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METHOD AND APPARATUS FOR THE
REAL-TIME CHARACTERIZATION OF
PARTICLES SUSPENDED WITHIN A FLUID
MEDIUM

sequent release of liquid Water drips from the leading
points of the probe arms or the ‘splashing’ of large
droplets on these arms producing arti?cially high popu
lations of small droplets; and most importantly;
(iii) it cannot accurately resolve the shapes of particles

FIELD OF THE INVENTION

Which occlude less than the order of ?ve array pixels,

corresponding to particle siZes beloW about 125 pm [Moss

The present invention relates to apparatus for and meth

S. J. and Johnson D. W. Atmospheric Research 34 pp.

ods of classifying particle shape in a ?uid. It is particularly
applicable, but in no Way limited to, the real-time classi?

cation of particle shape in the atmosphere.

10

instrument to differentiate Water droplets from ice crystals

BACKGROUND TO THE INVENTION

In investigations of the composition and dynamics of the
earth’s particulate atmosphere, particle shape is an important
parameter by Which classi?cation and possibly identi?cation
of particles may often be achieved. Spherical droplets,
cuboidal crystals typical of marine aerosols, and the Wide
variety of morphologies assumed by ice crystals, are

for these siZes. Therefore the instrument is unable to
provide data Which can ansWer the microphysical ques

tions concerning the radiative transfer properties of, for
15

The shapes of smaller particles, theoretically doWn to
~2—4 pm but in practice doWn to ~10 pm because of aircraft

vibration, can be assessed using a holographic technique
[BroWn, P. R. A. j. Atmos. Oceanic Techn0l., vol. 6, pp.

experimental data upon Which theoretical models of mac

293—306, 1989]. This technique involves using a pulsed

roscopic and microscopic physical behaviour of clouds and
aerosols may be developed and tested. Aspeci?c example of
this involves the study of ice microphysics and the behav

Nd:YAG laser and photographic ?lm recording system to

acquire holographic ‘snapshots’ of particle populations
25

the particles, alloWing detailed analysis. This process is
extremely sloW and manually intensive, taking up to a day
for each hologram, and again, the smaller particles of

Well as the orientations of the ice crystals present, and this
has a profound effect upon the proportion of incident sun

interest are beyond the instrument’s limit of resolution.

light reaching the loWer atmosphere and earth surface. To be

Spatial Light Scattering Techniques

able to understand the radiative transfer properties of ice and

The applicants have developed several ground-based

mixed phase clouds, a detailed knowledge of the particles’
shapes and siZes is required, along With measurements of the

instruments for the classi?cation and identi?cation of air
35

borne particles by analysis of the manner in Which indi
vidual particles spatially scatter incident laser illumination.
These are described in ‘Portable Particle Analysers’.

LudloW, I. K. and Kaye P. H. European Patent EP 0 316 172,

July 1992; ‘Particle Asymmetry Analyser’. LudloW, I. K.

Existing Atmospheric Particle Measurement

and Kaye, P. H. European Patent EP 0316 171, September

Techniques

1992 Which represent the closest prior art knoWn to the
applicant. In these instruments, airborne particles are draWn

Whilst there are several commercially available aircraft
mounted instruments designed to measure the siZe spectra of

from the ambient atmosphere by a suction pump and are

atmospheric particles. The FSSP—ForWard Scatter Spec
trometer Probe, from Particle Measurement Systems Inc.
Boulder Colo.—is perhaps the most Widely used in airborne
platforms. These instruments cannot provide information
relating to particle shape. They are generally calibrated on
the assumption that all particles are spherical and they are

Within a measurement space. The processed holograms are

later interrogated using a CW laser to recreate the images of

neously Within clouds. The radiative properties of these
mixed-phase clouds can be radically dependent upon the
relative proportions and siZe spectra of the tWo phases, as

number concentration of ice and super-cooled liquid Water
particles. Furthermore, measurement of the total ice crystal
number is important to facilitate the testing of theories of the
nucleation of ice crystals and their role in climate change.

