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The inherent ability of ultrasonic wave to propagate in dense and opaque suspen-
sions makes it a desirable method for online measurement of particle size distribution
in industrial operations. The ability of ultrasonic attenuation spectroscopy to determine
particle size distribution has been extended to dense suspensions of particles lying pre-
dominantly in the intermediate wave propagation regime at the measurement frequen-
cies. This was achieved by accounting for the effect of detector size and shift in the
frequency spectrum under dense conditions in the theoretical model and deconvolution
algorithm, respectively. The proposed modifications enable the application of this tech-
nique in various industrial processes requiring in situ and real-time measurement of
particle size distribution such as crystallization, mineral processing and food process-
ing. © 2010 American Institute of Chemical Engineers AICKE J, 56: 2825-2837, 2010
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Introduction

The transmission technique for measuring acoustic attenu-
ation and velocity has evolved from the work of Pellam and
Galt' and Pinkerton.” They used narrow band-width trans-
ducers in pulse-echo mode and variable path lengths to cal-
culate the acoustic velocity and attenuation. Andrea and
Joyce® modified this technique to incorporate through-trans-
mission mode of operation and multiple frequency measure-
ments using tone-burst signals. Multiple frequency measure-
ments were further enhanced by the use of wide bandwidth
video Signals.4 These signals consist of a range of frequen-
cies as opposed to the finite cycle tone-bursts at different
frequencies. The frequency component from wide band-
width signals is extracted using Fast Fourier Transforms
(FFT) and forms the basis of modern ultrasonic particle
sizing technique.
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Recent advances in the hardware required for ultrasound
generation and measurement has provided the ability to
accurately measure the attenuation spectra over a wide range
of frequencies. However, the accuracy of particle size distri-
butions (PSD) generated is limited by the adequacy of the
underlying theoretical model. In general, the model for
acoustic particle sizing should meet the following criteria to
enable its applicability in industrial processes:

1. Valid for large particle size range.
2. Valid for concentrated suspensions.

These criteria are achieved if the theoretical models
account for the various attenuation mechanisms along with
particle—particle interaction. The attenuation mechanism and
extent of attenuation in an inhomogeneous medium is de-
pendent on the physical properties of the liquid and solid
phases along with particle size, pulse frequency and particles
concentration. Various models available in literature for pre-
diction of attenuation include the work of Riebel,” McCle-
ments,® Dukhin and Goetz,’ Epstein and Carhart,® and Alle-
gra and Hawley.” The different mechanisms of wave propa-
gation have been discussed in detail by Dukhin and Goetz’
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and can be broadly categorized under absorption (viscous
and thermal losses) and scattering losses. The extent of these
losses is a function of the wave propagation regimes, which
are defined using the nondimensional wave number (kr). The
wave number is the ratio of particle radius to pulse wave-
length and can be calculated using Eq. 1. Different wave
propagation regimes identified based on this number is also
shown in the equation given below.

w 2nf 27y
kr =—r=——r=——

C b C .
kr<<l; A>>r Long wave regime (1
kr~1; A~r Intermediate wave regime
kr>>1; i<<r Short wave regime

There are two approaches to determine the total attenua-
tion caused by various energy loss mechanisms. The tradi-
tional approach has been to develop a unified theory
accounting for each of the loss mechanisms. The most
widely used unified theory is the ECAH®*’ model and
accounts for the viscous, thermal and scattering losses. It is
based on the superposition of single particle attenuation to
obtain the total energy loss. This theory is limited to long
wave regime of propagation, wherein the particles are much
smaller than the wavelength. It also does not account for
particle—particle interactions and hence is limited to dilute
concentrations. The various modifications/extensions to
increase the applicability of the ECAH theory include the
work of McClements et al.,'® Watermann and Truell,"'
Lloyd and Berry,'* Harker and Temple,'® Gibson and Tok-
soz'* and Temkin.'> However, these modifications are still
unable to meet the two basic criteria required for a truly uni-
versal particle sizing technique. An alternative approach to
determine total attenuation was suggested by Dukhin and
Goetz.” This approach is based on the well known extinction
theory proposed by Bohren and Huffman.'® This theory was
originally proposed for light but is also relevant for sound
and states that the various energy losses are additive (Extinc-
tion = Absorption + Scattering). Hence, the various attenua-
tion losses can be independently determined using individual
theories for scattering (o), viscous (o) and thermal (o),
loss mechanisms.

o= Olge + Oy + 04 2)

However, Dukhin and Goetz’ have concentrated their
efforts to develop a rigorous model for viscous and thermal
dissipation and only refer to simplified scattering model as
their focus was on particle sizing in the colloidal and emul-
sion region (long wave regime). This study analyzes experi-
mentally measured attenuation in the intermediate wave
regime (kr) where both viscous and scattering losses are
present. In this regime the viscous losses are dominant at
lower wave numbers and scattering losses gain significance
at higher wave numbers. However, neither of these losses is
small enough to be completely neglected. The theoretical
model used in this study is adapted from the work of Morse
and Ingard'” and extended to account for multiple frequen-
cies and polydispersity.
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Figure 1. Schematic diagram of the stirred tank.

