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TITLE: DETERMINING THE SIZE DISTRIBUTION OF PARTICLES IN A FLUID

The present invention relates to a method and apparatus for
determining the size distribution of particles in a fluid.

The term fluid is intended to include both a liquid and the solid particles
contained in that liquid. Examples include sturries and other suspensions.

The invention has been developed primarily for use with opaque slurries in the
mineral and paint industries and will be described hereinafter with reference to that
application. However, the invention is not limited to these particular fields of use and
can also be used to determine size distribution of particles in other suspensions and in
other industries such as the chemical, pigment, pharmaceutical, food and cosmetic
industries, amongst others. The invention is particularly applicable to on-line particle
size analysis for the control of grinding, crystallisation, precipitation and

agglomeration processes.
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It is preferable to use on-line particle size analysers to negate the need for side
stream or dilution of the fluid being analysed. Hitherto, such analysers have made use
of either the attenuation experienced by one or more ultrasonic beams directed through
the fluid, laser scanning or laser diffraction.

It is an object of the present invention, at least in the preferred embodiment, to
provide a method and apparatus for determining the size distribution of particles in a
fluid using a velocity meésure of a plurality of ultrasonic beams at different
frequencies in said fluid.

According to one aspect of the invention there is provided a method for
determining the size distribution of particles in a fluid, the method 'including the steps
of:

(@) passing a plurality of ultrasonic beams through the fluid, wherein the

beams have respective frequencies f, f,,....f;;

(b) obtaining a velocity measure of the beams in the fluid,
(c) obtaining an ultrasonic velocity spectrum as a function of particle size
for the fluid; and

(d) calculating the particle size distribution for the particles in the fluid
from the velocity measure and the velocity spectrum which were respectively obtained
in steps (b) and (c).

Preferably, the ultrasonic velocity spectrum is obtained either by prior
experiment or calculation.

Preferably, step (c) includes transforming the velocity spectrum into a linear

form. More preferably, step (d) includes an inversion of the linear form.



10

15

20

WO 97/00436 PCT/AU96/00362

-3-

Preferably also, the method includes the steps of:

(e) passing gamma rays through the fluid;

® determining from the attenuation of the gamma-rays the density of the
fluid; and

(g calculating the particle size distribution of the particles in the fluid
from the velocity measure, the velocity spectrum, and the density measure
respectively obtained during steps (b), (c) and (f).

Preferably step (g) includes an inversion of the linear form to give the particle
size distribution in a certain size range. In an alternate embodiment, the amount of
particles outside the inversion size range is also calculated.

Preferably also, step (b) includes determining the difference in velocity of the
beams having frequencies f; and f;,;. In alternative embodiments, however, step (b)
includes determining the velocity of each of the beams.

According to another aspect of the invention there is provided an apparatus for
‘determining the size distribution of particles in a fluid, the apparatus including:

transducer means for passing a plurality of ultrasonic beams through the fluid,
wherein the beams have respective frequencies f}, f,....f;

first processor means for obtaining a velocity measure of said beams in the
fluid;

second processor means for obtaining the ultrasonic velocity spectrum as a
function of particle size for the fluid; and

third processor means responsive to the first and second processor means for

calculating the particle size distribution for the fluid.
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Preferably, the first, second and third processors are incorporated in a single
Processor.
A preferred embodiment of the invention will now be described, by way of
example only, with reference to the accompanying drawings in which:

5 Figure 1 is a graph illustrating the variation of velocity of an ultrasonic beam
through a fluid containing particles of various sizes as calculated using a theoretical
model;

- Figure 2 is an apparatus according to the present invention as used during’
testing; |
10 Figure 3 is the results of the inversion procedure for 1.0pm and 1.5 pm
diameter test silica suspensions using the apparatus and method according to the
invention;
Figure 4 illustrates the measured velocity spectrum giving rise to the results in
Figure 3;
15 Figure 5 illustrates the results for the 1.0pum diameter test silica sample with
and without a density correction;
Figure 6 illustrates the particle size distribution for an oversize coarse SiC
sample;
Figure 7 shows the measured and theoretical values of velocity as a function of
20 frequency for two TiO, suspensions; and
Figure 8 illustrates the particle size distribution obtained by the invention for

two TiO, suspensions.
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In this embodiment the size distribution of particles in a fluid is determined by
performing the following steps:

