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Abstract-Methods for the measurement of the size of drops, solid particles and bubbles have been 
reviewed. A selection of methods which are potentially suitable for practical drop size measurement are 
presented with particular attention to their difficulty and sources of error. 

It is shown that selection of a method for a specific use poses certain questions, namely; 
(I) Is a mean or a distribution required? 
(2) What type of mean or distribution (spatialkemporal) is sought? 
(3) Is mass flux or number data also required? 
The most generally applicable method is photography but this suffers from various difficulties 

especially for data reduction. The other suitable methods are optical and in the main do not require 
insertion of probes into the flow stream. 

A table is included, summarising the properties of the various methods, with particular reference to the 
three questions posed above. 
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NOMENCLATURE Greek symbols 

area ; 
area of overlap ; 
beam breadth (Figs. 16 and 18); 
constant; 

crater size, impact techniques ; 
diameter ; 

dimensionless particle size ; 
angle ; 
wave length of light ; 
fringe spacing ; 
function defined by equation (18). 

exposure, photographic ; 
light energy, increment; 

eccentricity ; 
angular variation of scattered light; 
tabulated scattering function; 
focal length of lens ; 
probability density function ; 
probe diameter; 
Illumination; 
incident illumination ; 
impression coefficient, impact technique; 
polarised scattered light intensities; 
zeroth order Bessel function of the first 
kind ; 

DROPS are small discrete packets of liquid-one state 
in which the liquid phase can occur in two phase 
flows. They are very important in sprays, e.g., liquid 

fuel flames or spray dryers, or as entrained liquid in 

the gas core of annular two phase flows. Small drops 
are normally assumed to be spherical, the experimen- 
tal evidence shows this to be justified for drops of 

diameter less than 3000 urn. Above this size drops are 
known to oscillate (e.g., Ahmadzadeh and Harker 

[ll). 

first order Bessel function of the first kind ; 
extinction coefficient; 
fraction of diameter particle permitted to 

move during photography; 
probe volume length ; 
size distribution function; 
distance from optical axis; 
signal : 

It is more usual to find a distribution of drop sizes 
than monodisperse drops. The range of sizes is 
important in some transport mechanisms whilst in 

others appropriate mean values suffice. The parti- 
cular mean required is usually determined by the use 
to which the data is to be put. In general terms 
means are defined as: 

optical path length; 
exposure time; 
residence time ; 
particle velocity ; 
scanning velocity ; 
beam width (Figs. 16 and 18); 
eccentricity of intersection of circles 
(Appendix 1) ; 
Weber number. 

The most common of these is the volume to surface 
area mean, d,,, the Sauter mean diameter, which is 
used in mass transfer work where the surface area 
governs the resistance and the volume determines the 
concentration. Mugele and Evans [Z] and Dom- 
browski and Munday [3] specify other means in 
common use and their applications. The type of 
distribution can also be important particularly in the 
comparison of theory and experiment [4-61. The 
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two main types of distributions are temporal (i.c.. 
vary with time at one point in space) or spatial (vary 
in space at one point in time). 

McCreath and Beer [7] point out that. for sprays 
from liquid fuel atomisers in furnaces. drop size 
frequency and spatial distribution control fundamen- 
tal flame characteristics, e.g., radiant heat transfer, 

flame length, fame stabilisation, smoke formation, 
carbon carry over and formation of oxides of 

nitrogen. In spray drying where the drops usually 
consist of aqueous solutions of a chemical that is 
required in solid form, the drop sizes produced in the 
spray exert a strong influence on the product size 
and size distribution. These parameters are often 

important for subsequent processing requirements. 
In two phase annular or disperse flows the drop size 
is of great interest as it is the controlling factor in the 
deposition of drops onto the annular film covering 
the walls or the walls themselves if there is no film. 

This deposition is one of the mechanisms which 
influences the behaviour of the liquid film and hence 
the conditions at which the film dries out. This 

drying out of the film is usually termed burnout and 
it is most important as in constant heat Hux systems 

(such as nuclear reactor cores) a large temperature 
excursion occurs when the wall fihn dries out. Such 
an occurrence is to be avoided because of the safety 
implications. 

The results of experiments performed to date 
indicate that the range of sizes to be expected in the 
various operations are as shown in Table 1. 

A review of the published techniques for drop size 
measurement has been carried out and IS presented 
below. Methods that have been devised for solid 
particles or bubbles or for drops in a liquid 
continuum have been examined as well as those fat 

gas.lliquid flows. Some of the methods included are 
obviously unsuttable for measurements within the 

ranges given in Table I, but are included to illustrate 
an approach or to complete a picture. Both methods 
which provide distribution of drop sizes and those 
that only yield mean drop sizes will be examined. the 
type of result and where appropriate the type of 
distribution will be given in the summary table 
(Appendix 2). The methods will be grouped in terms 
of the basic phenomena employed. i.e.. photographic 
and holographic, thermal. impact, electrical, optical. 

time of residence and indirect methods via velocity 
measurements. 

2. PHOTOGRAPHIC AND HOl.OGHAPHI(‘ XIEXHODS 

Small, swiftly moving objects are difhcult to 

photograph. However, careful consideration of the 
illumination and photography involved and of the 
measurement of the images produced enables x- 

curate results to be obtained with relatively simple 
techniques and equipment. The pertinent topics are 
discussed below. Methods which eliminate the 
photographic plate are also considered. 

2. I. I. ~Ilumiwr~io~ The type of illumination used 
in any situation depends on the information sought 

Table I. Ranges of drop sizes expected 

Operation Range km Reference 

Combustion of liquid fuels 1 O--800 McCreath and Beer [7] 
Spray drying IO- 1000 Dombrowski and Munday [-i] 
Annular two phase Ilows I o- 400 Cousins and Hewitt [X] 

The magnitude of the effort involved in determin- 

ing a mean drop size from individual measurements 
is often governed by the sample size required. Large 
samples can sometimes be necessary to provide an 
accurate estimate of the population mean. Bowen 
and Davies [9] have estimated that, within the W’,, 
confidence limits, the accuracy of the volumeesurface 
mean diameter (rl,,) for various counts varies as 
follows: 

Table 2. Accuracy-etlect of sample 
size 

No. in sample Accuracy “,) 

500 +_17 
1400 & IO 
5500 +5 

35000 +1 

Nukiyama and Tarasawa [IO] measured a minimum 
of 500 drops/sample and quoted an overall accuracy 
of * I so,,. 

and the geometry involved. The information sought 
usually has much more effect on the means of 
observation (of photography), the one case where it 
impinges strongly on the method of illumination is 
when velocities are sought. This is discussed at the 
end of the section. 

Two important effects to be considered in selecting 
the illumination are the illumination intensityjpar- 
title size/velocity relationships and the angular 
variation of scattered light. The illumination re- 
quired is determined by the particle size and velocity. 
From geometrical optics it can be seen that the light 
scattered from a small sphere (10 IO00 pm) is 

where I, is the incident illumination, F(f)) is a 
function dependent on the direction of observation 
relative to that of illumination. and d is the particle 
diameter. 

The exposure time is usually detined as the time 
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CAMERA UNIT 

PTICALLY FLAT GLASS WINDCW. 

AIR PURGE SYSTEM. 

VIEWING TUBE. 

BRASS BOOY 

RETURN TO STORAGE TANK. 

ANODISED ALUMINIIJM COLUMN 

SCALE INCHES 

ILLUMINATION 
PLANE OF FOCUS FOR 

MAXIMUM APERTURE 

FIB;. I. Viewing system for axial photography of annular How after Arnold and Hewitt [I?] 

required for the particle to move a small fraction of observing direction as possible (if it is 0 then 
its own diameter so that shadows of the objects will be recorded). 

r+. (3) 
P 

The exposure, the total amount of light falling on 
any part of the photographic plate, for the portion of 
the plate onto which the image of the particle has 

been focussed, can be expressed as 

E = It, 

and from equations (2) and (3) 

(4) 

The geometries involved can be divided into two 
main groups. The first consists of sprays which are in 
the open or in containers with adequate observation 
facility. These can be photographed perpendicularly 
to the direction of main flow using back or side 
illumination.+ When the drops are flowing in a 

container (e.g. tube) with walls that are not trans- 
parent, e.g. if the tube walls are covered by a wavy 
liquid film as in annular two phase flows, then the 

flow must be modified by stripping off the film and 
observing/illuminating as for the first group or axial 

photography must be used (Fig. I and [ 121). 
When the film has been removed the resulting jet 
containing the spray may be observed in free air 
[13, 141. This confines the method to atmospheric 
pressure experiments. 

K,I,F(tl)d" 

“n 
A prescribed amount of light is necessary to produce 
sufficient activation to create a visible image on the 

developed plate. Therefore, if the value of E is set to 
this prescribed and constant value then the de- 
pendence of the incident light intensity on particle 
size and velocity are 

I, % d,“, (6) 

and 

1, x “,> (7) 

i.e., the smaller and faster the particle the more 
illumination required. 

The theories of Fraunhofer diffraction and Mie 
scattering have shown that F(O) increases as 0, the 
angle included between the illuminating and observ- 
ing light paths, tends to 0”. Therefore the illumi- 
nation is governed by particle velocity and size and 
the illumination should be as close to 0” to the 

When back illumination is employed the drop is 
seen as a black dot (or dash if moving) on a bright 

background. The dash or elongated dot would occur 
if the drop has travelled an appreciable distance 
during the exposure. Kirkman and Ryley [IS] have 
determined that the width of the dash is only directly 
proportional to the drop diameter if the exposure 
time is short enough to limit the travel of the drop to 
two diameters. Otherwise a reduced image is re- 
corded by the photographic emulsion. When drops 
are illuminated from the side they appear as bright 

tWhen drops burning in spray are to be photographed 
special precautions are necessary otherwise the luminosity 
of the flame will overwhelm the photographs. McCreath et 
al. [I 11 give recommendations regarding the most suitable 
wavelength of illumination and the filters and photographic 
film most suited to minimise the effect of the Hame 
luminosity on the photographic film. 
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FIG. 2. Double flash technique of Finlay and Welsh [ 171 

dots on a dark background. If semi-automatic 

methods of data abstraction are to be used then 
illumination of the field of interest from both sides is 
recommended because with one-sided illumination 
the drops may not appear as complete circles. This 
would make it difficult to set up some of the data 

abstraction systems. For axial photography side 
illumination is, of course, necessary and again two 
synchronised sources are recommended. A more 
thorough method of supplying uniform illumination 

is to use an elliptical mirror as used by Treleaven 
and Tobgy [l6] in their photochromic dye irra- 
diation experiments. A light source placed at one 
focus of the mirror will irradiate any object, e.g. the 

test section, at the other focus uniformly. 
If the direction of motion and velocity of the drops 

are also sought a double exposure technique must be 
used. Use of a single streak length is not recom- 
mended as the method is not accurate: fash sources 
tend to have fast rise times and slow decay times, 
therefore one end of the streak is usually blurred. It 
is, consequently, considered good practice to use 

double flash exposures and to take measurements 
from the start of one streak to the start of the next. 
Multiple flashes are most conveniently provided by a 
stroboscopic light source. However these units do 
not always provide sufficient intensity of illumination 

and/or a fast enough rate of interruption. Therefore 
special units have been produced. McCreath er rtl. 
[I I] describe a double flash unit where the first 
spark is focussed at the point of origin of the second 
spark by a lens system, a further lens focusses them 
both onto the camera shutter thus illuminating a 
small area of the spray. The spark sources can be 
fired consecutively at electronically controlled times 
and the delay time between them may be monitored 
by a suitably placed photocell. This technique has 
been designed for back illumination. A similar 
technique has been described by Finlay and Welsh 
[ 171. In this case two flash units are arranged so that 
their directions of illumination are at right angles to 
each other and one of the units faces the object. A 

half-silvered mirror is placed at the intersection of 
the light paths and at 45” to each (Fig. 3). Electronic 
circuitry is provided to trigger the units sequentially 

and to measure the delay time involved. 
7.1.2. Ohserwtion. The small size of the drops to 

be photographed makes a large magnification nec- 
essary. Whether this is applied directly or in two 

stages depends on several factors-the fineness of the 
grain of the photographic emulsion employed, the 
size of field to be photographed and the method of 
abstraction. Williams and Hedley [ 181 report magni- 

fications used as being no greater than x 30 and 
total projected magnifications of the order of x 100. 
This gave a lower limit of discernible particles of 
5um. However a large magnification at the photo- 

graphic stage usually requires small image distances 
which in hostile environments such as flames is not 
easily realised. Large magnifications are usually 

produced in conjunction with small depths of field. 
Therefore particles outside small elements on either 
side of the plane of focus are not clear and, in the 
extreme not visible. The limits of the depth of field 

are usually defined with respect to a circle of 
confusion, i.e. the smallest diffuse image of a point 
that is indistinguishable from a point.? Several 
formulae exist which relate depth of field to the other 
relevant parameters, such as magnification, aperture 
( f’No.) and focal length of lens; for example Cox 

[ 191 gives 

t, = Zf’N(M + 1) 
looM* . 