Experimental Details

Attenuation measurements were made at different frequen-
cies in liquid-solid suspension of glass beads in deionized (DI)
water using Fallon Ultrasonic® pulser/receiver unit. The
experiments were conducted in a stirred tank made of plexi-
glas with diameter 0.1 m and height 0.252 m. A schematic rep-
resentation of the stirred tank used is shown in Figure 1. It is
equipped with radial ports for mounting the transducers and a
vertical stirrer for suspending the particles. The stirrer speed
was maintained about 10% above the minimum speed required
for good particle suspension.18 The glass beads had a mean
size of 43, 85, 114, 119, 156, 202-um and the suspension con-
centration was varied from 2 to 20 vol % with 2 vol % incre-
ments. Measurements were also made in concentrated slurries
of 119-um glass beads in canola oil and 112-ym aluminum ox-
ide in DI-water. Acoustic parameters were measured using the
Fallon pulser/receiver unit in through transmission mode. The
acoustic pulse was generated using broadband transducers and
the instrument reported the peak amplitude of the pulse. The
pulser/receiver unit activates the receiving transducer at a time
fixed by the delay and for duration of the gate width to mea-
sure the flight time of the signal. The pulse repetition rate was
1 kHz and the sampling interval was 1 s. Hence, each sampled
value of transit time and amplitude represent the average of
1000 acoustic pulses. Transducer separation used during this
study was 50 mm and experiments were conducted using two
sets of transducers with central frequencies of 3.4 and 1.2
MHz. This arrangement of transducers is intrusive in nature
but was preferred to maximize signal strength. The transducers
were enclosed in a cylindrical housing to minimize resistance
to the flow of slurry. Small ratio of the particle size to the dis-
tance between transducers also reduced distortions to particles
motion in the stirred tank. A TDS 210 (Tektronix) digital os-
cilloscope was used to visualize, select, and capture the pulse.

Results and Discussions

Figure 2 shows the change in attenuation at peak fre-
quency with concentration for 43 and 114-um particles using
34 and 1.2 MHz transducers. Attenuation was calculated
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Figure 2. Change in attenuation (Np m~") with concen-
tration for 114- and 43-um particles using 1.2
and 3.4 MHz transducers.

using Eq. 3 and shows an increase with concentration for
both particle sizes.

"l (A
a(Np m)! = Z;ln (A—‘) A3)

i=1

In the above equation, A;; and A; are the measured ampli-
tudes before and after incremental solids addition respec-
tively. The total attenuation at a given solids concentration
is the summation of incremental attenuations at the preced-
ing concentrations. This procedure was developed to account
for increase in gain which was increased at regular concen-
tration intervals required to make up for the loss in signal
strength due to attenuation. At a given concentration
the maximum gain level is limited to avoid saturation of the
signal.

Figure 2 shows that the measured attenuation is higher for
larger particles at 3.4 MHz frequency and is similar to
results obtained in literature studies.'”' The wave numbers
(kr) for the mean particle size at different central frequencies
are also shown in Figure 2. Experimental measurements
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Figure 3. Change in attenuation/central frequency (Np
m~! MHz™") with concentration for 114- and
43-um particles using 1.2 and 3.4 MHz trans-
ducers.
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Figure 4. Comparison of change in attenuation (Np
m~') with concentration for 43-, 114-, and
119-um particles using 3.4 MHz transducer.

show a significant difference in measured attenuation for
similar kr values obtained using different particle sizes and
frequencies. The kr values of 114- and 43-um particles at
1.2 and 3.4 MHz frequency are 0.29 and 0.31, respectively.
Similar attenuation was expected for these suspensions as
the relative difference between their kr values is small and
indicates the presence of a common wave propagation re-
gime. Theoretical models suggested in literature show that
the attenuation within a propagation regime are scaled
according to the ’frequency.zo’21 Hence, the effect of mea-
surement frequency on attenuation needs to be normalized
for the comparison of these coefficients obtained at different
frequencies. This can be achieved by calculating the attenua-
tion per unit frequency as shown in Eq. 4.”

B 11 (A,
an(Np m™' MHz) ™' = — —ln<—) 4)
R

Figure 3 shows that attenuation per MHz of frequency for
43- and 114-pum particles are similar for similar kr values
when they are scaled with respect to the frequency.

Figure 4 shows that change in attenuation in Np m~' is
linear with increase in concentration up to 6 vol % for 119-,
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Figure 5. Power spectrum 119-um particles using 3.4
MHz transducer.
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Figure 6. Change in peak frequency with concentration
for 43-, 114-, and 119-um particles using 3.4
and 1.2 MHz frequency transducers.