(@) passing a plurality of ultrasonic beams through the fluid, wherein the

beams have respective frequencies f}, f,,....f,;

5 (b) obtaining a velocity measure of the beams in the fluid;
(c) obtaining an ultrasonic velocity spectrum as a function of particle size
for the fluid;
(d) determining from the attenuation of gamma-rays the density of the '
fluid; and
10 (e) calculating the particle size distribution for the fluid from the velocity

measure, the velocity spectrum, and the suspension density which were respectively
obtained in steps (b), (c) and (d).
In this embodiment the velocity measure is the differences between velocities
at different frequencies. This is particularly advantageous because the changes in
15  velocity are small compared to the total velocity. Moreover, compared to total
velocity measurements, velocity differences are less sensitive to temperature changes
and air bubbles in the fluid.
For the fluids under consideration, the difference in velocity is best expressed
by the matrix equation:
20 D=RM M
where D={d,.....d,,} whose elements d, represent the measured velocity

differences between each pair of frequencies f and f;,,. Additionally, R={r,.....r;}

whose elements r, represent the volume fraction of particles in the fluid in each
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successive size range, while M is a matrix of calculated velocity differences whose
elements are given by:
mii=V(fj+1, a;,p)-V(fj, 2i,p) )
In equation 2, V is the velocity calculated in step (b) above, p is the total
volume fraction of solids as measured by a gamma-ray attenuation gauge, and a; is the

radius of the i size bin. In addition, there is the important constraint that:

p= Z:;lrl £3)
During step (d) the matrix equation is inverted to determine the values of
Iy...Iy. As with most indirect methods of measurement, the results of direct inversion: |
R =DM-] )
can be unstable and sensitive to small measurement errors. However,
satisfactory results are obtained with the use of inversion algorithms such as that
described by Twomey, S. in "Introduction to the mathematics of inversion in remote
sensing and indirect measurements", Developments in Geomathematics 3, Elsevier
Amsterdam 1977, the contents of which are i‘ncorporated herein by way of cross
reference. Twomey describes various techniques for inverting such equations without
introducing unwanted oscillations into the solution. An iteration technique due to
Chahine and described in Twomey was chosen for the present work, although
alternative techniques are available. Iteration is carried out until the RMS error
between the experimental and calculated results is similar to the measurement error.
The adopted technique has the advantages of automatically ensuring that all elements

of R are positive and allowing normalisation to ensure that equation 3 is satisfied after
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each iteration. The fraction of particles outside the size range accessible to the range
of frequencies used may also be inferred using the gamma-ray density measurement as
will be discussed in more detail below.

The range of particle sizes accessible to this method can be calculated using
various theoretical models such as those described by Harker, A. and Temple, J. in
"Velocity and attenuation of ultrasound in suspensions of particles in fluids" J. Physics
D: Applied Physics 21, 1'576-88 and by McClements, D.J. and Povey, M.J.W., in
"Ultrasonic Velocity as a Probe of Emulsions and Suspensions", Advances in Colloid
and Interface Science 27, 285-316, the conten.ts of both being incorporated herein:b'y '
way of cross reference. The theoretical model of Harker and Temple (1988) has been
used in this embodiment due to a combination of accuracy and ease of use.

Figure 1 shows the calculated ultrasonic velocity as a function of frequency for
suspensions of various particle sizes. To interpret the curves in Figure 1 note that the
velocity of ultrasound in slurries depends on the inertia of particles in the fluid under
the influence of the ultrasonic wave. An ultrasonic wave passing through a fluid
causes a periodic displacement of the fluid. At low frequencies very small particles
tend to move in phase with the fluid so the velocity in the slurry of the ultrasound may
differ considerably from the velocity in the pure suspending fluid. As particle size and
ultrasonic frequency increases, the particles tend to lag more and more behind the
movement of the fluid and the ultrasonic velocity approaches that of the suspension
acting as a uniform fluid. There is a transition frequency range between complete
entrainment and no entrainment of the particles. The centre frequency of this

transition region shows a significant decrease with increasing particle diameter.
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Figure 1 shows that, for silica in water, ultrasonic velocity measurements in
the frequency range 10 kHz to 50 MHz can be used to determine the particle size
distribution of particles in the range of about 0.1 to 20 microns. It is the range in the
frequency of ultrasound velocity measurements that restricts the range of the
calculated particle size distribution. It is feasible to extend the technique to coarser
particles by measuring at lower frequencies and to finer particles by using higher
frequencies.