ISi 

where ,f is the focal length of the lens, N is the 
aperture, and A4 is the magnification. 

The difference in object distance between objects 
at the near and far boundaries of the field in focus 
are usually small so there will at most be a minute 
error in the magnification scaling that should be 

--_-- 

?Dombrowski and Weston [20] use the definition of the 

distance over which diameter can be measured to within 

i 2)“: of its real size. 
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applied to the photographs. However a small depth 

of field is not always compatible with the require- 

ments of a particular situation as for example when 
spatial distributions are fairly important. In these 

cases where large depths of field are necessary the 
magnification error due to the different object 
lengths can be significant. Several methods can be 
used to overcome this problem of a large possible 
range of positions and hence magnifications when 
the depth of field is large, e.g. stereoscopy and 
simultaneous observation of several neighbouring 
planes each of small depth of field can both provide 
exact image distances. 

by Whalley et al. [23] in which annular two phase 

flow was photographed in a manner similar to the 

axial method mentioned above. A lens/prism system 

created a pair of stereo-images per frame. The 
viewing axis was not coincident with the tube axis as 
the equipment was designed to examine waves on the 
film flowing along the tube wall. An examination of 
several photographs taken in this way has shown the 
difficulty in matching pairs of images of a drop, e.g. 

Fig. 4, and so no drop size data has been abstracted 
from this work. 

A technique for enlarging the depth of field has 

been proposed by Dombrowski and Weston 1201. 

NOT TO SCALE 
CAMERA ‘\ 

MIRRORS LENS ‘\ > 
‘1 1, 

FIG. 3. Mirror stereo-attachment after Reddy ~‘t ul. [??I 

The stereoscopic technique was used by Wakstien 
[21] and Reddy et al. [22] to measure velocities in 
pneumatic conveying. Stereoscopy provided the 
position of the particles, stroboscopic illumination 
was used and the velocities were obtained from the 
distance between interruptions on streaks and the 
time interval. The method can be applied to 

the measurement of particle size, whether on its 
own or in conjunction with velocity measure- 

ments. The version used by Reddy et al. [22] is 
shown in Fig. 3 ; they used mirrors to focus two 
views of the field of interest onto one frame. The 

views were observed from different directions so that 
the relative positions of the images of an object were 
related to the position of the object and from the 
former the latter could be obtained and hence the 
magnification deduced. The full relationships re- 
quired for the determination of the position of the 

object and the magnification are very complex but 
can often be simplified with little loss of accuracy, 
they can also be checked by calibration. The 
difficulties involved in stereoscopy are not specific to 
its use in drop size measurements but apply generally 
to stereoscopic methods for velocity and position 
determination. The main difficulty is the identifi- 
cation of the pairs of images of an object which can 
be very tedious. A variation of the method was used 

The technique was designed to follow particles that 
moved in and out of focus and so could be used to 

examine a larger volume than is normally possible 
while minimising magnification error. The technique 

is best explained by reference to a simple ray 
diagram for the formation of an image, Fig. 5. An 
object at plane A is in focus at the plane of the 

photographic plate. If the object moves to position B 
it moves out of the depth of field about A and hence 
out of focus. Therefore to ensure that the planes 

corresponding to the two positions of the object are 
in focus simultaneously a second photographic plate 
must be placed at the image plane of B. To 
accomplish this two cameras could be aligned on the 
object by means of a beam splitter with one focussed 
on plane A and the other on plane B. Selection of 

planes whose depth of field just overlap gives a 
continuous volume of observation. A more con- 
venient arrangement is to insert a beam splitter on 
the image side of a single lens and to place the 
photographic plates in appropriate positions as 
shown in Fig. 6. Obviously more beam splitters 
could be used further enlarging the volume of 
interest, the main limitation to the number of beam 
splitters would be imposed by the intensity of 
illumination available as at each beam splitter a 
division of the light is effected. 
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Fri;. 5. Problem of large field OF view 

PLATE PLANE 

FIG. 6. Soiotion to problem or large fields of view. 

Dombrowski and Weston [20]. 

An alternative technique for examining large 
volumes while still defining object positions closely 
would be to use light of different colours. If several 
narrow neighbouring planes are illuminated each by 
light of a different colour and the whole volume 
photographed using colour film. under conditions 

that give a large depth of field. then the c&our of the 

particles should indicate their positions and hence 
the rn~~gni~c~~tiotl involved. 

It is common practice to identify particles in focus 

by making a subjective judgement regarding the 
sharpness of the images involved. De Corso [24] has 
used a more objective approach. Fresnel fringes, 
alternate rings of light and dark. are formed around 
a drop when it is back-illuminated. The width of the 
first fringe is a linear function of the displacement of 
a drop from the plane of best focus for both positive 
and negative disp1acements.t Therefore b) examin- 
ing drops with fringe widths less than preset values 
oniy drops that are “in focus” are considered. i.e. 

drops within close limits on either side of the plane 
of best focus. De Corso claims errors of 1 (I”,, fat 
5-- IO~m drops and O.Yo for 5OO~m~ when he limits 
examination to particles within $-64Oblm of the 
plane of best focus (camera magnification x’ IO. 
overall magnification x 100). 

Another approach which could help identify 

infocus drops has been suggested by Birch [X]. His 
approach involves spatial filtering to remove the zero 
spatial frequency. The consequence of this is that 

+ Positive displacement is between the plane ol’ best Ibcus 
and camer;~. 
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diffracting object structure is imaged with enhanced 

contrast because object areas of constant or slowly 

varying transmission are suppressed. The edge of an 
infocus drop has a rapid change of transmission and 

is therefore seen very sharply whereas the trans- 
mission round an out of focus drop varies slowly and 
is thus suppressed. Practically the filtering is affected 
by using an illuminating system which produces a 
plane coherent wavefront and an imaging system in 
which the spatial frequency content of the image may 
be modified by the introduction of a filter in the 
anterior focal plane of the projector lens. The filter 
usually takes the form of a grating. 

2.1.3. Abstractiorl of’ duta. Visual sizing and 
counting methods are very tedious and suffer from a 

bias imposed by the operator who usually has to use 
subjective judgement in placing individual particles 

into a size group. It has long been known that this 
bias (or error) could be large. This is illustrated by 
the following examples: 

(1) Nukiyama and Tarasawa [lo] claimed a 
personal error in counting of 7”,,; 

(2) Biggs and McMillan [26J found an inter- 
observer coefficient of variation of 3.1”/) and a 
random error in the count of 7.8’:; when samples of 
450 were examined ; 

(3) Heywood [27] found a range of 15.5:; in the 
estimates of mean size by IO observers when opaque 
circles (placed adjacent to the items being sized) were 
used and 4.6”;, when transparent circles (placed over 

item) were used. The overall mean estimate of size 
was 5.7”,, high with the opaque circles and I .9’!; high 
with the transparent ones; 

(4) Watson and Mulford [28] found biases rang- 
ing from - l7”,, to + I Y’,, amongst 9 observers. 

These examples are all specific to microscopic 
counting and sizing however similar problems 

should be guarded against when measurements are 
taken from photographs. Therefore aids to visual 
counting and sizing such as the transparent circles 
mentioned by Haywood [27] are necessary. Non- 
visual techniques are obviously preferable. 

McCreath et u/. [I I] describe a semi-automatic 
apparatus which punches the coordinates of a point 

onto paper tape when a set of cross hairs are set over 
the point and a button is pressed. From the 
coordinates of two diametrically opposed points on a 
particle the diameter is obtained. Similar units are 

available commercially (e.g. “OSCAR” by Benson- 
Lehner and “DMAC” by CTEX). 

Some of these units can be interfaced directly to a 

mini-computer and hence output format is at the 
discretion of the programmer. The accuracy of these 
units can be very high particularly those where the 
scaling can be preset by the operator, any error will 
be masked by operator error. 

Morgan and Meyer 1291 and Ramshaw [30] both 
describe automatic data abstracting apparatus cap- 
able of detecting and sizing images of particles and 01 
discriminating between those in focus and those not. 

Both units described work on the same principle, as 

microdensitometers. In such instruments a spot of 

light is traversed across the negative and the portion 
of light transmitted is measured. When the particle 

image, an area of one density on’ a contrasting 
background, coincides with the spot then a change is 
observed in the output of the light detector. The 
instruments can usually differentiate between images 
that are in focus and those that are not as the sharp 
edges of the former yield a step-change in output 
whereas the latter with their blurred edges give a 
ramp change. However, for this distinction to be 

possible the diameter of the scanning light spot must 

be very small as the.response to a step change in 
density is a ramp change in output with width twice 
the spot size (microdensitometer averaging error). 

Thus the microdensitometer averaging error could 
be confused with the blurring at the edges of an out 

of focus particle. It is preferable that the images 
observed be larger than the scanning spot, otherwise 
problems will arise regarding coincidence (the pre- 
sence of more than one particle image within the 

light spot). If the spot is smaller than the image the 
size is obtained from the traverse time and the 

scanning velocity. This, of course, measures a chord, 
not necessarily a diameter, so that a transformation 
of the data in a manner similar to that of Herringe 
and Davis [31] is required. 

A variation of this technique is used by the 

Quantimet series of instruments. In this case the 
density is determined at a series of points on a 

rectangular grid. The number of points that display a 
different density is then counted, this represents the 
projected area of a particle if there is only one within 
the area of observation. The instrument contains 

sorting logic to group the data into preset size 
ranges. It can examine material in any of several 

forms, e.g. photographic prints, projected negatives 
etc. For an example of its use in drop sizing see Yule 
et al. [32]. 

2.1.4. Photography related methods. Techniques 
which eliminate the photographic plate have recently 
been presented by Simmons [33] and Dix rt al. [34]. 