114-pm particles and up to 18 vol % for 43-um particles.
Nonlinearity of attenuation with increase in concentration
can be attributed to particle—particle interactions at high con-
centration and is dependent on the dominant mechanism of
attenuation.” It is shown by these authors that viscous attenu-
ation is linear up to 14 vol % concentrations and scattering
attenuation is linear up to 40 vol % concentrations. This
indicates that the observed nonlinearity of the attenuation
with concentration for 114 and 119-um particles cannot be
due to particle—particle interactions. An alternative explana-
tion for this observation can be attributed to the pulse band-
width. Figure 5 shows the acoustic pulse in the frequency
domain at 2 and 20 vol % for 119-um particle suspension.
Both the measured pulses are characterized by a peak fre-
quency at which maximum attenuation occurs. However, the
peak frequency location changes significantly with increase
in concentration.

In the intermediate wave propagation regime, scattering
attenuation increases with increase in the frequency of the
acoustic pulse.’”” Hence, for a broadband acoustic pulse,
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Figure 7. Comparison of attenuation/peak frequency
(114 ym at 3.4 MHz) calculated using meas-
urements from the Fallon instrument and FFT
along with the change in measured peak
frequency.
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Figure 8. Comparison of attenuation/peak frequency
(FFT) for 114- and 119-um particles using 3.4
MHz transducer.

energy at higher frequencies will dissipate at a faster rate as
compared to lower frequencies and will eventually lead to
total loss of power at higher frequencies. As a result of this
the measured peak amplitude by the unit gradually shifts to
lower frequencies. As energy dissipation at lower frequen-
cies is smaller, the attenuation appears to become less sensi-
tive to concentration increase in dense suspensions. Further-
more, the change in peak frequency occurs after incremental
solids addition. Hence, the peak amplitudes “A;” and “A;;”
measured by the pulser/receiver unit are at different frequen-
cies. This error can be avoided by using the FFT to obtain
the attenuation measurements at the peak frequency of the
received pulse (Eq. 5).

- [N T
a (Npm~' MHz) ' = — —1n(’ ) 5
s (ND ) fpeakzzx 2 )

i=1

The peak frequencies of the received pulse for different
particle sizes obtained using FFT are shown in Figure 6. The
figure shows that the shift in peak frequency only occurs for
particles predominantly in the intermediate wave regime (av-
erage kr ~ 0.8) where the scattering mechanism is dominant.

Figure 7 shows a comparison of the normalized attenua-
tion at the peak frequency obtained using the pulser/receiver
and FFT along with the peak frequency at different concen-
trations of 114-um particles (3.4 MHz transducer). The cal-
culated attenuations using the two techniques are similar till
a change in the peak frequency after 6 vol % occurs. Above
this concentration higher attenuations are calculated from the
amplitude measurements obtained using the Fallon instru-
ment as measured amplitudes “A;” and “A;;” are at differ-
ent frequencies. The attenuation measurements obtained
from the FFT is linear even at high concentrations provided
the measurement frequency does not change.

An interesting observation was made from comparison of
normalized attenuation at peak frequency obtained from FFT
with 114 and 119-um particles and 3.4 MHz transducers
(Figure 8). Significant difference between measured attenua-
tion for these particles with similar mean size was observed
above 4 vol % concentration. At intermediate concentrations
(4-12 vol %) the observed deviation could be attributed to
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Figure 9. Particle size distribution of 114- and 119-um
particles (Malvern Mastersizer®).

change in the peak frequency. However, the average change
in peak frequency for both particles from 2 to 20 vol % was
similar and hence the measured attenuations at 20 vol %
should have been comparable. The observed difference in
the attenuation measurements in Figure 8 can be attributed
to the nature of size distribution of the two particle samples.
Figure 9 shows the PSD obtained using the Malvern Master-
sizer® of 114 and 119-um particles. The size distribution of
114-pm particles is wide and ~25% of particles are smaller
and ~10% of particles are larger than the minimum and
maximum particle size in the 119-um particle sample. The
average kr values of the smaller and larger particle fractions
in 114-um samples at 3.4 MHz are 0.21 and 1.8, respec-
tively. As the kr values of larger particle fraction in 114-um
sample is ~2 times the average kr value of 119-um particles,
the extent of scattering will be higher. The resolution of
attenuation measurements increases for concentrations
greater than 1 vol % and has been experimentally shown for
mixed particle systems of varying sizes.'”** Above 14 vol
% the fraction of particles between 200 and 300um in the
114-pym sample exceeds 1 vol %. Furthermore, although
scattering attenuation for the lower size fraction in the 114-
um particle decreases, the viscous dissipation effect will
rise. Hence, difference in attenuation measurements of 114-
and 119-um particles appears to be due to the nature of their
size distributions.