Figure 2 shows a slurry measurement chamber 1 used in the testing of the
invention. The chamber 1 contains the suspension 2 to be measured, which is a
dispersion of unknown particle size and concentration. An agitator 3 (which may be a
stirrer) is employed to keep the dispersion suspended and homogenous. An additional
ultrasonic disperser may be used to keep the particles in suspension. In industrial
applications, chamber 1 may be replaced by a pipe through which the slurry of interest
is pumped.

This embodiment of the invention uses six pairs of piezoelectric transducers 4
to transmit and receive ultrasound of specific frequency. Alternatively, use can be
made of lesser number of broadband ultrasonic transducers. Transducers 4 are aligned
with the faces highly parallel and a Matec Instruments MBS 8000 was used to
generate pulsing signals and to receive and amplify the transmitted signals. The
transducers were excited in toneburst mode and the transit time of the pulse measured.
Calibration was performed by measuring the transit time of ultrasonic pulses in water

at different temperatures.
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A gamma-ray attenuation density gauge 5 is used to measure the solids weight
fraction of the slurry. A collimated 370 MBq (10 mCi) B7Cs gamma-ray source 6 is
used and gamma-ray transmission detected with a 51x51mm Nal(T1) detector and
photomultiplier 7. The density may be derived from the gamma-ray transmission, as
is known.

The experimental data is then inverted to give a particle size distribution. In
some circumstances other inversion methods such as a correlation technique or a full
non-linear inversion procedure are preferable.

To further illustrate the method according to the invention a specific example
of silica suspensions in water is given. More particularly, two standard suspensions of
spherical silica particles of known particle size were measured, one with a mean
diameter of 1.0 microns and the other with a mean diameter of 1.5 microns. The size
distribution of these samples was supplied by the manufacturer and confirmed by
measurements on a laser diffraction particle size analyser. The theoretical model of
Harker and Temple (1988) was used to provide a velocity spectrum. For volume
fractions less than 15% by volume the model is approximately linear and so no
perturbation scheme was necessary.

The results of the inversion procedure for the 1.0 micron and 1.5 micron
diameter silica suspensions are shown in Figure 3. The method shows good
discrimination between the two suspensions. The volume density for both solutions
was measured to be approximately 10%. For the nominal 1.0 micron sample the mean
particle size was measured to be 0.94 micron whereas for the 1.5 micron distribution it

was measured as 1.43 micron. These results represent good agreement between the
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present method and laser diffraction. The measured width of the size distributions
shown in Figure 3 is relatively large because of the experimental errors in velocity
determination and because of the small number of frequencies used.

The experimental data for the two suspensions is graphed in Figure 4 (dots for
the 1.0 micron sample and squares for the 1.5 micron sample) along with the velocities
calculated for the particle size distributions of Figure 3 (unbroken lines). The
inversion method has produced an accurate result for the particle size despite errors in
the individual measurements shown in Figure 4. This favourable result is achieved in
part due to thé use of the density gauge which places a tight constraint on the
inversion. Without use of the density measurement the invention can still provide
useful results in some cases, as could be determined by those skilled in the art. Figure
5 shows the inversion for the 1.0 micron silica sample with and without the constraint
in place. Spurious high concentrations of fine particle size (less than 0.5 microns) are
generated in the unconstrained case while the RMS error of the fit to the ultrasonic
velocity data is improved. This illustrates the importance of the density constraint in
improving the resolution of the inversion technique. The choice of inversion method
is also important in producing a good inversion as it limits the degree of oscillation
present in the solution.

In the above example, the particle size of the silica corresponds to the central
part of the frequency range covered by the measurements. In order to evaluate the
method on a sample containing out of range particles, a coarse SiC sample with a
mean diameter of approximately 20 microns was used. Measurements were again

made at the same frequencies as for the silica. Figure 6 shows the results of inverting
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that data. The program correctly assigns almost all the material to the coarse end of
the particle size spectrum.

One application of the ultrasonic velocity technique is in the improved control
of dispersion in the paint and pigment industry. Dispersion is aimed at breaking down
agglomerations of the 0.2 micron diameter TiO, particles. After dispersion the
majority of particles are agglomerations of a few basic units. Two Ti0, dispersions
were provided by industry, one well and the other poorly dispersed. Measurement of
these dispersions also provides a test of the invention in conditions where the particle
size distribution is polydisperse unlike those in the test cases described above.