They have both replaced the photographic plate by 
photodetector arrays. Simmons has used a simple 
inline system with a purge system to keep the lens 

clear of drops and with the photodetector array at 
the focal plane of the camera. He moves the spray 
nozzle under consideration so as to examine different 
parts of the spray whilst keeping his illumination and 

observation modules stationary. The photodetector 
signals are sorted by a computer. Dix et u/. [34] use a 
straight through system using parallel light and no lens 
(shadowography).They also usea focusing system (Fig. 
7). By distinguishing between drops in focus, nearly 
focused and completely out of focus they can obtain 
information regarding the longitudinal positions of 
drops. The outputs of the two detector arrays are 
electronically formatted and punched onto tape for 
subsequent analysis on a computer. This technique is 
therefore capable of giving .Y. ~8. Z. t data. 



I-X;. 7. Optical system (Dix cut trl. [Ml). 

2.2. Hologruphic nwthorls 
Photographs are a two dimensional representation 

of three dimensional scenes. In contrast, holograms, 
the interference pattern formed by light scattered by 
the object and light unaffected by the object, 
“freezes” three dimensional scenes which can be 
recreated in their entirety at leisure. Figure 8 
indicates the requirements for the formation of a 
hologram. A beam of coherent light, after being split 

in two, illuminates the object. The light reflected by 

BEAM 
SPLITTER 

The depth of field has been empiricall\ assessed to 
be 100d2!iL, where d is the drop diameter and i the 
wavelength of the illumination employed. 

Reconstructed holograms have been examined by 
taking photographs of the hologram. These could 
then be used conveniently. Alternatively the holo- 

gram could be examined directly by one of the 
facilities of the Quantimet instrument (Section 2.I.i). 
To ensure that particles are seen as stationar\ 

objects it is recommended that movement during the 
production of the hologram bc restricted to lo”,, 01 
the fringe spacing. Pulsed ruby lasers produce an 

exposure of about 3Ons, w-hich essentially renders 
motionless particles moving with velocities up to 
IOOms ‘. However, for these pulsed lasers with thei 
short coherent lengths it is recommended that the 

inline system used by Ciabor [3S] be employed in 
order to make the angle between the object and 
reference beams as small as possible. 

Attempts have been made to use holograms to size 
submicron particles. however the conclusion reached 

FIG. 8. Holography schematic Ihr production ol holograms 

the object onto the photographic plate on which the 

hologram is to be formed arrives at the same instant 
as a reference beam that has been deflected round 
the object unchanged in phase. The phase difference 

between the two beams causes interference to take 
place and the recorded hologram is composed of 
regions of high and low light intensity. Examination 
of the hologram requires reconstruction which is 
affected by illuminating the hologram with the 

reference beam from the same direction as during the 
recording. The hologram acts as a diffraction screen 

for the reference beam and a wave pattern is formed, 
behind the hologram, which to an observer looks 
just like the original object. 

The original work on holograms [3S] used Fresnel 
(or near field) holograms but later work has 
concentrated on Fraunhofer (or far field) holography 
because it eliminates the troublesome virtual image 
that appears as an out of focus image in place of the 
real image in Fresnel holograms. 

The advantages of holography are: 

(i) Little restriction on the depth of field ; and 
(ii) Uniform magnification for drops separated 

longitudinally when a reconstructed hologram is 
projected. 

[36] was that though these particles, which can be 

considered as point scatterers, can be located their 
size cannot be determined from the holograms. 
Thompson [37] considers the minimum size which 

can be measured by holography to be Zprn.+ Upper 
limits in the millimeter range have been quoted by 
some workers. The holographic technique has been 
used to measure particle size by Fourney et al. 1381 
and Webster [39]. A commercial system is otTered bq 
N.E.L. 

3. IMPACT ,METHODS 

3.1. Sampling slides 

Drops may be sized by microscopic examination 
after capture on solid surfaces or in thin, viscous 
liquid films. Capture can be effected by either 
exposing the solid substrate on which the solid or 
liquid film is spread, to the flow to be sampled or by 
drawing a stream of the drop laden fluid past this 
substrate. The latter method suffers from all the 
obvious disadvantages of interfering with a two 
phase system while ‘interest centres on the floes 

+Extra magnification could be obtained by usmg light of 
different wavelengths for taking and viewing the holo_pram 
[37a]. 



Measurement of drop sizes 1253 

structure and not only on the composition. In any 

technique where the sample is taken off precautions 
have to be taken to ensure that a representative 
sample is collected and analysed. The best approach 

is that of isokinetic sampling, i.e. ensuring that the 
velocity in the probe is equal to that outside. These 
velocities are usually equalised by adjusting the take 
off rate until the static pressures inside and outside 
the probe are equal. Failure to equalise the velocities 
results in a surfeit of larger particles if the take off 
rate is too low, and a deficit for too high a take off 
rate. Allen [40] presents correction factors for 
anisokinetic sampling. 

In addition the work of Ranade et al. [41] shows 
that for particles within the size range shown in 

Table 1 deposition of drops onto the sample tube 
walls occurs even when a secondary gas stream is 
injected through the porous walls of the sample tube. 

The former method required a fast moving 
mechanism if the sampling device is not to be 

swamped by drops. Such a fast moving mechanism 
could set up a perturbation in the flow and distort 
the flow structure. Various workers have either 
traversed the sampling device rapidly across the flow 

stream or exposed it briefly to the flow by opening 
normally closed shutters. In spite of these difficulties 
the method has been widely used. 

The solid-coated substrate often consists of a glass 
microscope slide, for as May [42] has noted “there is 
no doubt that the 3” x 1” microscope slide is 
superior to all other forms of materials on which to 
deposit material in respect of ease of handling, 
examination, cleaning and availability.” These slides 

could be coated with a solid thin film such as 
Magnesium oxide, soot or Vaseline or with a liquid 

of which the recommended ones are mineral oiliva- 
seline or silicone oil/silicone grease [43]. In the case 

of solid coatings the impacting drop produces a 
crater whose size is drop size dependent. Several 
relationships have been proposed for drop size in 
terms of crater size, they are usually of the form: 

d = I,C,, (9) 

where d is the drop diameter, I, is an impression 
coefficient, and C, is the crater size (diameter). 

May [44] has determined I, to be 0.86 for drops in 
the range 20 to 200 pm and 0.71 for 10 1tm drops. 
Stoker [45] has used the empirically determined 
relationship, 

I r^ = 0.17 We0.2, (10) 

where We is the Weber number for the drop. 
With liquid coatings the drop is captured whole 

and thus can be measured directly.+ In some cases 
the drop is distorted to a lens (i.e., flattened because 
its diameter is greater than the film thickness) and a 
correction factor, the flattening coefficient must be 

-tNote must be taken of the fact that refractive effects 
would distort the appearance of the drop and therefore 
appropriate correction should be made. 

applied. Putnam et al. [46] have given methods for 

the determination of this coefficient. 
A problem encountered in these sampling tech- 

niques is the shattering of drops on impact. A 

method of controlling the speed of impaction is 

therefore required. Hence the resort to external 
sampling. Another problem is by-passing of the 
sample slide. Small drops tend to follow the 
continuous phase about the slides and hence not 
deposit in contrast to large drops whose inertia 
causes impact. Narrow slides enable smaller drops to 
be captured but in the limit one would require a slide 

width of the order of the drop size. 

3.2. Cascade samplers 
Use is made of the by-passing problem discussed 

above in cascade samplers (or impactors). These are 
devices containing a series of carefully designed 
nozzles and baffles. Drops of different sizes are 

directed into chambers where they are either allowed 
to coalesce or they are caught on coated slides as in 
the last section. In the coalescence method the 

collected volume in each chamber is measured and 
the number of drops estimated. All drops in a 
chamber are assumed to have the mean diameter for 
which the chamber was designed. 

The impaction slides are examined microscopically 
and equation (9) is applied. May [42] has reviewed 
nozzle design and suggested slot jets to be the best as 
they minimise end effects and produce a ribbon 
deposit which is very useful in the microscopic 
examination. Ellis et al. [47] have produced a 2 stage 
cascade designed for liquid drops in an atmosphere 
of their own vapour (prevention of condens- 

ation/evaporation). 

4. THERMAL METHODS 

4.1. Evaporation methods 

The evaporation of a drop in the Leidenfrost 
mode, i.e., hovering on a cushion of vapour produced 
from its surface, on a hot surface can yield an 
evaporation time that is drop size dependent [48]. 
The method consists of impinging the drop onto a 
hot surface and then observing its evaporation. An 
alternative technique, which does not suffer from the 

problem of having to impinge the drops onto a 
surface, uses a thin hot wire [49,50]. When operated 

in a drop-laden atmosphere, heat is removed from 
the hot wire through forced convection by the 

vapour or through evaporation of drops that 
impinge on the wire.? Whenever a drop impinges on 
the wire it causes a large spike to occur in the heat 
dissipation, the area under this curve (base line, 

normal vapour convection heat removal) is pro- 
portional to the drop volume. Problems arise in that 
the wire has to be strong enough to withstand drop 
impact and that some smaller drops would tend to 
by-pass the wire, i.e., they would follow the gas Row 

ftt is much easier to impinge drops onto a thin wire than 
onto a flat surface- see comments in Section 3. I. 



as in the impaction method above. The method 
would yield a temporal distribution if a hot wire 
were used, the distribution produced by the hot 
surface method would depend on the dimensions of 
the surface. 

4.2. Frrcing methods 

An alternative thermal technique is to freeze the 
drops and then analyse them by means of standard 

solid particle sizing methods, such as sieving, whilst 
keeping the temperature sufficiently low to maintain 

solid drops. Alcohol in a dry ice bath [51] and liquid 
nitrogen [52] are the more popular freezing media. 
This method is obviously not suitable for liquids in 

equilibrium with their own vapour. Long distances 
can be necessary to freeze drops during How which is 
a disadvantage. Also care must be taken (when air is 

the vapour phase) that no carbon dioxide be present. 
Otherwise a freezing temperature between those of 
water and carbon dioxide must be used to prevent 
liquefaction or solidification of the carbon dioxide. 

A variation of this method specific to kerosene 
modelling in isothermal experiments is the use of a 
suitable wax at temperatures just above its melting 
point. Such a wax has similar physical properties to 

kerosene. These working temperatures tend to be 
just above room temperature and close to the 
melting point so that the drops are quickly frozen. 