The trend of attenuation of 114- and 119-um particles
with concentration showed significant difference when, the
kr values were reduced from 0.8 to 0.3. In this region, vis-
cous attenuation is the dominant mode of energy loss and no
change in the peak frequency was observed. Figure 10 shows
the attenuation measurements at kr ~ 0.3 for 114 and 119-
um particle samples (at 1.2MHz) along with 43-um particles
(at 3.4 MHz frequency). Unlike measurements at 3.4 MHz,
the attenuation of 114-um particles are higher than 119-um
particles even at low concentration. Higher attenuation meas-
ured in the suspension of 43-um particles shows that the
contribution of viscous attenuation increases with decrease
in particle size and is in agreement with literature.” Hence,
the difference in attenuation of 114- and 119-um particles
can be attributed to small particles in the 114-um sample.
Figure 9 shows that 25% of 114-um particles are below 60-
um. With increase in concentration from 4 to 20 vol % the
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concentration of smaller particles (<60 um, kr ~ 0.15) in
114-pm particle suspension increases from 1 to 5 vol % and
starts contributing significantly to the total attenuation. This
results in an increase in attenuation measurements of 114
compared to 119-um particles at higher concentrations.

Unlike 43-um particles at 3.4 MHz (kr ~ 0.3) no effect of
particle—particle interactions was observed with 114- and
119-um particles even though the kr values are similar. Par-
ticle—particle interactions during viscous dissipation are de-
pendent on the viscous layer thickness and the inter-particle
separation. The viscous layer thickness is affected by the
viscosity, density of the medium and the frequency of the
acoustic pulse.'”

5= [P ©)

WP

Particle—particle effects are caused when the viscous
layers of adjacent particles interact and the likelihood of
such interactions increases with increase in the number of
particles. The viscous layer thickness obtained at 1.2 MHz
frequency is ~1.6 times the thickness at 3.4 MHz frequency.
However, the average number of particles at 18 vol % for
43-um particle size is more than that of 114-,119-um by
~19 times. Hence, the onset of particle—particle interactions
for 43-um particles occurs at a lower concentration as com-
pared to 114- and 119-um particles.

Attenuation predictions in polydispersed suspensions

Theoretical models for the calculation of energy loss due
to different propagation mechanisms have to account for the
effect of pulse frequency, particle size and the physical prop-
erties of the different phases. Models available in literature
for determination of absorption and scattering losses are
based on the superposition principle. These models are
developed for monosized particles at a single frequency and
the total attenuation is obtained by multiplying the attenua-
tion caused by a single particle with the total number of par-
ticles present.

| © 119-microns, 1.2 MHz
O 114-microns, 1.2MHz
16 { & 43-microns, 3.4MHz

Attenuation (Np/m/MHz)

0 2 :l ; ;i l|0 l‘2 II4 Il6 1'8 ZIO 22
Concentration (Vol. %)
Figure 10. Comparison of attenuation/peak frequency
for 114- and 119-um particles using 1.2 MHz
transducer.
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Figure 11. Comparison between measured and pre-
dicted (Allegra and Hawley)® attenuation/
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For polydispersed suspensions the normalized total attenu-
ation can be calculated by superposing the effect of different
size fractions.

oTPD =

1 i=n 3
FO N N, -2 ®)
i=1

1

However, Eq. 8 can only be used if there are no particle—
particle effects in the system. This condition exists if the
concentration of fines (viscous dissipation) is below the limit
of interparticle interactions and the regime of propagation
for larger particles is in the region of single scattering.

Necessity for Measurements in Intermediate Regime. Par-
ticle sizing using attenuation spectroscopy relies on the
extent of attenuation variation with frequency. Hence,
attenuation has to be measured over a broad range of fre-
quencies to enable PSD determination. Traditional model
based methods for PSD determination has been restricted to
the long wave propagation regime. However, this regime
cannot be achieved for particles much larger than 10 um
over a sufficiently broad frequency range. This limitation is
further discussed below by comparing the measured attenua-
tions at low kr values with calculated attenuations using
Allegra and Hawley” model.

Allegra and Hawley9 model is based on the equation of
continuity (mass conservation) and Navier-Stokes equation
(momentum conservation) which are used to derive the wave
equations for the compressional, shear and thermal propaga-
tion. The model generates attenuation for mono-sized par-
ticles in the long wave propagation regime, i.e., 4 [dmt] r.
The attenuation in polydispersed suspensions can be calcu-
lated using Eq. 8 and is compared with measurements of
119 um at 1.2 MHz and 43 pum at 3.4 MHz (Figure 11). The
explicit equations used for the calculation of attenuation of
monosized particles were obtained from Allegra and Haw-
ley.g The measured and calculated attenuations show an
agreement only up to 2 vol % concentration. The Allegra
and Hawley9 model fails when the wavenumber exceeds 0.1.
The deviation of measurements from calculated attenuations
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can be attributed to the relatively high wave number of the
particles used in this study. This indicates that even for 100-
um particles the maximum measurement frequency should
be below 1 MHz to enable PSD predictions using long wave
regime models. With further increase in particle size the
available bandwidth is further diminished as frequencies
below 40 kHz lie in the region of cavitation and cannot be
used for particle sizing. This drawback can be overcome by
making measurements in the intermediate regime of propa-
gation. In this regime, absorption losses are dominant at
lower wave numbers and scattering losses gain significance
at higher wave numbers. However, neither of these losses is
small enough to be completely neglected. Hence, the maximum
frequency should be limited to avoid the regions of multiple
scattering for large particle fractions. The minimum frequency
should be high enough to avoid particle—particle interactions in
the absorption region which occur due to the overlap of the
viscous layers of neighboring particles. Limiting the wave
propagation to this regime is advantageous as simple scattering
and absorption models can be used for attenuation calculations.

