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Abstract

Focussed beam reflectance measurement is a technique that shows some promise as a technique for the online characterisation of floc siz
and structure. A scanning laser is focused into process fluid and the reflected intensity is measured as a function of time. This light intensity
signal is normally processed to return chord length measurements which contain combined information on particle size and shape.

This study shows that the unprocessed signal can be expected to encode information about the texture of the particle being scanned in
addition to size and shape. For the purpose of characterising floc structure, a power law exponent can be recovered from the Fourier transform
of the unprocessed signal and this in turn is related to the mass fractal dimension of flocs.

The technique is demonstrated with computer generated flocs and with flocculated polystyrene latex of a primary particlgsizndf 5
a mass fractal dimension 8f, = 2.5 as determined by the volume obscuration method.

Results obtained through simulation studies into scanning of computer generated flocs demonstrate that a correlation exists between the
power law exponent and the mass fractal dimension. Loose structures with mass fractal dimebgierl ¥4 returned a power law exponent
of B=—1.77 whilst a tighter structure of mass fractal dimensiogf=2.34 returned a power law exponentdf —1.92.

Results obtained through scanning of polystyrene latex flocs of mass fractal dimen&igr=@f49 returned a power law exponent of

=—2.00 which appears not to be in quantitative agreement with the simulation results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction interest in adjusting aggregation conditions in order to fine
tune the physical properties of aggregates to suit a specific
The process of aggregation is fundamental to improving application. For example, in low pressure membrane filtra-
the operation of solid-liquid separation processes such astion, aggregates of loose (porous) structure are preferred as
sedimentation, thickening, flotation and filtration. The hy- their structural properties in suspension are thought to re-
drodynamic properties of aggregates relative to their primary tain their permeable structure when deposited as a cake on a
particles are the driving force for these processes. For exam-membrane allowing for higher flux rates to be achieved over
ple,in sedimentation, an aggregate broughttogether by alargea longer period of tim§l]. On the other hand, many people
grouping of primary particles will settle much faster than a believe that compact flocs are preferable in sedimentation
dispersion of primary particles, hence providing a faster rate thickeners as their structures form sludge that are relatively
of separation. low in moisture content, thus easier to transport and dispose
Common applications of aggregation are typically stages of. Floc characterization techniques can play a vital role in
in the area of effluent treatment from mineral processing and reporting the relevant physical parameters to improve sepa-
municipal waste. More recently, there has been considerableration efficiency of these processes through improved control
of floc properties.
Characterization of floc structure is fundamentally based

* EIC Conference on Solid-Liquid Separation IV, Pucon, Chile, December onthe spatial arrangement and the number of particles within
2003.
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to be important parameters in the design of industrial equip-
ment for a particular application.

One macroscopic approach to quantitatively characterize
the complex structure of flocs is known as the mass fractal
dimension, first demonstrated by Forrest and WifnThe
mass fractal dimension is defined as

M o RPm (1)

whereM is the mass of the particleR the linear measure of
size andy, is the mass fractal dimension. The fractal dimen-
sion of a floc gives practical information related to porosity,
permeability, density and structure. Valuedgf are always
between 1 (linear string of particles) and 3 (a compact space-
filling structure). Putting the concept of fractal dimension
into geometrical context is best illustrated through structural
comparison of computer generated flocs showRign 1

There are a number of techniques, which have been deve
oped to measure the structure of flocs in terms of mass fractal
dimension, summarized by Bushell et @]. These include
techniques based on small angle light scattering, image ana
ysis and hydrodynamic settling tests. The major drawbacks
to these techniques are their limited practicality towards in-
dustrial applications. This is mainly due to portability and
robustness issues. A further drawback is that the measure
ments required to apply these correlations become difficult
at high solids concentrations.

