""5 HGI (G/CCI (POl SF.I (C"SI (,,/<;EC) (PER CEhT) 

121 63.0 80.0 762.2 1 .Rb 3 0.00130 0.00Cl85 O.OolIIB 1.631 0.016 0.80 

•••••••••••••••••••••••••••••••••••••• * •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• c •••••••••••••••••••••• 

DROP hU"DER 

73C 

731 

7J2 

73J 

7J4 

7J'5 

136 

737, 

7.lft 

73 .. 

740 

741 

742 

74J 

744 

o I~". CF 
OI:CPLET 
(C"SI 

O.~bO 

0.2e6 

0.2J4 

0.160 

,).144 

0.1'11 

0.17" 

0.10 .. 

0.167 

0.190 

0.177 

0.249 

0.242 

0.130 

0.IJ4 

NU"AF.R 
COLLECTéO 

J(:Je 

262!! 

J~55 

2050 

1{,5_ 

2608 

1f1"17 

'lo>! 

2661 

226'1 

22;>6 

34J6 

2626 

1.21 

\ "4'5 

A"CI(G~DUNC 

CC'-"T 

lCJ62 

\05]3 

\0';77 

10519 

1 C412 

10J28 

10109 

101)06 

1;)921 

lCC14, 

10C96 

lC01J 

10115 

lC II 5 

\0136 

COLLECTION 
EFFICIf.NCY 
(PEil CENT! 

35.4 

40.1 

41.8 

51.9 

52.1 

47.2 

4C.0 

52.0 

59.5 

42.7 

67.9 

37.7 

30.2 

56.6 

:\4.1 

l''PACTIO'' 
hU,",HER 

O.IlA 

\.24 

I.C9 

l.~q 

1.77 

1.33 

1.45 

2.33 

1.52 

I.J4 

1.44 

1.02 

1.05 

1.96 

1.90 

REYNOLDS 
Nu"aER 

2')7.7 

235.9 

267.9 

lA3.2 

164.9 

218.7 

201.'5 

124.13 

191.2 

217.5 

202.6 

285.1 

277.1 

141".8 

153.4 

,-------
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N 
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.i 
'1 

.~ 

, ., 
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• -.J 
~~-, 
;...=.~ 

1 

1 

1 

~I 
~ 

..-j 
~I 
Lnl 

,J cv:l ; 

DrlO .. " ..... RER DIU'. CF 
DRCPLE T 
(C"'5) 

74"> \l.1 1 ~ 

746 G.145 

7.' o.CP7 

746 0.1 J7 

7. cJ O.14l'C 

l'SC 0.105 

751 0.103 

.752 0.11 .-

------- -- ~ 

N"U"t't:R 
CCLLECTED 

III ~ 

1041 

786 

1445 

1 J~4 

IC06 

9 •• 

1125 

nACKcnOUND 
CC ..... T 

IC02'" 

10CO'! 

10226 

l'lIAI 

1"IQ6 

1 C 114 

IOCI2 

101(,5 

COLLECTIO .. 
EFFICI!'''CV 
(PER C'ONTl 

Sd.S 

5J.1 

69.2 

5~.5 

bl .~ 

61.5 

60.5 

5/1.C 

I .. PACTION 
NU"SER 

2.ZJ 

1.16 

2.'0) 

1.'03 

2.12 

2.42 

2 •• 7 

2.2J 

REVNOLDS 
NU"SER 

IJO.S 

1/56.0 

99.6 

151.1 

137 •• 

120.2 

117.9 

IJO.S 

._---------_. --- --

~ 

IV 
'-oJ 
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1 
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1 
.1 
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fi .... 

SYSTEM USEe ~A~ OIOCTVL PHTHALAT~ AEnOSOL: _ATEn OQOPLET 

l'UN NU"'lUI t-U"IOI TY TE"PE<lATUPE PQ<:SSU<lE C!:.N';ITV CF OENSITV r.F vISCOSITY OIA". OF AERCJSCL TURRULENCE wEBER 
n f';nf;.RS!:C CONTINUCJUS AEQOSOL vELOCI TY NU"BER 
P~A~( PHASE PAPT ICLES 

IPER CF."TI ID!:G FI (., ... C; .-.G) IG/CC) (POIS",I (C"SI l'''SEC) (PEn CENTI 

122' 63.0 <lG.O 7(,2.2 0.'177 0.00130 0.COO185 0.ce157 J • .JQ6 0.012 2.43 

~ 
•.......••••.•.....•.....•...........................................................•.•....•...•.•••......••.••..•.••••......••••. ••.•...•.......••..•••.••..•....•.•....•...................................•.•.....•••.••..••......••••.•.•••.•••••••••.•••••.•••.• 

"'- .~ 

, i 
i .. ~ 

~-- :; 
." " : .~~ 

'. 
l·· . 

] 
J 

, '.-:~ 
- 1 .', 

~ " 

" .. ;,,~! 
t .. -' l' ,·i 1 

OP~P hU .. HER 

775 

776 

777 

778 

77<) 

71'0 

71!1 

7e2 

783 

1 i:CAE ut;AGt: , 
1 CIAGNCSTlCS 

c..c ' 
~ CCMPILC TI"E-

~, ....... 
Lr)' 
C"':) : 

OI~II. CF 
OPCPLET 
(CIISI 

0.230 

0.2(,0 

0.'~0 

0.1 !OS 

0.211 

O.1~2 

C.IZ8 

0."174 

1).260 

NU"'UER 
COLLECTEO 

2"72 

:' 1!;J7 

1136 

251q 

3023 

1 ~74 

1533 

2312 

2"56 

OACKGROllNL! 
CCU,,"T 

14'154 

'47<!fI 

14073 

14.,77 

141176 

1'01'53 

'47';'.7 

, "i ~ '. : 

l ~ i 

COLLf.CTln ... 
ErFICIENCV 
(PEI< CENT) 

24.7 

14.7 

3h.7 

4Q.C 

JI.I 

411.5 

43.3 

:l5.3 

III. , 

OBJECT CeDE" 110110 livTeS.AAR".,. ,,"EA= 424 liYTES.TOTAL 

N\iWSCR OF ERROl" '" o. NU"dER OF .... ~ .... l ... GS- O. 

1.21 SEC~EXECUTION TIWE2 4.97 SEC. wATFIV - vEqSIC'" 

l''OACTICN 
NU"HER 

2 .14 

l.eQ 

1.7'1 

3.17 

2.33 

4.03 

J.e4 

2.83 

I.e~ 

"'OE" AVAILABLE" 

PEVNCLOS 
NU"HER 

54B •• 

(,20.0 

110.0 

:l6Q.6 

503.1 

2<)O.Q 

J05.~ 

414.9 

6;>0.0 

118784 

NU"OER CF EXTENSIONS-
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SYTES 

0 

OATE" 75/146 

t'V 
:..,.; 
~ 