Attenuation model in the intermediate regime

Morse and Ingard'” present a model to estimate attenua-
tion in the intermediate regime of wave propagation. This
model calculates the power lost in terms of scattering and
absorption cross sectional areas of monodispersed particles
at a given frequency. The power lost due to absorption or
scattering divided by the power per unit area of the incident
wave gives the absorption and scattering cross sections (> _,,
>7s) of the particle. Hence, attenuation is the power con-
tained in this cross sectional area of the incident beam which
is lost during wave propagation. The power of a wave propa-
gating through a medium filled with “N” particles per unit
volume of medium is given by Eq. 9 and the attenuation can
be calculated using Eq. 10.

P, = Poe*N(ZﬁZa)*‘ 9)

L 2%(111 (Pijl) _ %N(Zs + Za) (1e}:§th> (10)

where, N = 41 f’

The scattering and absorption cross-sections for a spheri-
cal particle suspended in a fluid can be calculated by Egs.
11 and 12 given by Morse and Ingard.'”

> =2 / |®(0)[*sin ¥d¥ (length?)  (11)

jm( A)+lﬁmjm(kr) 5
kZ“m“ I (k) By ) )

Kt & (2m + 1)Re(B,,)
2. 4—20 (kr) + dm(B,, Yy, (k)] (length?)

(13)

where, “h,,(kr)” and “j,(kr)” are spherical Hankel and Bessel
functions of the order “m” and “h/ (kr)” and “j (kr)” ar
their respective derivatives.
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The sound speed “c” in fluid and particle are given by
Eq. 17 where, “k” and “p” are their compressibility and

density.

Peak Frequency. Figures 12 and 13 show the comparison
of normalized measured and calculated attenuation (Morse
and Ingard'’) at the peak frequency for 114- and 119-um
particles, respectively. The changes in peak frequency with
concentration are also shown in the figures. The particle size
distribution used for calculating total attenuation was meas-
ured using Malvern® Mastersizer. Figure 12 shows a good
agreement between measured and calculated attenuations for
114 um particle suspension up to 6 vol % concentration
(Region I). The calculated attenuation in Region II deviates
away from the measurements even though there is a decrease
in the peak frequency. This observation is contrary to
expectations since attenuation in this regime has an inverse
relationship with frequency. In Region III, the rate of change
in attenuation with frequency was constant and is likely due
to no change in the peak frequency. Figure 13 shows the
measured and calculated attenuation with change in concen-
tration at the measured peak frequencies for 119-um par-
ticles with 3.2 MHz transducer. Good agreement between
measured and calculated attenuations was only obtained at 2
vol %. Similar to 114-um particles the rate of change in
attenuation remains constant in Region II and IV when the
peak frequency does not shift and rises rapidly in Region III
with a decrease in the peak frequency.

The ability of the model to make reasonable attenuation
predictions at low concentrations indicates that the devia-
tions at higher concentrations are due to increase in particles
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concentrations. Dukhin and Goetz’ have shown that particle—
particle interaction in the scattering regime is minimal up to
40 vol % concentration and should not be the reason for er-
roneous model calculations. A comparison of the magnitude
of calculated attenuations from 12 to 20 vol % in Figures 12
and 13 shows that higher attenuations were obtained for
119-um particles even though the measurement frequency
remains constant at about 2 MHz. This is contrary to the
measurements as the attenuation of 114-um particle is higher
than 119-um particles at these concentrations (Figure 8). The
PSD of these particles (Figure 9) show that the 119-um sam-
ple has a narrow distribution of predominantly large par-
ticles. This indicates that large attenuations calculated for
119-pum as compared to 114-um particles is most likely due
to the inability of the model to account for higher concentra-
tions of larger particles. The Morse and Ingard'’ model has
been analyzed in further details to understand the reason for
higher attenuation predictions in dense suspensions.