The Lasentec focused beam reflectance measuremen
(FBRM) is marketed as an in situ tool for sensing changes

to size and shape of suspended solids in a general sensd

The nominal range of solids concentration upon which most
particle sizing instruments operate is typically quite narrow
which is quite acceptable under laboratory conditions but not
suitable for in situ measurement. In comparison, FBRM s ca-
pable of operating over a wide range of solids concentrations
from very dilute up to slurry type mixtures. This property
alone gives it considerable appeal for being adapted for use
as a floc characterization tool, most particularly for industrial
applications where solids concentrations of process fluids can
be quite broad.

Fig. 1. Variety of computer generated floc structures ranging from loose
(Ds =1.544) to compact; = 2.390).
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The FBRM (model M400L-316K) consists of alaser scan-
ning at a fixed high velocity (2 m/s) housed in a rigid stain-
less steel probe, which is inserted into a solid suspension. A
spinning lens is used to generate the circular path tracked by
the laser, which is achieved through precise optical reflection
and beam splitting. Ordinarily the light reflected back off the
suspended patrticles is collected and passed back to the elec-
tronics where chord length is calculated based on duration of
a high reflectance signal. The data are collected and reported
as a chord length distribution.

The experimental work described here details the exten-
sion of the capabilities of the FBRM to extract information
about floc structure based on spectral analysis of the reflected
laser signal. Simulation of floc laser scanning has been used
to assist with developing an understanding of this system, and
subsequently to extract structural information from the real
FBRM raw signal.

|2- Simulation

The approach taken to modeling the modified FBRM sys-
tem was based on the analysis of a large pool of generated
floc images of various structures. A flow diagram of the anal-

ysis is presented iRig. 2showing the sequence of steps used
in obtaining simulated FBRM scans of flocs and further pro-
i:essing required to extract structural information.

Floc structures were generated based on an algorithm sim-
jlar to that described by Thouy and Julligfi. The simula-
tions produced a list of 3D-cartesian coordinates of primary
particles, which make up the floc structure. A tunable pa-
rameter was presented to the algorithm such that a number
of structures generated ranging frorbg = 1.54-2.39. This
process of simulated cluster—cluster aggregation was created
through modeled collision and sticking of primary particles
at first, continuing to form progressively larger flocs, which
are returned to the list. Control of the structure being formed
was enabled by a rule that specified the sticking of cluster to
cluster during aggregate growth based on the level of inter-
penetration of the aggregates.

Floc images are prepared from particle coordinates data
using a layered approach with the image data conditioned
such that simulated laser scanning can be performed. Each
primary particle was plotted as a/n sphere in sorted order
from furthest to nearest on the image giving the impression of
an orthographic representation of a floc. This technigque was
tuned for rapid simulation of pools of large flocs consisting
of up to 10,000 primary particles in each.

The brightness of each image pixel was determined by
an optical scanning model, representing the reflected laser
intensity profile off each primary particle. The optical scan-
ning model simply predicts the normalized light flux received
through spherical particle reflection at a detector positioned
at 180 to the emitted laser. The received intensity is based
on specular and diffusive reflectiokig. 3) as a function of
position on the primary particle sphere. In this case, a pixel
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Fig. 2. Flow diagram of simulation.
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Fig. 3. (a) Pictured left, indicates high laser reflectance resulting from specu-
lar reflectance (solid line) and (b) right, indicates low reflectance comprising
entirely of diffusive reflectance (dashed line).
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has a dimension of lm x 1 pum, which is a conservative es-
timate of the FBRM laser spot size specification based on the
instruments capability to resolve particle chord lengths down
to 1pm.

A simulated raw signal, which is proposed to contain infor-
mation about floc structure, is created through taking linear
scans, shown iifrig. 4. With the image data stored in ma-
trix form this task are as simple as taking a row vector from
this matrix. Each entry in this vector array corresponds to the
brightness of the pixel in the scanning path in order. Perform-
ing the scan in this way with the parameters described essen-
tially simulates sampling at one sample per micron along the
laser path. With the laser tracking at 2 m/s, this corresponds
to a real world sampling frequency of 2 MHz.