example, cirrus clouds in Which the ice particle and Water
droplet siZes are frequently Well beloW the limit of
resolution of the 2D-OAP.

examples Where the determination of shape may be used in
combination With siZe spectra measurements to provide

iour of droplets and ice crystals Which can occur simulta

1—25, 1994]. The inability to analyZe and categoriZe the
shapes of smaller particles makes it impossible for the

45

constrained by narroW delivery tubes, typically 1 mm in
diameter, and a surrounding layer of ?ltered sheath air, to
pass through an incident laser beam Within a laser scattering
chamber. The intersection of the particle ?oW With the beam

de?nes the measurement space through Which all particles in
the sample How Will pass. Particle How is such that
statistically, particle coincidences Within the measurement
space are rare. Each particle passing through the measure

thus incapable of discriminating betWeen, for example, ice
crystals and Water droplets of equivalent optical scattering
siZe.

ment space Will scatter light in a manner Which is governed

In regard to particle shape measurement, the 2D-OAP
2D—Optical Array Probe from Particle Measurement Sys
tems Inc.—is commonly employed for examining airborne
particles greater than ~30 pm in siZe. This instrument

inter alia by the siZe, shape, and structure of the particle.
FIG. 1 shoWs typical light scattering patterns recorded from
individual microscopic airborne particles. The black circle at

55

the centre of each pattern is caused by a beam stop, and the
outer circumference of the patterns corresponds to scattering
at an angle of approximately 35° to the direction of the
incident beam. As can be seen in FIG. 1, spherical particles

records a silhouette of individual particles as they pass
through a light sheet and occlude elements Within a linear

detector array arranged orthogonally to the particle trajec

principally:

such as droplets produce a regular concentric ring scattering
patterns, Whilst elongated particles such as ?bres or long

(i) it provides only limited instantaneous information of the

crystals produce linear scattering angled according to the
orientation of the particle. Irregular shaped particles may

tory. HoWever, the 2D-OAP suffers a number of limitations,
range or distribution of particle siZes Within a measured

atmosphere (post-processing in the laboratory is normally
undertaken to assess shape spectra);
(ii) it suffers from a number of artefacts produced in the
recorded data by events such as the collection and sub

produce more complex patterns With feW easily discernible
65

features. In the instruments described in the aforementioned
prior art, the scattering patterns as shoWn in FIG. 1 are

collected by the three detectors arranged symmetrically

US 6,198,110 B1
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about the laser beam axis. By measurement of the difference

Preferably the ?rst detection means comprises a plurality
of individual optical detectors. A Wide variety of different

in magnitude of the signals received from the three
detectors, a crude estimate of the shape of the scattering
particle may be deduced. However, the type of instrument
described above is not suitable for measuring atmospheric
particles such as ice crystals or super-cooled Water droplets
for the folloWing reason: in the measurement of atmospheric
particles it is essential that neither the phase (ie: ice or Water)
nor the orientation (Which governs radiative behaviour) of
the particles is affected by the measurement process. This
precludes the use of a pumped sample delivery system in
Which the particles are draWn from the atmosphere via

arrays can be used in order to derive information regarding

particle shape.
Preferably the means for deriving data from the radiation

is adapted to identify particles Which pass through the virtual
measurement space and is further adapted to gather and
process data from the ?rst detection means speci?cally
derived from particles Which pass through the virtual mea
10

narroW tubes into a measurement chamber. Such a pumped

system Would certainly change the orientation of the par
ticles and Would be likely to melt or partially melt smaller

surement space. This has the advantage that only particles
Which pass through the virtual measuring space Will produce
simultaneous scattering from both beams. The scattering
pattern derived from only those particles may be collected

and processed.
15

Preferably the ?rst and second detection means comprise

ice crystals present in the sample.
With the foregoing argument in mind, the present inven