Low-Angle Scattering

The power of the scattered wave at different angles in the
scattering cross section can be calculated using Eq. 12 where
“ID()I*” s the angle-distribution factor of the scattered
wave and “9” is the scattering angle.'” Figure 14 shows the
polar plots of “I(D(8)|2” at 0.5, 1, 1.5, and 2 kr calculated at
a frequency of 3.4 MHz. The scattering angle “3” is shown
on the angular co-ordinate and the scattered power is shown
on the radial co-ordinate and the direction of wave propaga-
tion is indicated on the figure. If the detector is infinitesi-
mally small and is located at the point where the angle “9
= 0” then the integral in Eq. 11 will give the total power
abstracted from the incident beam due to scattering. Gener-
ally, the detector has a finite size and will subtend a mea-
surement angle “A” on the particles and is shown in Figure
l4c. Morse and Ingard'” have shown that “A ~ 0” when
the following relationship is satisfied.

/1<<K (18)
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Figure 13. Comparison between measured and calcu-
lated'” attenuation/peak frequency for 119-
um particles using 3.4 MHz transducer.
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Figure 14. Polar plot of scattering intensity distribution for kr of 0.5 (a), 1 (b), 1.5 (c), and 2 (d).

Equation 11 can be simplified to the following form when
the above condition is satisfied using the orthogonal property
of the Legendre polynomial between the limits of 0 to 7.'”

4 Jo (k1) + B (k) [P
d>.= ﬁm; (@m+1) 1 (kr) + iBh,, (kr)

(length?)

19)

Morse and Ingard'” have shown that the relationship in Eq.
18 is true in the long wave regime of wave propagation where
the forward scattering is negligible. However, in this study the
average kr value of 114 and 119-um particles is well above
the long wave regime of wave propagation. At these kr values
the measurement angle ‘A’ cannot be considered close to zero.
The power scattered within this angle will be measured by the
detector and the experimental attenuation will be lower than
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the attenuation calculated using Eq. 11. The effect of low
angle scattering on measured attenuation will also increase
with concentration as the number of particles increases. Good
agreement of calculated attenuation with measurements up to
2 vol % in Figures 12 and 13 indicates that this is negligible at
low concentrations. At higher concentrations the scattering
cross section should be calculated by integrating between the
limits of “9 = A” and “3 = n — A” to account for the mea-
surement of low-angle scattered waves.”>**

n—A
S —2n / () Psin(9)d9 20)
A

The measurement angle “A” is required for the calcula-
tion of the attenuation cross section using Eq. 20. It is
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Figure 15. Comparison between measured and calcu-
lated attenuation/peak frequency (with low-
angle scattering) for 119-um particles using
3.2 MHz transducer.

proposed in this study that the angle “A” can be considered
to be the average angle subtended by a point lying on the
circumference of the receiver to the maximum and minimum
location on the receiver/detector axis. However, this will
only be valid as long as the effect of rescattering of the scat-
tered wave is not prominent which is expected to be valid
up to 40 vol % concentration.’ Hence, the total attenuation
in a polydispersed suspension at the peak frequency can now
be calculated by combining Egs. 8, 10, 13, and 20 as shown
below.

1 i=n N
*T.PD = ?Zi:l Ni (in + Zai) (kngth?MHZ) @D

The approximation proposed above was tested to predict
the attenuation at different concentrations for 119-um par-
ticles and is shown in Figure 15. The figure shows good
agreement between the measured and calculated attenuations
when the low-angle scattering is included in model calcula-
tions. Similar improvement in model predicted attenuations
were also obtained for 114-um particles.

Attenuation Spectrum. Equation 22 can be used to obtain
the normalized attenuation at different frequencies from the
FFT of a broad band acoustic pulse.

1 Pii¢ N
%= gln( Pi‘,f > (lengthPMHz) (22)

The calculated attenuation using the proposed modification
of the Morse and Ingard'’ model can be tested at different
frequencies using the above equation. However, due to the
shift in the frequency spectrum a consistent set of frequen-
cies is not available for the entire concentration range. The
effect of shift in the frequency spectrum can be accounted
for by using a weighting factor.

1 P
ot m(Np m ™! MHZ)7 = Wfﬂl ( ;”f_1> (23)
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Pfl

(24)
ST Py

wg =

The weighting factor (wy) scales the attenuation at each
frequency according to its strength in the measured signal.
This scaling will exclude attenuations at higher frequencies
when their power content becomes less than the acceptable
minimum limit. It also allows the inclusion of attenuations at
lower frequencies which become significant with increase in
concentration. Another advantage of attenuation scaling is
that it gives greater weight to frequencies with higher power
content. Hence, errors caused due to measurement uncertain-
ties at frequencies with low power content are reduced. The
total effective measured attenuation of the acoustic pulse can
then be obtained using Eq. 25.