5. ELECTRICAL METHODS 

The methods described here use either the low 

resistivity of the drop to complete a bridge between a 
pair of needle electrodes or the difference in electrical 
properties of the phases to employ the resist- 
ance/capacitance between a point electrode and the 
conducting tube wall. The methods using the latter 
technique were designed for bubbly or solid.iliquid 
systems and so are not directly suitable for drop 
systems but the equivalent technique using capacit- 

ance might be applicable. 
The needle bridging method developed by Wicks 

and Dukler [53] has been further examined by 
McVean and Wallis [54], Pye [55]. Jones 1561 and 
Jones and Sargent [S7]. Two needles, in line with 
each other with their tips a short distance apart. are 
connected in a circuit with a resistance and a battery. 
When a drop completes the bridge an electrical pulse 
goes through the resistance and is monitored. To 
make the pulse more visible to counters it has been 
found helpful to pass the pulse through a circuit 
whose output is a square wave. A pulse signifies that 
a drop larger than the needle spacing has bridged the 
gap. The experiment is started with the gap set at a 
large distance. the setting is then reduced pro- 
gressively and mean count rates obtained for each 
setting. This provides a set of data which could be 
reduced to the drop size distribution. Wicks and 
Dukler presented a reduction procedure but McVean 
and Wallis have pointed out an error in the method, 
conceded by the original authors, which if corrected 

would have invalidated the reduction scheme. This is 
because the recursive technique employed to solve 
for the drop size distribution function cannot be used 
as it produces error magnification. The basic 
problem appears to be that the kernel of the integral 
expression of Wicks and Dukler is weighted towards 

large drops. McVean and Wallis have produced a 
simple method for determining the cumulative 
volume distribution from the count data obtained. In 
cases where the count frequency is less than 2 kHz 
the probability of the simultaneous presence of two 

drops, with its consequent problems, is expected to 
be small as the pulse rise time is only IO~IS. From 

tine films made by Pye it is seen that drops break 
away cleanly. However Jones and Sargeant [57] 
have carried out careful experiments on this double 
needle technique. They found the technique was 

difficult to use because the apparent resistance of the 
water!glycerol drops, used as models for fuel oils. 
bridging a pair of needles is: 

(i) Large (> IO”ohms): 
(ii) Dependent on the velocity of the drop; 

(iii) Dependent on the surface conditions of the 

needles ; 
(iv) Dependent on the immersion of the needles 

into the drop. 

Also the electronic processor needs to be very fast 
acting so as to be able to respond to the very rapid 
changes in resistance. As this is not easy to satisfy. 
problems arise in the counting procedure. Jones and 

Sargeant conclude that the Wicks-Dukler technique 
could be satisfactory. from an experimental aspect, 

for drop size measurement where the drops are large 
and slow moving. They were not able to specify the 
range of applicability any more specifically as the 
results will depend on the equipment used in any 
given application. 

The first of the phase property difference methods 
was developed by Beck rt ul. [5X]. They showed that 
analysis of the autocorrelation function of a signal 

obtained from an alternating current conductivity 
transducer (current measured between ;I point 
electrode at the tube axis and the tube wall) gave a 
measure of the particle size of ;I flowing sand/water 

mixture3 Because large particles follow large eddies 
and small particles small eddies the mean particle 
size could be measured by allowing the normalized 
signal from ;I correlator to be split in two. The 
resulting signals were passed through high and low 
pass band filters respectively resulting in unequal 
signals because of the different frequency spectra of 
large and small eddies. The ratio of the signals can 
be used. after calibration, to measure the mean 
particle size. For dropigas flows the equivalent 
technique using capacitance instead of conductance 
must be considered. (See Beck Pt d. [S9] who report 
such an approach for mass flux metering.) The 
method is. of course, confined to flow in tubes. 
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5.2. Charge removal methods 

If a length of wire or other small metal object is 

held by an insulated connector/support in a drop 

laden steam and charged to a high potential, then, 
when a drop impinges on this detector, it will take 
up some of the charge. The charge lost may be 
monitored and if there is a relationship between 
charge and drop size then the method can be used to 
monitor individual drop sizes, Giest et al. [60], 

Gardener [61], Guyton [62], Steen and Chatterjee 
[63] and Tatterson [64] have determined that 
charge/dropsize relationships do exist. However the 

exact form appears to be in dispute as Guyton [62] 
and Steen and Chatterjee [63] found the pulse to 
vary as the square of the drop diameter, whilst Giest 
et al. [60] found it to vary as the drop diameter to 
the 1.6 power. This functional dependence has not 

yet been explained fully. Steen and Chatterjee [63] 
try to explain the dependence by examining the two 

asymptotic cases of small probe/large drop and large 

probe/small drop. For the small probe and large 
drop they argue that the capacitance approaches 
that of a sphere and a point charge and therefore the 
capacitance varies with d. However for large probes 
and small drops, when they are of similar size, they 
can be equated to parallel plates so that the 
variation should be as d2. 

Tatterson [64] used two probes, a wire stretched 
across the prongs of a fork shaped support and a 
metal sphere at the end of a support arm. He 

calibrated them by means of streams of uniform 
drops produced at a vibrated nozzle and found a d2 

relationship. 
If the probe is constructed from wire the field will 

not be uniform over it and charge removal will vary 
not only according to the drop size but also as to the 
position of drop impingement. Drops striking the 

wire near its tip are charged to a higher potential 
than those striking elsewhere on the probe because 
of accumulation of charge near the tip. Gardener 

[61] has suggested masking the tip to overcome this 
problem. The shapes of Tatterson’s probes were, no 
doubt, selected to comply with this suggestion but 
care must be taken that variations in potential do 

not exist in these cases. If drops are not removed 
from the probe they could build up, form a 
continuous film and short out the equipment. 

The output of this technique would be a series of 
discrete drop sizes which must be sorted and 
counted. 

6. OPTICAL METHODS 

6.1. Scattering methods 

6.1.1. Background. The intensity of light scattered 
by a particle depends on the intensity of the 
illuminating radiation, the diameter and refractive 
index of the particles, the wavelength and polari- 
sation of the light and the direction of observation 
relative to that of illumination. The theory of 
scattering was formalised many years ago by Mie 
[65] who, on the basis of electromagnetic theory, 

obtained a rigorous solution of the diffraction of a 

plane monochromatic wave by a sphere of any 

diameter and of any composition situated in a 

homogeneous medium. For details of this theory the 
reader is referred to the excellent books by Kerker 
[66] and van de Hulst [67]. Calculations based on 
this theory have showed that the scattering by a 
sphere varies in a complicated oscillatory fashion 

with angle of observation, and that the particular 
pattern depends on both the size parameter, z 
= zd/l, and the relative refractive index. These 

calculations have been confirmed by experimental 
measurements, for example, Blau et al. [68] have 

found good agreement between calculations using 
Mie theory and experimental measurements from 
single particles in suspension held in place by an 
electrostatic field. They examined particles up to 

100 pm. For particles larger or smaller than the wave 
length of light, simpler theoretical approaches have 
been produced. In the latter case the theory of 

Rayleigh applies, the former can be approached 
through geometric optics. This angular distribution 
of scattered intensity can be used for sizing particles 
as can variations in colour or polarisation. However, 

their use tends to be confined to particles smaller 
than the range considered here, i.e., < 1 pm (Kerker 
[66] gives examples of the different approaches). For 
larger particles, d 2 lOpm, the intensity of the light 

scattered at a given angle is directly proportional to 
the square of the diameter. However, as drift and 
fluctuation of the monitoring equipment could 

interfere with the measurements, the use of absolute 
measurements of intensity are not recommended. 
The above has referred to single spheres. If more 

than one sphere is present it is usually assumed that 
the scattering by an array of particles is incoherent 
so that the scattering functions corresponding to an 
isolated particle may be used. The cumulative effect 
is obtained by adding the intensity scattered by each 

particle. It is also assumed that there is no multiple 
scatter (rescattering of scattered light). These assump- 
tions are usually fulfilled when particles are randomly 

positioned in space and a sufficiently dilute system is 
considered. The total amount of scattered light only 

deviates from the square law dependence at very small 
particle sizes as can be seen from a plot of the scattering 
coefficient, K (Fig. 9). The behaviour below I pm is 
monotonically increasing but between 1 and 10 pm the 
K/d relationship oscillates, above 10pm K is inde- 
pendent of diameter. Therefore an approach via total 
light scattered is only feasible for drops smaller than 
1 Km. K is defined as: 

K=i 

‘II 

Ii 

*2n 

I,,,(Cl, 4) sin 0 d0 d$. (11) 
n 0 0 

However, the 4 relationship is of a simple form. 
Therefore this part can be integrated over 0-27~ and 
the expression reduces to: 

J 
77 

(il + i2) sin 0 do, (12) 
0 
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FIG. 9. Scattering coefficient 

(Kerker pp. 49 and 392) where i,, i, are the 

intensities of the scattered light of perpendicular and 
parallel polarisation, N is the angle between the 
irradiation and observation directions, and c1 is the 
nondimensional particle size (n = n&i,). it and iZ are 
dependent on particle diameter, wavelength of light 

and relative refractive index of the particles. The 
effect of the simultaneous presence of several sizes 

can be seen from Fig. 9 only to be felt below - 1 pm. 
For scatter at very small forward angles the 

particle tends to behave as an opaque disk and 
diffraction occurs about it. The angular distribution 

can be described by the Airy pattern, which is 
normalised to give unit intensity at zero deviation 

and is described by: 

i~~“:ssli)l’:ll +cos2t)), (13) 

which for small angles reduces to: 

[ 1 
2 

1% ,!.,(aC)) ) 
w (14) 

where J, is a Bessel function of the first kind and r, ff 

have been defined for equation (12). This function, 
shown in Fig. 10, is the main component of small 

angle forward scattering (the minor components 
being refraction and reflection). The function has 
zeros that are size dependent and can thus be used 
for sizing. The cumulative intensity for solid angles 

2 

FIG. IO. Airy function--distribution of light diffracted by 
an opaque disc. 

increasing from zero can be written 

where E’ is the light energy diffracted within the solid 
angle _t(!,and JO,andJ, are Besselfunctionsoftheiirst 
kind (zeroth and first order respectively). 

6.12. Smttwif~g ,$~mz sitrglc purticks. In spite ctE 

the problems described above regarding the use of 
absolute measurements of intensity, methods have 
been developed which examine the scatter from a 

single particle at a fixed angle. These methods suffer 
from the problems of coincidence (the presence of 

two or more particles within the probe volume) and 
edge effects (illuminatiol~ or obser~fatioll of only part 
of a particle). Use of a narrow parallel beam of 
illumination and of a similar observation beam 

allows a small probe volume to be defined thus 
minimising the chance of a coincidence. The in- 

clusion of a discriminator in the electronic circuitry 
would enable one IO reject the signal arising from the 
coincidence of two particles as such a coincidence 
will produce a doublet pulse. The probability of a 
coincidence occurring in such a way so as not to 

produce a doublet is very small indeed. The problem 
of edge effects -when a particle is only partially in 

the probe volume can be guarded against by 
surrounding the cyli~idri~l light beam by an ~~n~~ui~~r 
beam of light of a different colour. By means of beam 
splitters and filters the signal from each colour could 

be monitored separately. Then. the use of appro- 
priate circuitry would enable particles only partially 
in the probe volume to be identilied as they would 
give a simult~~~leous signal in each colour. 

Most of the workers who have used this method 
examined the scattering at single angles in the range 
30 and 60 Landa and Tebay [69] and Keller [70] 

have examined bubble sizes by this method, and 
Mason and Ramanadham [71 J have produced such 

an instrument to examine rain drops. Shofner rf a/. 
[72] have also produced a single particle scatter 

instrument (available commercially) using a pulsed 
light source. None of the workers mentioned above 
allowed for the problems of coincidence or edge 
effects. This type of approach obviously provides 
data on individual particles which must be coilected 
and sorted. 