Several scans were performed on each floc at different
sections along its length to simulate a floc moving at constant
velocity through the laser focal plane showriig. 5. A long
array containing many scans was generated by taking scans
from evenly spaced rows and joining the individual vectors
end to end to form a single large vector for spectral analysis.
In this process, only the structural content (i.e. peaks within
the floc chord) of the individual vectors are cut and joined
with baseline signal omitted. This was performed to reduce
spectral bias from polydisperse chord distributions, which
was expected to be present in real scanning. The conditioned
array that contains structural information only is referred to
as the reflected intensity profile.

The power law extraction technique involves spectral anal-
ysis of the reflected intensity profile. This was performed
through fast fourier transform (FFT) over the length of the
intensity profile vector to extract structural information en-
coded in the signal. This concept is adapted from works per-
formed in other areas such as machined surface characteriza-
tion [5—7] and cardiology to investigate the fractal nature of
electrocardiographi8].

The power spectral density profile is obtained by the fol-
lowing equation:
power spectral density |FFT(f)|? (2
where|FFT(f)| is the magnitude of the spectral content at fre-
quency {) obtained by fast fourier transform of the reflected
intensity profile. This analysis is performed between 0 and
Fs/2 (Hz) wherd-sis denoted as the sampling frequency. The
power spectral density profile is typically power law between
0 andF¢/2 with the power law exponent denoted &spro-
posed to give an indication of the structure of the flocs being
scanned as shown Fig. 6.

3. Simulation results

Simulation was performed on floc structures ranging from
D =1.54-2.39. The power law exponent was extracted using
spectral analysis, the mean results of which are plotted in
Fig. 7.
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Fig. 5. Diagram illustrating multiple scans (left) and the corresponding array (right) obtained through joining scans (prior to omitting de¢athsidigare
thus illustrates a simulated FBRM reflected intensity profile obtained through scanning of a floc.

Fig. 7illustrates a correlation between the power law ex- lant. The aim of experiments was to verify a relationship be-
ponent and mass fractal dimension. The sensitivity of this tween floc structure and FBRM power law exponent through
trend to simulation parameters such as floc size and floc ve-scanning of a real floc system such as polystyrene latex. In
locity was low for these changes indicating that the model these experiments, the floc structure was reported as the mass

would be reasonable for real scanning data.

4. Experimental

fractal dimension, which was determined using the volume
obscuration techniqu®,10] by a Coulter LS230 (small an-

gle light scattering). The aim of configuring the apparatus in
this experiment is to obtain consistent particle structure anal-
ysis at the instrument/sample interfaces in this experiment.

Arealflocculating system was setup to validate the simula- The experimental rig consists of a Coulter LS230 particle
tion results. This system consisted of flocculated polystyrene size analyser and a modified FBRM with tubing connected

latex spheres aggregated with Mg@hd polymeric floccu-
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Fig. 6. Power spectrum analysis of a simulated signal for a floc of frac-
tal dimension oD; =1.79. The slopes appear to be different for each floc

structure.

between instruments and a peristaltic pump to drive the fluid
through the process as showrtig. 8. Key to the consistency

of results is protection of the developing flocs from shear
damage as a result of pumping and turbulence. To reduce the
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Fig. 7. Plot of power law exponent vs. fractal dimension of various floc
structures.
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Interfacial Dynamics Corporation (IDC) delivered in distilled
de-ionized water at a concentration of 4.1 g/100 ml. The den-
sity of the polystyrene at 2@C was 1.055 g/cth

Prior to analysis, the FBRM focal position was adjusted to
Motor obtain the optimum reflected optical signal possible. This was
done to ensure the highest resolution was obtained at the data
acquisition stage. A focal length of 3.2 mm was selected by
adjusting the focal position from zero through to the optimum
setting. This procedure was monitored by placing the probe in
a suspension of latex and observing the average signal peak