second optical Wavelength ?lter Which alloWs light from

tion has the objective of providing a means by Which the

only the ?rst or second beam of radiation to reach the

a lens system a photodetector, and respectively a ?rst or

siZes, shapes, and orientations of ?uid-borne particles may

respective photodetectors. This enables the scattered light to

be determined rapidly and non-intrusively, ie: in a Way
Which Will not materially affect the particles under eXami

be differentiated according to its source.
Preferably an aperture is incorporated in front of the or
each detector in order to restrict the ?eld of vieW of the or
each detector to substantially the virtual measurement space,

nation. The present invention thus provides improved appa
ratus and methods for the classi?cation and characteriZation
of the shape of such particles Which overcome or mitigate
some or all of the above disadvantages.
SUMMARY OF THE INVENTION

enabling spurious scatter signals to be eliminated or much
reduced.
According to a second aspect of the invention there is

According to a ?rst aspect of the present invention there
is provided a particle analyZer for use in characteriZing the

provided a method of particle analysis including the steps of:
(a) passing a sample of ?uid through a scattering cham

25

shape of particles in a ?uid medium, said particle analyser

ber;

comprising:

(b) passing a ?rst beam of radiation having a ?rst Wave
length and a second beam of radiation having a second

(i) means for providing a sample of ?uid in the form of a

Wavelength through the chamber such that the tWo beams

floW through a scattering chamber;
(ii) means for generating a ?rst beam of radiation having
a ?rst Wavelength;
(iii) means for generating a second beam of radiation
having a second Wavelength Wherein the ?rst and second
Wavelengths are different, said ?rst and second beams of
radiation being adapted to intersect each other to create a

intersect to form a virtual measurement space;
35

(c) identifying those particles Which pass through the
virtual measurement space;

(d) detecting and collecting radiation having a ?rst Wave
length Which is scattered by said particles With a ?rst
detection means;

(e) converting the radiation collected into electrical sig

so-called virtual measurement space;
(iv) a ?rst detection means adapted to detect radiation

nals

(f) processing and analyZing the electrical signals and

scattered by a particle passing through the ?rst beam of
scattered by a particle passing through the second beam of

comparing them With signals from data derived from par
ticles of knoWn shape.
The method and thus protection sought eXtends to the use

radiation;

of any versions of the apparatus as herein described.

radiation;
(iv) a second detection means adapted to detect radiation

45

(vi) means for deriving data from the radiation detected

BRIEF DESCRIPTION OF THE DRAWINGS

by the respective detection means;

The invention Will be further described, by Way of
eXample, With reference to the accompanying draWings in

(vii) means for comparing said derived data With data

from particles of knoWn shape.
By providing tWo intersecting beams of radiation, Which

Which:

are preferably laser light, this creates a “virtual” measuring

space Which avoids the necessity of using narroW delivery
tubes. This has the advantage that ?uids ?oWing through
large diameter pipes can be sampled for its particle content
Without disruption of the ?oW.

55

FIG. 1 illustrates typical light scattering patterns from
individual particles of various geometries;
FIG. 2 shoWs schematically a particle analyZer according
to a ?rst aspect of the invention;

FIG. 3 shoWs diagramatically light scatter intensity sig

Preferably the ?rst beam of radiation has a cross-section
Which is substantially a narroW ellipse. This presents a

nals produced from particles passing through and adjacent

relatively thin sheet of light through Which the particles pass.

FIG. 2;

the measurement space of a particle analyZer as illustrated in

FIG. 4 illustrates eXamples of the outputs from a siX

Preferably the second beam of radiation has a cross

section Which is substantially circular and the diameter of
the second beam of radiation is less than the Widest dimen
sion of the ?rst beam.
In a particularly preferred embodiment the ?rst and sec
ond beams intersect at an angle of substantially 60°.

detector array for particles of differing shapes;
FIG. 5 shoWs a typical sequence for the processing of
65

detector module light scattering data;
FIG. 6 shoWs one possible con?guration of a particle
detector suitable for mounting on an aircraft.