61.3. Muiripic~ ptrrticlr scc~tt~~. The scatter from 
several particles of the same size, given sulhcient 
separation. can be summed. However to determine 
the particle size from this summing the concentration 
must be known. The scatter from mixtures ~~fd~ffer~nt 
sized particles can also be summed weighted with the 
fraction ofeach size present. For particles of the range 
showninTable 1 theforwarddirectionistheonlyregion 
where the intensity variation is sufficiently sensitive to 
provide particle size information; the sensitivity arises 
from the dominance of diffraction elfects in forward 
scatter. For smaller particles { < lObtim) the light 

scattered over the whole range of angles (0 A) can be 
used. e.g. C’arabine and Moore [73]. 
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FIG. 11. Results of Chin et al. [77]. 

t-l MICROSCOPE 
COUNTING 

Dobbins et al. [74] examined the small angle 
forward scatter for a polydispersion described by an 
upper limit log normal distribution. They found the 
scattered light distribution to be insensitive to 
variations in the parameters that described the 
particle size distribution. This led Dobbins et al. to 

confine the method to yield the Sauter mean 
diameter. In contrast, Deich et al. [75,76] and Chin 

et al. [77] considered the size/light distribution 
relationship to be sufficiently sensitive for the 

approach to be used for particle size determination. 
They used the form of equation (13) corresponding 
to a polydispersion, 

This was transformed to yield an expression for N(a), 

the drop size distribution. 

where c is a constant, S(c&) is a tabulated function 

and 

Values of 1(0)/r, are measured and substituted 
into equation (17) for different values of a. In this 

way the distribution can be built up. Deich et a[. 
used graphical methods to integrate equation (17) 

and claimed total errors of 15-18’>,:. Chin et cd. also 
integrated graphically and found errors up to 20”;,. 
However, good agreement can be seen between the 
results of this method and those from microscope 

counting (Fig. 11). 
Cornillault [78] and Swithenbank et ul. [79], 

amongst others, have approached the problem in a 
different way. They considered the light energy 
diffracted into small solid angles about 0” or at fixed 
angles with finite catchment angles. The former was 
described for a single particle by equation (15) and 
the latter by: 

Eij = c.d={[J~+J:]j-[J~+J:]ii. (19) 
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FIG. 12. Schematic of diffraction equipment and optical geometry of Fourier transform lens. 

For a polydispersion this becomes: 

Eij = C’ c N&&l; 
A= I 

’ j(J~+J:)j,-(J~+J:),), (20) 

which in terms of weight fractions becomes: 

x [:J~+J:ljt-(J:,+J:)ik]. (21) 

If measurements are made of E,, at several radii the 
resulting series of equations can be written as a 

matrix equation 

x ‘I(Jf,+J:)jk-(J20+J:)ilij, (22) 

from which W(d) can be obtained by inversion of the 
square matrix. However, this matrix is ill con- 

ditioned so an alternative approach is necessary. 
Swithenbank et ul. assumed that the size distribution 
is a good approximation to a Rosin-Rammler 

distribution, which has the form 

R = e-ld il’, (23) 

where R is the weight fraction contained in particles 

of diameter greater than u’ and 8, N are characteris- 
ing parameters. Initial values of the Rosin-Rammler 
parameters x, N are selected. The weight fraction 
distribution is computed through equation (23). 
From equation (22) the energy distribution cor- 
responding to this Rosin-Rammler distribution is 
calculated and compared with the experimentally 
obtained energy distribution. The parameters x, N 
are then optimised to give the best fit. Swithenbank 
et ul., using 30 Eijs, have shown the method to be 
sensitive to small variations in the parameters of the 
Rosin-Rammler distribution equation. 

Two practical problems exist which are common 
to all the methods. The first is that light diffracted at 
a fixed angle from particles at different distances 

from the detector would arrive at different parts of 
the detector and cause confusion. If a lens were 

placed between the object and the detector so that 
the latter was at the focal plane of the lens then, 
because the lens acts as a Fourier transformer, the 
light diffracted by particles in a given direction is 
collected at one point irrespective of the position of 
the particle. This solution has been used by all 
workers. Figure 12 shows the geometry concerned. 
From geometric relationships and the magnification 
for a simple lens it can be shown that the 

displacement of a point from the optical axis 
depends only on the focal length of the lens and the 
angle at which the light was diffracted, i.e., 

r = Of. (24) 

where r is the displacement from the optical axis, 0 is 

the angle of the diffracted ray, and ,f is the focal 
length of the lens. 

Therefore by traversing a detector across the focal 
plane the light diffracted at varying angles can be 

detected. Because of the above relationship, equation 
(24), very small angles can be examined. If the 
maximum practicable value of I’ is defined then by 
increasing ,f; the minimum value of 0 detectable can 

be made very small. 

The second problem arises because the angular 
distribution of diffracted light varies according to the 

Airy function, equation (14) (Fig. 10), therefore the 
range of intensities to be detected fall off very rapidly 
and a detector with a very large range is required, 
larger than is practicable to achieve. Consequently 
alternative methods have been suggested and/or 
implemented to cope with this. Chin et al. [77] and 
McCreath and Beer [I I] suggest the use of photo- 
graphic plates and a microdensitometer. As density is 
a linear function of log intensity a large range of 
intensity can be compressed into a small range of 
density. Cornillault [78] has suggested the use of a 
mask, with apertures of varying size, for a photo- 
detector (Fig. 13). As the detector is moved from the 
optical axis it is covered by a mask with an aperture 
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Fit;. 13. Photodetector mask of Corniiiau~t [78] 

of increasing size, A. This always produces a 
detectable signal, Y, because 

(25) 

and as the first right hand term decreases the second 
increases thus keeping the product with a manage- 
able range. Appropriate correction must be made for 
the aperture size. Annular ring det&tors, which 
would perform a function similar to the variable area 
mask, have been used by MeSweeney and Rivers 
[SO] and Swithenbank rt nl. [79] in conjunction with 
a Fourier transform lens. The area of an annular ring 
is proportional to the main radius if the annular 
thickness is constant so that the rings act in the same 
way as the apertures in the mask used by Cornillault. 
McSweeney and Rivers used a fibre bundle as the 
annular ring detector. One end of the bundle was 
grouped tightly into a circle, the other end was 
separated into small bundles each of which cor- 
responded to a concentric ring at the first end. Each 
small ring was attached to a separate photodetector. 
Swithenbank et al. used a single chip of silicon, with 
annular rings on the chip sensitised as separate 
detectors. The width of the annular rings were not 
uniform but increased with increasing mean radius 
thus enhancing the effect shown in equation (25). 

A unit using the technique of Swithenbank et al. is 

available commercially (Malvern Instruments Ltd.). 
This unit has been tested against suspensions of glass 
spheres in a specially designed stirred cell [81]. The 
size distributions of the suspensions were determined 
through an extensive photographic analysis. In most 
cases of unimodal distributions the Sauter mean 
diameters determined from the Matvern Instrument 
were in close agreement with those obtained from 
photography. Figure 14 shows an example of 
distributions measured using the Malvern instru- 
ment and photography. The tests indicate that there 
is a concentration limit, caused by multiple scatter- 
ing, of 2 IO”/rn” for a size range centred on 70pm. 

Werthemier and Wilcock [82] and Weiss and 
Frock [83] have produced similar methods which 
only produce mean particle size. 

Liversey and Billmeyer [84] have reported an 
alternative method by which mean particle sizes may 
be determined from I(O) data. They plot the data in 
the form of I@ vs 0 and obtain the mean particle size 
from the characteristics of the resultant curve. 

Shofner rt ul. [85] have produced an instrument 
which supplies mass Rux data. They use the 
backscattered light and depend on the light scattered 
per unit volume of particle being nearly particle size 
independent in the range 0.3-10ktrn (Fig. 15). A large 
probe volume is examined and the total light 
backscattered from all the particles in the probe 
volume is collected. This provides mass flux infor- 
mation, the instrument is limited to a range of 
0.2~10~1m through Shofner et al. claim that the 
instrument could be used outside this range with 
appropriate calibration. However their calculations 
show that the backscattered light becomes increas- 
ingly particle size dependent with increasing particle 
size. The instrument is available commercially (Pills 
V, Environmental Systems Corporation). 

Most other multiparticle scattering methods are 
not suitable for sizes in the ranges indicated in Table 
1. They are, however, most useful for work on 
smaller particles. For further information on this 
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FIG. 15. Backscattered intensity per unit volume of drops 
effect of drop size after Shofner et c/l. [X5]. 

subject the reader is referred to Williams’ and 
Hedley’s review [IS]. 

6.1.4. use Of’ holograms ill .scattrlYny 

methods. Holography can be used to examine the 
scattering from individual dropst As noted above 

(Section 2.1) holograms effectively freeze a moving 
scene therefore reconstructed holograms may be 

examined at leisure. In the “freezing” the optical 
properties of objects are retained so that the 
examination could include angular scattering in- 
vestigations. Tschudi et (11. 1871 have produced 
synthetic holograms. From computations using Mie 
theory the light scattering was obtained. The 
interference between this and unscattered lights was 

thence deduced and a large scale plate containing the 
corresponding regions of light and dark was pro- 
duced and scaled down photographically. This 
constituted the synthetic hologram plate. They then 

examined the scattering by reconstructed particles at 
various angles. 

6.1. Ohscurrrtiott, rstinctiotz md turbidit!, 

62.1. Ohscurutiot~. The insertion of a particle in a 
light beam diminishes the amount of light that 
emerges from the control volume along the irra- 
diation direction. In general terms the diminution 
can be described as: 

I “,,I = I,,, - (IS(.A + IAtE), (26) 

where IScA is the amount of light scattered in 
directions other than the irradiation direction and 
IAas is the amount of light absorbed by the particle. 
For single large particles the last two terms can be 
grouped together and the resulting group is pro- 
portional to the projected area of the particle or that 
part of it in the beam. If a beam of rectangular cross 
section is considered with the particle crossing the 

+Hickling [X6]. 
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FIG 16. (a) Obscuration area Ibr particles crossing Rat 

beam : (b) Insert. 

longer sides then the area involved is proportional to 
d2 when d is less than the beam width (shorter side). 
When the particle diameter is larger than the width a 
linear relationship is an excellent approximation. 
Figure 16 shows a non-dimensionalised plot of area 
vs diameter where the area has been non- 

dimensionalised with respect to the beam cross 
sectional area per unit breadth and the diameter with 
respect to the beam width. Ritter et a/. [8X] 
produced a flat rectangular beam by! illuminating 

one end of a fibre bundle whose other end had been 
splayed out flat and used a reverse fibre bundle for 
observation (Fig. 17). This produced a beam 0.5 mm 
wide and 15 cm broad. Two of these detectors were 
employed. one below the other, and with them the 
size, velocity and frequency of streams of drops were 
determined. Lafrance et al. 1891 used a similar 
system with a O.?Smm wide beam. The signals from 
such units are electronically sorted. Coincidence 
errors in such systems are minimised by making the 
beam width as small as possible. However, as in the 
single particle scatter case above, should two 
particles pass through the beam simultaneously then 
the output would appear as a doublet and not a 
single pulse, electronic discriminators could eliminate 
these data points. The problems of edge effects could 
also be dealt with by methods similar to those of 
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Section 6.1.2. By shining beams of another colour 
parallel to and just touching the working beam (on 

both sides) particles that are only partially in the 
working beam can be detected by use of beam 
splitters, filters and discriminators (Fig. 18). 

PB 

COLOUR B PB 

FIG. 18. Second colour masking. 

A similar technique has been devised by Sch- 
leusener [90,91] and also used by Shuster and 

Knollenberg [92]. A laser cavity was set up across 
the drop stream, in this way stronger signals, than 
those for ordinary obscuration, could be obtained. 