FBRM

Peristaltic pump

Coulter intensity on a PC oscilloscope from the TIA500 optical to
————— .
LS230 : : electrical converter.
Baffled Tank with Stirrer Reflected laser scanning data were then acquired through

the FBRM, which was positioned in the vessel near the out-
flow port. The FBRM, when used normally with the Lasentec
data logging hardware, measures and records chord length
extent of shear in the system the fluid is gravity driven by an distribution of a particulate system. The optical connection,
elevated stirring vessel with pumping introduced at the final otherwise routed to the Lasentec hardware was rerouted to a
point in the closed circuit. TIA500 optical to electrical converter for alternate analysis.
Other key considerations are to create a system where flocsExtraction of the power law exponent from the raw FBRM
of considerable size can be presented to the FBRM probe.optical signal involved high speed integration of optical to
This is controlled through choice of solution chemistry such electrical signal conversion, data logging hardware and spec-
as divalent salt concentration and polymeric flocculant to en- tral analysis software shown fig. 9. The data acquisition
hance growth of flocs. hardware specifications such as bandwidth (125 MHz) and
Fig. 8illustrates the experimental setup. Polystyrene la- settling time were selected such that response dynamics were
tex and coagulants are added to the elevated baffled tankexpected to have negligible effects in the working size range
which is essentially a mixing vessel. A shear environment (above Jum).
is introduced through an axial flow impeller placed in the Suspended flocs grown in the mixing vessel flow under
tank with shearing rates set to give orthokinetic aggregation. gravity through the Coulter LS230 small angle light scatter-
Polymeric flocculant Zetag 7642 was dosed to a solution of ing instrument for volume obscuration analysis before being
0.25M MgCh and 0.005 g/100 ml polystyrene latex corre- pumped as return to the mixing vessel. The volume obscu-
sponding to a volume obscuration of 20% with the entire ration method for characterizing floc structure provides an
system totalling 1.51. The Zetag flocculant dosage used in estimate of the mass fractal dimensiog, [9,10] based on
the system was 2g/l. The polystyrene latex used in this ex- parameters such as volume obscuration@¢] 3) mean di-
periment was a negatively charged, surfactant free, sulphateameter, both reported by the Coulter LS230. The principle is
white polystyrene latex. The mean diameter determined from based on a modeled trend of a decrease in projected area by
transmission electron microscopy wasgré withastandard  the solids that were observed by the Coulter detectors during
deviation of 0.3Qwm. The polystyrene latex was supplied by latex floc growth.

Fig. 8. Closed circuit experimental setup.

%?;f;' Optical/ o b PC based
—p» Electrical AID B spectral
Converter analysis
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o to Digital
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Fig. 9. Hardware configuration used to convert and acquire optical scanning data.
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Fig. 10. Volume obscuration analysis to determine floc mass fractal dimen-
sion for latex flocs at an impeller speed of 60 rpfy,/ Cy, is the ratio of Time (Microseconds)

suspended solids volume fraction to initial solids volume fraction calculated

from volume obscuration as reported by the Coulter LS230. Particle diameter Fig. 12, Real latex floc scan. Sampled floc chord length is approximately

D(4, 3) is given in microns as reported by the Coulter LS230. 1000pm.

5. Results and discussion 1 Simulation Scan
Our volume obscuration analysis showed that a repro- S 08 H

ducible latex floc structure with a fractal dimension of % ' P

Dm=2.49+0.09, as reported by volume obscuration model 3 - |

fitting as shown inFig. 10 suggesting that this parameter §

could be measured with confidence with the closed loop ex- _ﬁ 04 4

perimental configuration. The final floc structure was inde- & ™

pendent of shear rate in the baffled tank for the 60, 120 and 2

450 rpm impeller speeds. e 027
The results displayed blig. 11 shows that the experi-

mental and simulation ranges do not overlap but it appears 0 0 0 50 o0 200
the results between the two are inconsistent. The most read- Time (Microseconds)

ily recognizable difference between the simulated and exper-

imental scans was the unavoidable presence of noise in the Fig. 13. Typical simulation scan of a floc.
experimental data logging hardware. The effect of noise on

the results obtained through spectral analysis is quite difficult ning. A correlation between the power law exponent and the

to assess based on visual examination of scans as shown "actal dimension was demonstrated indicating that simple

Fig. 12 scanning and analysis does recover structural information.