In the present work, measurements were made on the two dispersions at a solid
content of 2.3% by volume. Figure 7 shows the measured and theoretical values of
velocity as a function of frequency. The results show discrimination of the two
samples. In the present case, high accuracy velocity measurements were made over
the frequency range 0.25 to 3.5 MHz. Therefore, the present measurements are not
very sensitive to particles of diameter less than about 0.3 microns or greater than about
10 microns.

Application of an inversion algorithm to the data shown in Figure 7 yields the
particle size distributions shown in Figure 8. The d50 for particles finer than 2.0
microns is 0.38 microns for the well dispersed sample and 0.53 microns for the poorly
dispersed sample. The fraction of particles greater than 2.0 microns estimated by the
present method and is 0.33 for the poor sample and 0.16 for the good sample.

Measurements were made of both dispersions by optical diffraction techniques.

The dispersions had to be diluted to 0.004% to allow sufficient optical transmission.
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Stirring was kept to a minimum in thé measurement and no ultrasonic dispersion was
used to avoid breaking up the agglomerates. The d50 measured by the optical method
was 0.36 micron for the poor and 0.35 micron for the good dispersions. The optical
and ultrasonic techniques display good agreement for the weil dispersed sample not
for the poorly dispersed sample. This can be explajned,v however, by the extreme
dilution which causes the agglomerates in the poorly dispersed sample to a break up.
In any event this illustrates the disadvantage of prior art methods such as optical
diffraction techniques.

Alternatively, information about the particle size distribution can be presénted
in a simpler fashion. For the above TiO) example, a parameter R may be defined as

R=(V,¢-V 5)(V35-V325) )

where Vy is the ultrasonic velocity at x MHz. As particle size changes, the
curve in Figure 1 moves either to the left or right changing the ratio R quite strongly.
This ratio is insensitive to temperature and concentration fluctuations and therefore
may be used as a figure of merit for dispersion. The value of R was measured as
1.4040.05 for the poor dispersion and 0.90+0.05 for the good dispersion. Such a
single parameter provides a simple criteria for the adequacy of the dispersion process.

Although the invention has been described with reference to a particular
example, it will be aﬁpreciated by those skilled in the art that it may be embodied in

many other forms.
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CLAIMS:-
L. A method for determining the size distribution of particles in a fluid, the
method including the steps of:

() passing a plurality of ultrasonic beams through the fluid, wherein the
beams have respective frequencies f}, f,,....f;

(b) obtaining a velocity measure of the beams in the fluid;

(©) obtaining an ultrasonic velocity spectrum as a function of particle size
for the fluid; and

(d) calculating the particle size distribution for the particles in theA fluid.
from the velocity measure and the velocity spectrum which were respectively obtained
in steps (b) and (c).
2. A method according to claim 1 wherein the ultrasonic velocity spectrum is
obtained either by prior experiment or calculation.
3. A method according to claim 1 wherein step (c) includes transforming the

velocity spectrum into a linear form.

4. A method according to claim 3 wherein step (d) includes an inversion of the
linear form.
5. A method according to claim 1 including the steps of:

(e) passing gamma rays through the fluid;
® determining from the attenuation of the gamma-rays the density of the

fluid; and
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(® calculating the particle size distribution of the particles in the fluid
from the velocity measure, the velocity spectrum, and the density measure
respectively obtained during steps (b), (c) and (f).
6. A method according to claim 5 wherein step (g) includes an inversion of the
linear form to give the particle size distribution in a certain size range.
7. A method according to claim 6 wherein the amount of particles outside the
inversion size range is aléo calculated.
8. A method according to any one of the preceding claims wherein step (b) _ |
includes determining the difference in velocit)-' of the beams having frequencies f; and
£
9. A method according to claim 1 wherein step (b) includes determining the
velocity of each of the beams.
10.  An apparatus for determining the size distribution of particles in a fluid, the
apparatus including:

transducer means for passing a plurality of ultrasonic beams through the fluid,
wherein the beams have respective frequencies fj, f;....f,;

first processor means for obtaining a velocity measure of said beams in the
fluid;

second processor means for obtaining the ultrasonic velocity spectrum as a
function of particle size for the fluid; and

third processor means responsive to the first and second processor means for

calculating the particle size distribution for the fluid.
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11.  An apparatus according to claim 10 wherein the first, second and third

processors are incorporated in a single processor.
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