Schleusener claims an output sensitivity 10” times as 

great as would be due to normal photoextinction 
cross-sectional area subtraction. Since particles pass- 
ing through the laser cavity attenuate cavity oscil- 

lations, such particles give rise to pulses in the laser 
output. Within a size range determined by cavity 
gain, cavity geometry and beam test point, the 

output pulse height is representative of particle size. 
Details of the equipment are shown in Fig. 19. The 
method still suffers from the problems of coincidence 

and edge effects however the solutions suggested 
above for the ordinary obscuration methods could 
not be applied here. Schleusener overcame the 
problems by directing the particles through the laser 

cavity by aerodynamic jetting at a suitably low 
concentration. 

Rhodes et al. [93] describe an obscuration 

technique (Fig. 20) which eliminates the problem of 
absolute intensity measurement. They shone a flat 

laser beam through the fluid containing particles, 
any particle present casts a shadow. Lenses ex- 

panded the beam and shadow areas proportionally. 
When the beam fell onto a linear array of photo- 
diodes the number of those covered by the shadow 
gave a measure of the particle size, i.e., the switched 
state of the photodiodes (on/off) was noted, thus 
eliminating the need to measure absolute light 

intensities. 
6.2.2. Extinction and turbidity. The straight- 

forward relationship between projected area and 
light losses do not apply for particles smaller than 

about lOurn. For such particles, therefore, an 
alternative approach is necessary. The simultaneous 
presence of several particles in the probe volume 
would invalidate the methods described in the last 

DISCHARGE TUBE/ 

MULTIPLIER 

FG. 19. Schematic for obscuration technique of Schleusener [90]. 

H.M.T. 22:9--8 
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FIG. 20. Schematic for obscuration technique of Rhodes et trl. [Y3]. 
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FIGS. ?I. Turbidity measurements- schematic of optic.\ [Y5]. 

section. For these two cases equation (26) can be 
rewritten as 

K(;c, d)CvN(c&f2 dd , (27) 

where T is the optica path length in which there is 

particles, K(1, d) is defined by equation (I?), and CV 

is the number concentration of particles. 
This may be manipulate further to give: 

and 
’ Xl 

N(d)d” dd 
d32 0 = ~~ _..- 

! 
N(d)d* dd 

0 

(2X) 

(29) 

(JOi 

(31) 

For large particles (d > 10 pm)R = 1.0 therefore d,, 
can be obtained from equation (27) providing the 
concentration is known, see, for example, Dom- 
browski and Wolfson [94]. For small drops K is 
monotonic in rzz = 2rd,,/A. En this case measure- 

ments are made of l,,,,iI,,, at several wavelengths, and 

the log of these values plotted against the wavenum- 

ber, x/i,. The plot is then superimposed on one of R 
against 2, and the curves moved until they coincide. 
The values of the Sauter mean diameter and drop 
concentration may then be determined. This ap- 

proach was adopted by. amongst others. Walters 
[95] whose apparatus is shown in Fig. 21. The 
difference between the monod~sperse and poly- 
disperse curves of K in Fig. 9 can be used to 

determine the drop size distribution for 2 > 4. For 
example, Wallach and Heller 1961 prescribed the 
form of N(d) and adjusted the constants until 
equation (27) was satisfied for ail the ~favelengths at 

which they took measurements. 

Laser Doppler arletnomet~rs use the frequency 
information contained in light scattered by particles 
passing through an interference pattern (fringe 

pattern) to determine velocities. As the intensity of 
scattered light depends on particle size, the effect of 
size has been studied to determine its influence on 
the velocity measurements. The effect has also been 
studied by e.g., Farmer /Y7. 981, Fristrom et IIL [Y9], 
Durst and Zare [ IOO] and Hong and Jones [I Oi] 
specifically to obtain particle size inforIn~ition. 
Farmer and Fristrom ZI rrf. independently derived a 
relationship between the signal visibility. the ratio of 
the ax. and d.c. components of the burst of scattered 
light, and the ratio of particle size to fringe spacing. 
They both concluded that this was described by :t 
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function of the form 

1/ = 2J, @/A*) 

(drr/E.*) ' 
(32) 

where J, is a Bessel function of the first kind, d is 

the particle diameter, and 3.* is the fringe spacing. 
Fristrom et ul. derived this relationship from 

geometric optics, confirmation being provided by 
Jones [102,103] who used the more rigorous Mie 
theory. The calculations were carried out for a 

cylinder as well as a sphere, as a cylinder (say a piece 
of wire) can be handled more easily than a sphere 

and thus be very useful in proving and calibrating 
the method. Such a wire was used by Fristrom et al. 
in their checks of the method. The wire was 

repeatedly passed through the fringe system with its 
axis parallel to the fringes. The fringe spacing was 
adjusted and those spacings at which zeros occured 
in the Doppler burst were determined. From these a 

Workers using the more rigorous calculation ap- 

proach have considered deviations from the above 

limitations. Robards [104] examined the effect of 
aperture and stop size for forward scattering. His 

theoretical and experimental results showed reason- 

able agreement. Adrian and Orloff [IO51 showed 
that for backscatter the visibility/(d/i*) relationship 
requires x = (nd,‘A), the Mie scattering parameter as 
an additional parameter. They showed good agree- 
ment with the appropriate curve when examining 

particles of constant size at various fringe spacings 
(Fig. 23) and noted that the curves merged over a 

limited range of d/i.*. Hong and Jones [IOf] 
determined the theoretical visibiiity/(t//i*) relation- 

ship by using full Mie theory for the scattering and 
determining the collected light by integrating over 
the collection aperture. They determined that there 
was a small effect of particle refractive index. By 
comparison of their visibility results with those from 

1.0 
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FIG. 22. Visibility of particles passing through laser fringe system-theory and experimental results ot’ 
Farmer [97]. 

value of the diameter was calculated. This was only 

5.5”,, different to the correct value and if a datum 
point whose accuracy was justifiably questioned was 
omitted the difference fell to l”,;). Farmer checked his 

theoretical analysis by passing moving fringes over 
glass and aluminium spheres which were held onto a 
glass “flat” by Van der Wahl’s forces. The agreement 

between prediction and measurement, shown in Fig. 
22, can be seen to be good though it is presented on 

rather flattering axes. 
However, more rigorous calculations, Hong and 

Jones [ 1011, Robards [ 1041, Adrian and Orloff [ 1051 
and Chu and Robinson [106], have shown that the 

relationship shown in equation (32) only applies 
when the following conditions are satisfied: 

(i) Light is collected in the forward scatter 
direction ; 

(ii) The Mie scattering parameter is asymptoti- 
cally large ((w > 60 may be sufficient) ; 

(iii) The collecting aperture is asymptotically 
large ; 

(iv) The laser anemometer beams are of equal 
power. 

microscopic counting they showed that the error was 

usually about 5”/; and in the worst case it was still 

only lSq& The method has also been used on a spray 
by Schmidt et al. [107]. However, they used 
Farmer’s simple equation relating visibility and d/n*, 
but collected the scattered light at an angle close to 
backscatter, i.e., well outside the range of applica- 

bility of the Farmer equation. Nevertheless, reason- 
able agreement was obtained between the visibility 
results and those from collection on a sampling slide 

coated with MgO, see Section 3.1. It is noted that the 
sample size was small; only 100 visibility signals 
were analysed. 

The method still suffers from difficulties and 

disadvantages though the latter are probably far 
outweighed by the advantages. The first difficulty 
that must be overcome is that of abstracting data, 
the method used by Hong and Jones [loll of 
measuring oscilloscope traces by hand is very time 
consuming. For general application therefore, some 
automatic discriminating/measuring system is re- 
quired. Such a system should not be difficult to 
devise. A discriminator is necessary to eliminate the 
need to examine each Doppler burst individually. A 
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FIG;. 23. Tbeoretul and experimental vislbillty for backscatter [lOi] 

second difficulty is that the observation angle and 
solid collection angle must be carefully chosen to 
optimise the signal strength. However, Farmer has 
carried out a series of experiments the results of 

which are of great value for the above selections. 
The limited range of drop sizes, discussed above, 

for which the visibility is an unambiguous function 
(fringe spacing constant) is a disadvantage of the 

method. If Farmer’s relationship, equation (32), is 
applicable, then a necessary condition to avoid 
ambiguity is 

dMAX 
~~ < I.22n. 

i* 
(33) 

i.e., all points fall within the first zero shown in Fig. 
22. Therefore a relatively large probe volume is 

required as at least IO fringes are usually required to 
produce a usuable signal. For geometries that do not 
satisfy the conditions governing equation (32) limi- 

tations similar to equation (33) exist, however they 
are governed by a combination of parameters 
determined from detailed calculations. Another dis- 
advantage is that particles which do not pass 
through the centre of the probe volume yield 
Doppler bursts which are different from those from 
the centre of the probe volume (Farmer provides 
theoretical and experimental evidence). Thus the 
method will be difficult to use in the presence of “OR 
centre” particles, however careful focussing of the 
cross beams and the observing optics might minimise 
the problem. It is this problem that makes a 
discriminator module in the output circuitry, nec- 
essary. The addition of a gate photomultiplier at 90 
to the input light beams permits the selection of 
those particles passing through the centre of the 
probe volume, Ungut er al. [ 1081. The coincidence of 
two particles within the probe volume can give a 
spurious signal and can produce zeros when the 

particle/fringe spacing ratios are not equal to the 

normal values expected from equation (32). In these 
cases it is the spacing between two particles that is 
the controlling variable. The advantage of the 

method is that only one measurement detector at a 
fixed position is required. As the Doppler burst, 
which is the measured signal, also contains data on 

the velocity of the particle both velocity and size c:m 
be obtained particle by particle. 

When equation (32) applies an alternative ap- 

proach is available. This consists of using monotoni- 

cally varying fringe spacing (spacing range straddling 
effective particle size). In this case, when the particle 

passes through the fringe equivalent to its size, the 
a.c. signal within the burst would fall to zero. This 
method has two disadvantages: 

(i) Selection of the point of zero (or minimum) 
XC. signal is difficult ; 

(ii) It is not easy to form a variable spacing fringe 

pattern. This could be achieved by passing the two 
beams forming the interference pattern through 
different parts of a prism. 

Alternatively the pattern could be produced by 

interfering a plane wave with a circular wave. 

Durst and Zare [lOOI have carried out experi- 

ments to assess the suitability of certain illumi- 
nation/detection configurations for phase object 
measurement (e.g., drops, solid particles, bubbles). 
Most of the work related to particles outside the 
ranges indicated in Table 1, however one method 
shows possibilities for use within the indicated size 
range. This uses two photodetectors very close 
together which observe the scattered light as shown 
in Fig. 24a. When a particle passes through the 
probe volume the outputs of these photodetectors 
are Doppler bursts which are slightly out of phase 
one with the other. The phase difference is particle 
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FIG. 24. Laser-Doppler approach of Durst and Zare [ 100]: (a) Schematic of optics and detectors: (b) 
Signal produced by a growing water drop. 

size dependent and decreases with decreasing particle 
size (Fig. 24b). This makes the method less suitable 
for smail particles but it should be possible to 
quantify and use this very small phase difference. 

Chigier and Yule [109], Yule PC crl. [ 1 IO], 
Ungut et ai. [l&3], have also used a laser 
anemometry system for simdtaneous drop sizejvel- 
ocity measurements. They, however, used the peak 
value of the Doppler burst to give the drop size. 
They determined that the signal was proportional to 
the square of the drop size and that the relationship 
could he taken as linear over limited ranges. Yule et 
ul. [I IO] show reasonable agreement between the 
results of this method and those from a slide 
impaction technique. A disadvan~ge of this ap- 
proach is that an absolute intensity is measured and 
therefore errors could arise from detector drift and 
ffuctuat~on and from the effect of dirt depositing on 
any windows. 