As introduced earlier, a simplistic spherical optical reflec- However, the experimental results suggest that the model
tion model was assumed and applied in the simulation model

with the aim that this simplified model could reasonably
recreate floc morphological features upon simulated scan- (25

o
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Fig. 11. Comparison between results obtained for simulation and experi-
mental scanning of polystyrene latex flocs. Mean floc dianieér 3) was Fig. 14. Real scan of zirconia floc. Sampled floc chord length is approxi-
approximately 10@um as determined by light scattering. mately 80Qum.
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Fig. 15. Scanning electron microscope image of zirconia flocs illustrating their compact structure.

used in image generation component of the simulation falls that the presence of noise alone accounts for the difference
well short of describing the true optical characteristics of between real and simulated scanning without further investi-
polystyrene latex aggregates. This can be verified throughgation and experiments. Another possibly more serious issue
direct comparison of simulation and experimental scans (seeis that the real laser is focussed at a narrow point whereas
Figs. 12 and 1Band is probably the reason why there is a the simulated one is a thin beam. This implies that the opti-
difference in the results of analysis. cal model used in simulation fails to account for sensitivity

The presence of noise in the experimental signal is ev- to scanning depth into the floc structure. Further modelling
ident and undoubtedly would have a detrimental effect on investigations would account for both noise and depth sensi-
the recoverability of structural information through spectral tivity to attempt to validate the simulation results with what
analysis. At this stage, it would be quite difficult to conclude is observed experimentally.

Fig. 16. Leica microscope image of latex flocs illustrating their loose structure.
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Experimental FBRM scanning does indicate that the raw using volume obscuration analysis. Analyzing the spectral
reflectance signal contains structural information. This can be content of the real reflected FBRM signal for the latex system
demonstrated through comparison of results from two differ- showed thatthere is a clear difference between simulation and
ent floc systems, latex and zirconkdg. 14illustrates a typi- experimental results. A fractal dimensionDf, =2.49 was
cal real scan of a zirconia floc in suspension aggregated withreported with a power law exponent & —2.00 measured
polymeric flocculant. Comparison witfig. 12shows thatthe  falling outside the simulated trend. The presence of unavoid-
zirconia floc exhibits smoother long-range structure suggest- able noise in the electrical hardware is believed to have had a
ing that a more compact floc is being scanned. Scanning elec-detrimental effect on the recoverability of structural informa-
tron microscope images of zirconia flocs (5ég 15 validate tion through spectral analysis which could explain the differ-
this observation, which shows compact flocs. In comparison, ence between experimental and simulation results. However,
images of latex flocs are taken with a Leica microscope (seedespite the inadequacy of the model developed through sim-
Fig. 16 showed a relatively loose structure. ulation, experimental FBRM scanning does indicate that the

raw reflectance signal contains structural information and this

was demonstrated through direct visual comparison of scans
6. Recommendations of loose latex flocs and compact zirconia flocs which is veri-

fied against microscopic imaging. This suggests that a rigor-

The model used in simulation falls well short of describ- ous model taking into account the deficiencies of the current
ing the true optical characteristics of polystyrene latex ag- approach will be able to quantitatively resolve the difference
gregates. This can be visually verified through direct com- between flocs of different structure and thus will be the focus
parison of real and experimental scans and is fundamentallyof future work.
the reason why there is a difference in the results of analy-
sis. To address this, several areas need to be considered to
further prove the viability of this technique. Primarily, this References
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