US 6,198,110 B1
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

scattering from both beams. This is illustrated in FIG. 3

Which shoWs the timing of electrical pulses from any single
photodetector. The traces shoW the signals resulting from

Embodiments of the present invention are noW described

tWo particles 16 and 17 Whose trajectories are close to the
measurement space and through the measurement space

by Way of example only. These examples represent the best
Ways of putting the invention into practice that are currently
known to the Applicant although they are not the only Ways
in Which this could be achieved.

respectively. For particle 16 the scattered light pulses pro
duced are separated in time as shoWn in the timing graphs of
FIG. 3. For particle 17 the pulses are such that the pulse
derived from the Primary beam 2 is alWays contained
entirely Within the time duration of that derived form the
Secondary beam 3. This is therefore the ‘valid trajectory’
condition for a particle trajectory through the measurement

The invention is based upon the creation of a virtual
measurement space, free from mechanical obstructions and

through Which particles carried in suspension may pass
freely, as shoWn in FIG. 2. The measurement space 1 is

created by the intersection of tWo laser beams of differing
Wavelengths, preferably inside a scattering chamber. One

space.

beam is referred to as the Primary beam 2, the other beam
is referred to as the Secondary beam 3, as shoWn in FIG. 2.
The Primary beam 2 typically has a cross-section Which is

rated into the detection module 5 is such that it alloWs only
light from the Secondary beam to pass to its photodetector.
The optical ?lters 13 in all other detection modules are such

Referring again to FIG. 2, the optical ?lter 13 incorpo
15

that they only alloW light from the Primary beam to pass to
their respective photodetectors. When a particle passes
through the measurement space 1 it scatters light in all
directions and from both beams simultaneously. The mag
nitudes of the resulting signals from all detection modules
are recorded instantaneously using conventional electronic
cicuitry, (not shoWn). Note that detection module 4 is

a narroW ellipse so that it presents a thin sheet of light

through Which the particle pass. The Secondary beam 3 is
typically of a circular cross-section and of a diameter less

than the Wider dimension of the Primary beam. The angle of
intersection of the tWo beams is typically 60°, such that the
measurement space 1 has an approximately circular form,
the plane of Which is orthogonal to the direction of the

particle motion.

protected from direct illumination by the Primary beam by
25

Whilst these cross-sections may be preferred they are
certainly not the only cross-sections that can be used. Any
tWo beams of radiation of different Wavelengths Which
coincide to produce the virtual measurement space Will
suffice. The angle of incidence of the tWo beams is not
critical but 60° has been found to Work Well.

particle passing through the Primary beam. Detection mod
ule 5 produces an electrical signal caused by the scatter from

the particle passing through the Secondary beam. Further
electronic circuitry establishes that the ‘valid trajectory’
condition applies, ie: that the particle has indeed passed
through the measurement space. Once this has been

In this context the term scattering chamber has a very
broad meaning. It can refer to a de?ned structure into Which

?uid ?oWs. Alternatively, it can refer simply to a region
Within a pipe, tube or duct through Which ?uid is ?oWing or
able to ?oW. It therefore need not be a separate, de?ned

established, the magnitudes of the signals from all detection
35

structure.

modules are transferred to an electronic processing circuit
Where an assessment of particle shape and orientation can be
made.
FIG. 4 illustrates the derivation of the scatter signals from

different particle shapes, a spherical droplet, a columnar
particle, and a ?ake-like particle. The top part of FIG. 4

Surrounding the measurement space but at suf?cient

distance from it to avoid perturbation of the suspended
particles is a series of optical detection modules, typically
eight in number, and numbered 4 to 11 in FIG. 2. As Will be
explained, detection modules 4 and 5 are used to establish
Whether a particle has a ‘valid trajectory’, ie it passed
through the measurement space 1. Detection modules 6 to 11
are then used to assess particle shape and orientation. Each
detection module comprises a lens system 12, an optical

a beam stop 18, or a beam dump. Detection module 4

produces an electrical signal caused by the scatter from the

shoWs the areas covered by the detector modules 6 to 11 in

45

their hexagonal arrangement superimposed on the typical
scattered light patterns from the three types of particle. The
graphs underneath each of these examples shoWs the outputs
that Would be expected from the detector modules, illustrat
ing hoW a spherical droplet Would yield equal outputs for all
six detector modules Whilst a columnar particle Would yield
typically tWo high and four loWer outputs, and a ?ake Would