Priy
mem < Pf,i ) (25)

arm(Np m™ ! MHz)~

For comparison between measured and predicted attenua-
tion the weighting factor should also be used in Eq. 21 to
replicate the frequency spectrum in model calculations. Fig-
ure 16 compares the measured and calculated effective
attenuations (at 3 = 0 and 9 = A) for 119-um particles
using 3.4 and 1.2 MHz central frequency transducers. As
expected the effect of measurement angle “A” is significant
for higher frequency transducer due to dominance of scatter-
ing attenuation. However, at 1.2 MHz its effect can be
neglected as both equations predict similar attenuations.
Figure 17 shows good agreement between measured and pre-
dicted total attenuation for the 114-um sample measured
using 3.4 MHz central frequency transducers. The proposed
modifications to the model along with the use of weighting
factor to replicate the measurement conditions in model cal-
culations shows that good agreement with measured attenua-
tions can be obtained in dense suspensions. Hence, the modi-
fied form of the Morse and Ingard'” model is a suitable

¢ Measured (3.4 MHz central frequency)

L p—— Predicted (3.4 MHz central frequency) with 9=A

264 = = predicted (3.4 MHz central frequency) with 9=0 P -~
24 4 X Measured (1.2 MHz central frequency) -~
24 Predicted (1.2 MHz central frequency) with $=0 P -

Predicted (1.2 MHz central frequency) with §a#%
~

Attenuation (Np/m/MHz)
>
s

0 2 4 6 § Concell?trationl(zol.%) 1 16 18 20 2
Figure 16. Change in measured and calculated total
attenuation with concentration for 119-um
particles using original Morse and Ingard'’
model and with model modification pro-

posed in this study.
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Figure 17. Change in measured and calculated total
attenuation with concentration for 114-um
particles using original Morse and Ingard'’
model and with model modification pro-
posed in this study.

candidate for the deconvolution algorithm to obtain model
based PSD in dense suspensions.

Deconvolution

Model based particle size distribution is obtained by opti-
mizing the parameters of an assumed size distribution to
minimize the error between measured and predicted attenua-
tion spectrums. Weight factors in the deconvolution algo-
rithm can be used to replicate measurement conditions in
model predictions as shown in Figure 18. Log-normal is a
widely used analytical size distribution for describing distri-
bution of particles. Particle size distribution can be estimated
by obtaining the best fit of the parameters of log-normal size
distribution function. The global search technique was used
to find the optimum log-normal distribution parameters for
best-fit particle size distribution. The theoretical attenuation
spectra were calculated for all physically feasible log-normal
parameters to obtain the error matrix.

o 1 —<1n<d>2—m2 26)
= ¢ 20"
P do\/2n

The two parameters used for defining this distribution are
its geometric mean (u) and standard deviation (o). The pos-
sible values which can be achieved by the parameters “u”
and “o” can be restricted by defining the minimum (dy;n)
and maximum (d,,,) particle size which can be present in
the system. Hence, for a given “u” (dpin < €" < dpax) the

values of “¢” should satisfy Eq. 27.
Ho e NN O
PRSI P e @7

d;
0

The weighted attenuation due to each particle size at a
given frequency can be calculated using Eq. 28 for all distri-
butions defined by the possible values of “u” and “c.” The
total weighted attenuation due to all particle sizes at a given
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frequency is given by Eq. 29 and the calculated effective
attenuation of the pulse can then be obtained using Eq. 30.

3047
Caf = wr e (Zv + Za) (28)
n
c_ \
o = ; Ca,t (29)
Jimax
oG = Z o (30)
fmin

Similarly, the measured weighted attenuation at each fre-
quency and the measured effective attenuation of the pulse
can be obtained using Eqgs. 31 and 32.

oMo = oMWt (31
u e
Otetf = Lyt (32)
Simin

The volume fraction of particles in the system can be pre-
dicted using the superposition principle (Eq. 33) and the
error between known and predicted concentration is given by
Eq. 34.

G

¢ = (33)
eff

Ay = o -4 (34)

The following constraints have to be satisfied by the pre-
dicted attenuation for the log-normal parameters to define
the particle size distribution in the system.

fmax fmax
> aC¢t x> oy and, Ay —0 (35)
ﬁnin fmin

Hence, the best-fit of the parameters of log-normal distri-
bution can be obtained by minimizing the sum of absolute
errors between measured and predicted attenuation and the
error in attenuation due to “A,” at each frequency.

Measured Attenuation
Spectrum <——| FFT

_______________________ N N

i Optimize Size ' Error Weight Wide
| Distribution Parameters | <—>1 Minimization Factor Bandwidth
[ TRt et A R R | Transducer
E i
C '
Predicted Attenuation
Spectrum
i
Assumed Theoretical Physical properties of
Size Distribution = Attenuation Model particles and suspension

Figure 18. Deconvolution algorithm for PSD determination.
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Figure 19. Comparison of measured PSD using ultra-
sonic technique and Malvern Mastersizer®
for 43-, 85-, and 114-um particles suspen-
sion in DI-water.