Another drop sizing technique using laser anem- 
ometry has been devised by Wigiey [ 11 I]. However, 
this method is based on a time of residence approach 
and so will be described in Section 7 befow. 

TayIor [I 121 calculated the scattering from a 
small particle in a pair of crossed beams and found a 
modulation in the predicted envelope of the Doppler 
burst (Fig. 25). As can be seen the modulation 
appears particle size dependent. However, this 
modu[af~on is not very apparent amongst the 
published experimental results for Doppler bursts 
formed by particles of the appropriate sizes. 

Very few of the instruments,/techniques employing 
sampling of the drop laden stream followed by 
optical examination are suitable for the ranges of 
particle sizes shuwn in Table I. Some instruments 
handle particles up to 50kirn and yet more go up to 
20k\rn. Most instr~Iments were designed for aerosol 

FE. 25, Scattered interference intensities for water droplets 
calculated by Taylor [ 1 I?]. 

sizing (usually < 80itm). The two problems to be 
considered in converting such instruments to mea- 
sure drops in the range IO-IOOO~tm are sampling 
and optics. The sampling aspects are restricted by 
drop coalescence and deposition.+ The optical 
aspects are governed by the concepts discussed in 
Section 6.1.1 however the range of configurations 
used prevents the formulation of any general 

t-See Section 3.1 for comment on this point 
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guidelines. Each instrument sho~lld bc examined 
carefully and its operational principles established. 

Forward scatter (Bausch and Lomb. C’oultcr). 90 
scatter (Royce) and omnidirectional scatter (Jacobi 

6’1 rd. [I Ii]. Walsh [ 1141) have all been used and 

either one or several particles are examined at one 
time. In units examining particles singly coincidence 

errors are minimised by dilution and edge effects 

eliminated by directing the particles through the 
centre of the probe volume by ~~er~~~iy~~~~~~iic jetting. 

The instruments available have been listed hy Swift 
[f is] who includes brief descriptions of each. An E 

independent assessment of three instruments has 
been presented by Whitby and Vomela [I 161. 
Martens [I 171 has examined the possible errors in 
such unils. 

Multiparticle instruments use turbidity;cxtinction 

techniques and are thus most suitable for submicron 
particles. 

3 
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FIG. 26. Calculated response of lluorescence elfect 
concentration. 

6.51. Fluc),.~‘sc,t’rlc,~,. Visible (~uorescellce can he 

excited in solutions of certain dyes by U.V. or blue 
light. This fluorescent light can be isolated from the 
u.v. by filtration. The method has been used by 

Benson vr d. [ 1181, however they only used the 
technique as an illumination method for photo- 

graphy instead of as the potentially more powerful 

approach of detecting the emitted intensity by 
photodetector. Benson c’f ul. observed that drops 
failed to fluoresce with uniform cmittance (emitted 

radiant tluxklit cross sectional area) both within 
drops and between drops. The former, they postu- 

lated. was due to a fluorescence trapping effect and 
the variation of the optical thickness of the drop 
about its cross section. The differences between 
drops. they claimed. were due to non-uniformity of 
the exciting illumination. The dependence of the 

fluorescence response on the dye concentration and 
the drop size have been determined by means of a 
simple analysis which allows for absorption of the 
exciting light. self-absorption of the Iluorescence and 

self-quenching by the fluorescent molecules. The 
results of this analysis, which arc qualitatively 

confirmed by the experimental results of Benson c’t 

(I/. [ 1 18). show that the emitted fluorescence is 
volume depelident. Therefore the method can be 

employed for mass flux monitoring. If drops are 
observed singly then the volume data obviously 
yields diameter information. This single drop ap- 
preach suffers from coincidence and edge effect 
problems and a:, yet no solutions have become 
evident. 

the fibre because of reflection at the outer end. The 
~lmount of light reAected depends on the intensity of 
the original fight and the refractive index of the fluid 

surrounding the fibre end. Consequently vapours 
and liquid give very different rest&s. Based on this 
concept several versions of a probe have been 

produced as phase detectors. Such probes as de- 
signed and used by Delhaye [ 1191 and Miller and 
Mitchie [ 1201 have been employed as void fraction 

measuring devices. If made very small point values of 
void fraction are obtained. 

When the probe end is not entirely covered by one 
phase the signal produced depends on the fraction of 
the cross-sectional area of the probe covered by 
liquid. In drop flows the probe has been used as a 
mass flux meter. Kennedy jtZl] has shown that the 
eccentricity of drops from the probe centre line, i.e.. 

drops only partly on the probe, can be ignored as it 
does not introduce any gross errors into the mass 
flux measurements. Calibration measurements for 

drops impinging on the probe centre line are shown 
in Fig. 27, (the solid line is the ratio of the drop 
projected area to probe cross-sectional area). As can 
be seen use of the ratio gives an excellent 
~~pproximation. 

The concentration dependence of the fluorescence 
response is fairly complicated (Fig. 26). However. 
about the peak concentration, because of the shape 
of the curve. the variation is small (i W,, variation 
for a 10 fold change in concentration). Therefore the 
method could be used in evaporating systems. 

6.52. Fihre oprk pwhrs. When light is shone 
down an optical fibre some is retransmitted back up 

Though, as shown by Kennedy [J21]. drop 
eccentricity does not produce iarge errors in the 
mass fiux measLirement the same cannot be said 

when the probe is used to measure drop sizes. To 
overcome this difficulty a method of data abstraction 
is suggested which allows for eccentric drops. Three 
regions exist in the area of overlap/eccentricity 
relationship, they are shown in Fig. 28a-c. The 
relationships for the area of overlap are given below 
together with the limits of the eccentricity over which 
each applies: 
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FE. 27. Variation of light probe signal pulse height with size of water drop--probe diameter 400ltm 
[121]. 

d c 
FIG. 2X. Areas of overlap. 

A, = 0 
H+d 
-<e<m 

2 
(3’4 

where A,(e, d) is the area of overlap of two circles, an 
expression for which is given in Appendix I, d is the 
drop diameter, H is the probe cross section diameter, 
and e is the eccentricity. 

From this it can be seen that the area of overlap is 
a function of two random variables, drop diameter 
and eccentricity. The probe measures individual 
areas of overlap and therefore a probability density 
function of area of overlap can be obtained. Popoulis 

[122] has shown that the probability density 
function of two random variables to be . . 

fC4#4, = J! S(e, d) de dd. (37) 
I I> , 

However e and d are not totally independent though 
the position of arrival of a drop centre is inde- 

pendent of d, the eccentricity and hence its prob- 
ability depends on both the probe base size and 
drop size. f(e/d) can be defined as the probability of 
an eccentricity occurring for a given drop diameter. 
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FIG. -39. Geometry for eccentricity probability calculation. 

From Fig. 29 it can be seen that 

- (Hid)2 

Popoulis also gives 

f’(e* rf) = .f’(e!‘d) i’iri). 

Substituting into equation (37) gives: 

t.W 

09) 

(40) 

The limits of Ad, are il,,(f,& A,,(e-t-N’e, d+dd) 
which can be rearranged to give expressions for e, e 

+tte. ri, dtdtf in terms of *4,,, A,, and each other. 
Transformatioil of equation (4Of enables an ex- 

pression for j((r) to be obtained in terms of ,/‘(A,) 

which can be determined experimentally. 
6.5.3. Others. Pilhofer and Miller [123] capture 

drops into a capillary tube and measure the length of 
the resultant slugselectro/optically. From theselengths 
the diameters of the original drops can be obtained. 

7. TIME OF RFSIDENCE METHODS 

The techniques grouped under this heading all use 

the concept that the time of residence of a particle in 
a probe volume depends on the particle size and 
velocity. If the velocity and residence time are 
measured then the particle size can be obtained. The 
relationship is expressed as: 

fi = d2-l , (41) 

where c’ is the particle velocity, I is a characteristic 
width of the probe volume, rK is the residence time, 
and d is the particle diameter or chord length. 

Obviously the distance 1 should be minimised 
otherwise it would overwhelm n. ft should also be 
minimised to eliminate coincidence. 

Based on this principle, Oki et ~1. [ 1243 have used 
two pairs of fibre transmitters~receivers. Light is 
transmitted down one fibre of a pair. reflected from 

(a) LIGHT &AN. 

FIG. 30. Time of residencdtechnique of Oki et d. [ IZJ]: (a) 
Schematic of fibres; (b) Representation of typical signal. 

the particle (which is not in contact with the probe) 
and observed by the second fibre in the pair which is 
lying beside the first (Fig. 30). From the transit time 
between the pairs the velocity can be obtained and 

then from the residence time within the vision of one 
pair the diameter may be calculated by means of 
equation (41). Oki et ui. noted that the transit time 
depends not only on the veiocity and particle size 

but also on the distance between the particle and the 

probe, Z. They assume unidirectional motion. How- 
ever the residence time also depends on the 

eccentricity of the particle from the probe centre line, 
~3. Use of three observation fibres surrounding a 
transmitter should yield sufficient transit and re- 
sidence times to enable a value of the diameter to be 
obtained for any value of J and ;. Oki cl trl. [124] 
used correlation techniques to obtain their mean 
particle size but distribut~or~ data could be obtained 

by calculating the size of each particle and sorting. 
The method also provides individual particlc 
velocities. 

Ricci et (I/. [125, 1261 used an ingenious alter- 
native method. They eliminated the need to measure 
the velocity of the particle being examined by using a 
very narrow beam of light which was scanned very 
rapidly in a plane perpendicular to the direction of 
travel of the particle. The time during which the 
beam was obscured was substituted into equation 
(411, t’ being taken as the scanning velocity. The 
error involved in using the scanning velocity instead 
of the more correct vsluc, the resultant of the 
scanning and particle velocities, is small as long as it 
is considerably greater than the particle velocity (Fig. 
31). To obtain the very narrow beam diameter 
required, Ricci r/ trl. focused a laser beam. and 
confined the particles to the waist of the beam by use 
of a narrow flow cell with parallel sides. The scan does 
not measure a diameter but a chord of random 

eccentricity. However, by a method similar to that of 
Herringe and Davis /31], the diameter probability 
density function can be obtained from the measured 
chord probability density function. 

Lading 111273 used two parallel beams a short 
distance apart in the Now direction and observed the 
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FIG. 31. Error in scanning velocity-effect of ratio of 
scanning to particle velocity. 

obscuration of the beams. He used correlation 

techniques to determine velocities and gives a 
method of obtaining the particle size vs particle 

velocity spectrum. His particles were much larger 
than his beam so that the characteristic distance of 
the particle that was measured was a chord. This 
distance would only be a diameter when particles are 
constrained to pass centrally through the beam. This 
was done by Lading in his proving experiments. 

The techniques of Ritter et al. [88] and Lafrance et 

al. [89] referred to in Section 6.2.1. can be adapted to 
give data by a time of residence method. Like 
Lading, the transit times between beams will yield 

velocities and from these and the residence times 

within one beam the particle sizes are obtained. With 

beams that are of rectangular cross section and very 
narrow in flow direction, as used by Ritter et al. [88] 

and Lafrance et al. [89], the particle will not give 

total obscuration but the length measured will 
always be a diameter. Colour edging could be 
provided as suggested in Section 6.2.1 to eliminate 
particles not totally in the beam as with these few 

particles a chord and not a diameter is measured. 
A time of residence technique using the forward 

and backscatter signals from a laser anemometry 
system has been devised by Wigley [ 11 I]. 14 had 

previously been shown, Styles [128] that good 
doppler signals could be obtained from large drops. 
Wigley used the optical arrangement shown in Fig. 