Wavelength ?lter 13, and a photodetector 14. (For clarity,

yield a single predominant output.

these items are shoWn for only one detection module). The
lens system of each detection module is arranged such that
the ?eld of vieW of the photodetector is just sufficient to
encompass the measurement space 1. This may be achieved

The nature of the processing of the data from the detector
modules is illustrated in FIG. 5. The scattered light intensity
signal magnitudes from detector 4 and detectors 6 to 11

by suitably positioning an aperture 15 in front of the
photodetector. Particles 16 travel freely through a large

processor is designed to recogniZe particular patterns of data

inclusive are fed into a pattern classi?cation processor. This

volume surrounding the measurement space. This is an

important feature of particle analyZers according to this

and to ascribe the corresponding particle to an appropriate
55

invention. The particle motion relative to the detection
modules may be achieved for example by the movement

class. The simplest class is that of spherical particles, for
Which the signals from detectors 6 to 11 should be equal to
Within instrument measurement accuracy. Other particles,

through the cloud or aerosol of interest of an aircraft on

such as elongated crystals, Will produce typically tWo high

Which the detection assembly is mounted. Alternatively the
motion of the particles could be caused by their suspension

values in the outputs 6 to 11, With the rest being loW. In every
case, the signal magnitude from detector 4 is used as a

Within a gas moving through a large diameter pipe or duct
around Which are arranged the optical detection modules.
Particles may normally pass through the laser beams at

measure of particle siZe, larger particles generating propor
tionally higher values. The output of the pattern classi?ca
tion processor may be of the form of a series of siZe

any point along their exposed length and Will scatter light in
all directions on doing so. HoWever, only particles Which
pass through the measurement space 1 de?ned by the
intersection of the tWo beams Will produce simultaneous

65

distributions as shoWn, With spherical particles being one
class of particle and other particle shapes (such as column or
?bres) being another. There can be as many classes of

particle shape as is desired.

US 6,198,110 B1
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coincident With second radiation signals and thereby
indicating said particle in said virtual measurement
space and for comparing said ?rst radiation signals With
data from particles of knoWn shape to provide a shape
indicative signal for said particle.

The invention may be applied to the measurement and
characterization of particles, typically in the range 0.3 pm to
100 pm in siZe, carried in a ?uid medium, either gaseous or
liquid Wherever the ?uid medium is ?owing in a direction

orthogonal to the plane of the measurement space de?ned by
the intersecting laser beams. The ?uid may be travelling

2. Aparticle analyZer as claimed in claim 1 and Wherein

along a pipe or tube as may be found in many industrial plant
situations, Water processing Works, etc. In such a case the
optical elements of the invention Would reside outside the
pipe or tube With optical access to the ?uid via suitably

the ?rst radiation beam has a cross-section Which is sub
stantially a narroW ellipse.

3. Aparticle analyZer as claimed in claim 1 and Wherein
the second radiation beam has a cross-section Which is

placed WindoWs in the tube Walls.

substantially circular.

HoWever, a speci?c embodiment of the invention for use
as an aircraft-mounted detector for atmospheric particles is

4. Aparticle analyZer as claimed in claim 3 and Wherein
the diameter of the second radiation beam is less than the
Widest breadth of the ?rst radiation beam.
5. Aparticle analyZer as claimed in claim 1 and Wherein
the ?rst and second beams intersect at an angle of substan

shoWn schematically in FIG. 6. The detector modules 4, 5,
6, 7 and 8 can be seen supported in a rigid mounting
assembly 19. The motion of the aircraft is from left to right
as arroWed such that particle laden air (Which remains

15

tially 60°.