32. This gives a probe volume with a small 
dimension in the direction of traverse of the drops. 
The velocity was determined in the usual manner 
from the backscatter signal. In the forward direction, 
when a particle enters the probe volume beam I is 
reflected at the glancing angle through the slit into 
the photo multiplier. As the particle leaves the probe 

volume the same occurs with beam 2. These two 
events provide the photo multiplier signals which 
constitute the start and finish of the time of the 

residence. The slit aperture ensures that these signals 
are only produced by drops passing through the 
centre of the probe volume. Therefore when the 

velocity and residence times are substituted into 
equation (41) (I is considered negligible) the 
relevant drop dimension obtained is a diameter. 
From his trials Wigley determined that this method 

was suitable for particles in the range of 
IOt-IOOOum. For transparent particles a third pulse 
is seen by the forward scatter photomultiplier, i.e. 

when the particle acts as a lens refracting the light of 
both beams into the photomultiplier slit, the central 
pulse is useful as it can give a measure of the 
sphericity of the drop. 

PHOTOMULTlPLlER 
1 

:,, .: 
PINHOLE :, / 
APERTURE -- 
lmm DIA. ,y \ 

,.: ‘., 

FREQUENCY DIGITAL READ-OUT 
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t- -m’ TIMING 

DUAL BEAM OSCILLOSCOPE 
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30mm x 2 mm 

~~~~~~~ 
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FIG. 32. Laser anemometer for droplet sizing studies, Wigley [ 1111. 
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8. INDIRECT METHODS B\ WA\ OF \‘k:LO<‘IT\ 

Workers have used velocity measurements to 

estimate particle size when the relationship between 

velocity and particle size are known. Hen Yoscf cv t/l. 

[I .iO] have applied this method to rising bubbles and 

Ivanov (‘r trl. [I311 to settling particles. Both groups 

used laser doppler anemometers to ohtair the 

velocity data. 

A variation on these methods has been used by 

Richardson and Wooding [ I32]. They employed an 

ultra microscope streak technique on settling aerosol 

particles. In such u technique particles normally too 

small to be seen can be identified as bright points of 

light when back illuminated. These points of light arc 

not si7e dependent but velocities could he dc- 

termined from the streaks formed by moving 

particles viewed under these conditions. Richardson 

and Wooding converted these velocities to particle 

sizes by means of the Stokes Cunningham 

relationship. 

9. CohCLc’sIous 

It is not possible to give a11 overall recom- 

mendation for drop size measurement methods. The 

optimum method depends on the type of mean or 

distribution required. and it is often necessary to 

examine the background to the requirement for drop 

size data. For example drop size is frequently used as 

an intermediate step in the calculation of some other 

quantity such as mass concentration or mass Aux. 

which could be measured directly by appropriate 

techniques. 

PhotographIc methods are simple but involve 

great tedium, with consequent possibility of error at 

the data abstraction stage. If automatic or semiauto- 

matic data taking methods are used then the 

technique involved should be taken into account at 

the photographing stage so as to provide optimum 

input to the data reduction procedure. The “Quan- 

timet” type of data abstraction instrument seems to 

allow for most of the possible errors. As data can be 

obtained quickly it can yield many points and so 

provide statistically meaningful distributions. 

Amongst the other techniques it stems that the 

optical ones show most promise. If an overall 

distribution is required then the diffraction technique 

particularly as described by Swithcnbank (‘I rrl. [7X], 

appears to possess admirable sensitivity to changes 

in both the peak value and the width of the 

dislribution. This method is limited to the range 

2 I 000 !I Ill. 
For point measurements the Iluorescence, laser 

dopplcr and time of residence techniques could 

provide the most profitable line of approach. 

However none of the techniques arc yet nt a stage of 

development where they could be applied freely. 

The fluorescence mothod, in the form suggested m 

the text. has no protection against coincidence and 

edge effect errors. As ;I mass Ilux meter the method 

shows great promise. In this application the effects of 

coincidence and edges become much less important. 

The Laser Doppler approach using cisibillty (tar- 

mer [97]. Fristrom (11 rrl. [99] etc.) is still limited to 

ccry small particles and work is ncedcd to c\tcnd it\ 

range whilst preserving ;I zmall probe volu~ne. The 

alternative Laser Doppler method. the phase lag 

approach of Durst and Zare [I (IO], has Lo bc proven 

for very small drops. 

Time of rcsidcncc methods 3rc conceptually ver) 

satisfying in that they do not require ;I measurement 

of absolute light intensity. However, for such 

methods it is often dillicult to set the threshold 

values at which the time intervals start and finish. 

The tibrc probe met&d described in Section 63.2 

uses a probe inserted into the Bow field. However as 

the experimental problems are well understood its 

use with the data abstraction procedure for drop 

sizes suggested above could well be profitable. 

In cases where access to the ilow field is limited 

the choice of method ib severetv restricted. Methods 

have to bc used in spite of their shortcomings. Fol- 

example. in the cast where only one observation port 

is available the light scattering method using single 

particles is one of the few methods that arc suitable 

(observation angle _ 1X0 ). This in spite of the low 

level of backscattered light and that the method 

employs measurement of absolute intensity levels. 

In the cases where mass flux data is much more 

important than particle sizes techniques such as 

those described by Shofner ct (I/. [X4] (SccCon 6.1.3). 

Kennedy [ 1211 (Section 6.52) or that employing 

tluorescence (Section 6.5. I ) are recommended. 
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(PPPENDIX I 

CALCULATION OF THE ARE.4 OF OVERL\t’ 
FOR ECCENTRIC DROPS 

The required area is the area of overlap of two circles. 
However, in calculating this quantity two cases occur, these 
are shown in Fig. Al.1 the criterion that determines which 
of these occurs is the value of the X co-ordinate at the 
intersection of the circles. if this 1s larger than the 
eccentricity then case B is pertinent. The expressions for 
.4,(e/d) can be derived from simple geometric con- 
siderations to be: 

Case A 

-_; --------- -e,lH-A-Xf 

AREA OF OVERLAP IS SHADED 

Fro. A 1.1. Area of ov’erlap. 

CASE 8. 
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O-6 

Case I3 

i 
O-l 0.2 0.3 0.4 0.5 0.6 0.7 0.6 

b&l) ECCENTRKITY __ ..__ 

Frc;. A 1.2. Area of overlap erect ofeccentricity. 

Fig. Al.?. Areas are non-dimensional&d with respect to 
Hz and eccentricity and drop diameter with respect to N 

.\PPENDiX 2 

-(‘, II’ J-- x;. A summary table has been drawn up, this answers 
pertinent questions and lists important advantages and 
disadvantages. The summary table appears on pages 1276 

Areas calculated by means of these equations are shown in 1279, after the translated abstracts. 

MESURE DE LA TAILLE DES GOUTTES 

R&me On passe en revue les methodes de mesure de Is taille de gouttes, de particules solides et de 
bulles. On presente une sklection des m&hodes ~tentiel~ement valables pour la mesure pratique de ia 
dimension des gouttes, avec une attention particulikre sur leurs diklicult& et sur les sources d’erreur. On 
montre que la selection d’une me)thode pour un but spkcifique pose certaines questions telles que: 

(I ) Faut-ii une moyenne ou une distribution? 
(2) De yuel type de moyenne ou de distribution (spatiale ou temporelle) s’agit-ll’! 
(3) Faut-il un llux massiquc ou un nombre? 

La methode gktkralement applicable est la photographie mais elle souffre de nombreuses dificultes 
sp~~lctneilt de la rtduction des mesures. D’autres mkthodes sent optiques et ne nkcessitent pas 
l’insertion de sondes dans le ftuide. tine table rksume les proprieids des diverses methodes avec reft-rence 

part&Ii&e aux trois questions postes. 
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MESSUNG VON TROPFENGRGSSEN 

1275 

Zusammenfassung- Verfahren zur GroBenmessung von Tropfen, Festkorperteilchen und Blasen wurden 
gesichtet. Eine Auswahl der Verfahren, die zur praktischen Messung der Tropfengrobe geeignet 
erscheinen, wird unter besonderer Beriicksichtigung ihrer Schwierigkeiten und Fehlerquellen vorgestellt. 
Es wird gezeigt, da0 die Auswahl eines Verfahrens fur den einzelnen Anwendungsfall auf bestimmte 
Fragen Rihrt, namlich: (1) 1st ein Mittelwert oder eine Verteilung gefragt? (2) Welch Form des 
Mittelwerts oder der Verteilung (rlumlich/zeitlich) wird gesucht? (3) Wird such nach Massenstrom oder 
Zahlenwerten gefragt? Das Verfahren mit dem grogten Anwendungsbereich ist die Fotografie, es 1st 
jedoch mit verschiedenen Schwierigkeiten behaftet. insbesondere hinsichtlich der Megwertgewinnung. Die 
anderen geeigneten Verfdhren sind optischer Art und erfordern in der Mehrzahl kein Einfuhren van 
Sonden in die Stromung. lnbegriffen ist eine tabellarische Zusammenstellung der Eigenschaften der 

verschiedenen Verfahren unter besonderer Beachtung der drei oben gestellten Fragen 

M3MEPEHME PA3MEPOB KAnEJIb 

hworauwn- n,,OBeAeH 0630~ MeTOAOB OIl~AeJleHHn pa3Mepa KaIleJlbJ'BepAbIX uaCTHU II nySblpb- 

KOB. MeTOAbI, nOTeHUWaAbH0 npHrOAHbIe AJIR UpaKTItYeCKOrO H3MePeHHR BeJIAYt,Hbl Ka"eJlb, PaC- 

CMOTPeHbICYVi+TOM AXTPj'AOiiMKOCTHt, BO3MOYHbIX~O~~UIHOCTe~. 

nOKa3aHO. 'IT0 B KaxAOM KOHKFTHOM CJlyqae Up&i Bbl6Op MeTOAa HeO6XOAHMO CTaBHTb cne- 
nymuse BOnpOCbI: 

(1) Tpebyerca cpemee 3HaqeHrie HJIH pacnpeneneeue eeneqmt? 
(2) IIORCK KaKOrO TWa C~AHerO 3HaWZHHII HJIR PaCIlPeAeAeHLiS (~pOCTpaHCTBeHHO~O/B,,eM~HHO~O) 

BeAeTCSI? 

(3) Heo6xonaMons 3HaHAe BeJIH'IUHbl nOTOKa MaCCbl SUU~WIOTHOCTH? 

YaUIe BCel-0 BCIlOJlb3yeTCR MeTOAI$OTOr~l$HipOBaHHfl. OAHaKO er0 IlpLiMeHeHHe CBR3aHO C p5IAOM 

TpyAHOCTeii, OCO6eHH0, npu o6pa6orKe w o6o6mensa AaHHbIX OnbITOB. npii HCnOnb3oBaHWH onTr(- 

WCKHX MeTOAOB,KaK IlpaBHJlO,He Tpe6yeTCn BBeAeHWl AaT'WKOB B IIOTOK. 

Tlpenenena ra6nriua. rLte CYMMUPOBaHbl XaPaKTepLiCTBKH pa3JH'IHblX MeTOAOB C OCHOBHbIM 

YIIOPOM Ha nOCTaBJIeHHbIe BblUle BOnpOCbl. 
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