essentially stationary relative to the earth) passes through the

6. Aparticle analyZer as claimed in claim 1 and Wherein

intake 20 and out through the vent 21. The internal diameter
of the intake is typically 30 mm, suf?cient to ensure that
particles near the axis of the intake and Which Will subse

each of the ?rst and second detection means comprise a lens
array, a photodetector and respectively a ?rst and a second

quently pass through the measurement space of the instru

optical Wavelength ?lter Which alloWs only light from the

ment are unaffected by the presence of the instrument until

?rst or second radiation beam to reach the respective pho
todetectors.
7. A particle analyZer as claimed in claim 6 and having
means de?ning an aperture in front of the detectors adapted
to restrict the ?eld of vieW thereof to substantially the virtual

after their measurement has taken place. Protecting the
optical assembly from the external environment is a shroud

25

22. Behind the bulkhead 23 are mounted the tWo lasers 24,

together With the data acquisition electronics, the pattern
classi?cation processor, and required poWer supplies. A
preferred embodiment of the pattern classi?cation processor

measurement space.

8. Aparticle analyZer as claimed in claim 1, Wherein the
means for comparing provides an output indicative of par
ticle siZe.
9. A particle analyZer as claimed in claim 1 and adapted
for distinguishing betWeen a particle of ice crystal and a

is a Radial Basis Function neural netWork. The Radial Basis

Function is arguably one of the simplest forms of arti?cial
neural netWork, is Well documented in pattern classi?cation
texts, and may be considered to be prior art. Data from the
instrument is fed to an inboard computer via communication

data lines carried through the aircraft Wing, thus providing

35

the aircraft ?ight creW With virtually instantaneous data
relating to the nature of the particulate cloud through Which
the aircraft is ?ying.
What is claimed is:
1. A particle analyZer for use in characteriZing the shape
of a particle in a ?uid medium, said particle analyZer

for deployment on an aircraft.

11. Aparticle analyZer as claimed in claim 10 and adapted
and arranged to provide an instantaneous indication to an

aircreWman of the nature of particles in the vicinity of the
aircraft.
12. Amethod of particle analysis for analyZing at least one

comprising:

of the shape and siZe of a particle, said method comprising
the steps of:

means for generating a ?rst beam of radiation, said ?rst

beam having a ?rst Wavelength;

directing a ?rst beam of radiation having a ?rst Wave
length at a second beam of radiation having a second

means for generating a second beam of radiation, said
second beam having a second Wavelength, said ?rst and

Wavelength, the tWo Wavelengths being different, the

second Wavelengths being different, said ?rst and sec

intersection of the tWo beams form a virtual measure

ond beams intersect each other, said intersection com

ment space through Which said particle passes;

prising a virtual measurement space, said virtual mea
surement space located Within a ?oW of said ?uid

detecting With an array of detectors at a plurality of

locations radiation of said ?rst Wavelengths scattered

medium and said particle passes through said virtual
measurement space Without being affected by said

by said particle and generating ?rst radiation signals;

?oW;
?rst detection array of detectors for detecting radiation of

said ?rst Wavelength scattered by said particle passing
through said virtual measurement space, each detector
providing a ?rst radiation signal responsive to said
detected ?rst Wavelength radiation at said each detec
tor;

particle comprised of a super-cooled Water droplet.
10. Aparticle analyZer as claimed in claim 1 and adapted

detecting With a second detection means radiation of said
55

second Wavelength scattered by said particle and gen

erating electrical signals corresponding thereto, and
processing said ?rst and second radiation signals for
coincidence indicating that radiation Was scattered
from a particle located in said virtual measurement

at least one second detector adapted and arranged to

space, and,
analyZing and comparing said ?rst radiation signals With

detect said second Wavelength radiation scattered by
said particle passing through said virtual measurement
space and provide a second signal responsive to said
detected second Wavelength radiation; and

data from particles of knoWn shape to derive at least
one of shape and siZe data relating to said particle.
13. A method as claimed in claim 12 and adapted for

60

m5

discriminating betWeen Water droplets and ice crystals.

means for comparing the ?rst and second radiation signals
to exclude ?rst radiation signals Which are not timeWise
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