Smax

R — Z (‘“yr — C.otff,f| + A(/)“gf)
f;'nin

min{E""} — ¢4°

(36)

The average size and standard deviation of particles in the
system are calculated from the best-fit log-normal parameters
“u” and “o” using the relationships given in Eq. 37.

davg _ e[l+0.50'2
(37

ooia = /(e — e

Figure 19 shows the measured PSD using ultrasonic tech-
nique for 43, 85, and 114-um particles at 10, 12, and 14 vol
%, respectively. Figure 20 shows the measured PSD using
ultrasonic technique for 119, 156, and 202-pum particles at

1
------ 119-microns: Malvern (<lvol. %)
0.9 1 a 119-microns: Ultrasonic (10vol.%)
wsd|l™ 156-microns: Malvern (<Ivol. %)
x 156-microns: Ultrasonic (12vol.%)
0.7 1 202-microns: Malvern (<Ivol. %)
T 0.6 ° 202-microns: Ultrasonic (14 vol.%) "’
& 0.5+
2
£ 0.4
=
0.3 -
0.2
0.1
0 y
10 100 1000

Particle Diameter (pm)

Figure 20. Comparison of measured PSD using ultra-
sonic technique and Malvern Mastersizer®
for 119-, 156-, and 202-um particles suspen-
sion in DI-water.
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Figure 21. Comparison of measured PSD using ultra-
sonic technique for 119-um glass beads
suspension (10 vol %) in DI-water and canola
oil.

10, 12, and 14 vol %, respectively. Offline PSD measured
using Malvern Mastersizer™ at concentrations less than 1 vol
% are also shown in these figures. Performance of the novel
ultrasonic spectroscopy technique was also tested for glass
beads suspension in canola oil and aluminum oxide suspen-
sion in DI-water. Figure 21 shows that the measured PSDs
for 119-um glass beads (10 vol %) in canola oil is similar to
the measurements obtained in the DI-water suspension. Fig-
ure 22 shows a comparison of the PSDs measured using
ultrasound at 8 and 12 vol % concentration for 112-um alu-
minum oxide with the results obtained using Malvern Mas-
tersizer® (<1 vol %). The PSDs measurements were made
using 3.4 MHz transducer with the search domain set
between “dyi, =1 um” to “dy.x=1000 um” and the attenu-
ations were predicted using the modifications proposed to
the Morse and Ingard'” model. The PSD measurements were
obtained from the average of five pulses sampled at each
concentration to obtain the mean attenuation spectrum.
Ultrasonic technique uses the volume-weighted absorption
and scattering losses as opposed to projected surface area

0.9 4 = 112-micron: Ultrasonic
(8 vol.% Alumina)
0.8 4

% 112-micron: Ultrasonic
0.7 4 (12 vol.% Alumina)
0.6 - — 1 12-micron: Malvern

(<1 vol.% Alumina)

0.5 4

0.4 4

Volume Fraction (-)

10 100 1000

Particle Diameter (um)

Figure 22. Comparison of measured PSD using ultra-
sonic technique for 112-ym aluminum oxide
suspension (8 and 10 vol %) in DI-water with
the measurements of Malvern Mastersizer®.
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based laser diffraction measurements (Malvern Mastersizer™)
for PSD calculations. Based on the measurement principle dif-
ferent characteristics of the particle are measured and hence
some differences between the PSDs generated by different
measurement techniques are unavoidable. The measurements
obtained using ultrasonic technique is more representative as
compared to Malvern Mastersizer™ which operates at concen-
trations less than 1 vol % and can lead to significant sampling
errors. Ultrasound has a good penetration depth (~50 mm)
even under dense conditions and unlike laser diffraction meas-
urements it can operate in opaque suspensions. Furthermore,
the PSD measurements in the current study are based on the
average of five pulses sampled at each concentration to obtain
the mean attenuation spectrum. Higher data acquisition rate
will enable signal averaging and hence generate a more repre-
sentative spectrum.

Conclusions

Attenuation measurements in dense suspensions of par-
ticles were investigated to study the effect of particles con-
centration and measurement frequency in the intermediate
wave propagation regime. Nonlinearity in the measured
attenuation with increase in concentration was attributed to
the effect of shift in the frequency spectrum. Particle poly-
dispersity effects on the attenuation measurements were
studied using particles with the same average size but dif-
ferent distributions. It was observed that higher concentra-
tion of larger particles resulted in a decrease in the meas-
ured attenuation. The deviations at higher concentrations
were attributed to the measurement of low-angle scattered
waves by the detector. The inclusion of detector size in the
calculation of attenuation using the Morse and Ingard'’
model resulted in good agreement with the measurements.
A weighting factor was used to replicate the measurement
conditions in the calculated attenuation spectrum. The PSD
determined using the improvements proposed in this study
showed that a model based technique can be used for
measurements in the intermediate wave regime at high sus-
pension concentrations. The measured PSDs showed good
agreement with the results of off-line Malvern Master-
sizer™. Further improvements in the ultrasonic based meas-
urements can be obtained using higher sampling rates and
wider pulse bandwidth.

Notation

A;_; = initial amplitude (v)
A; = final amplitude (v)
¢ = acoustic velocity (m sh
Cq4r = calculated weighted attenuation (Np m Y
d = particle diameter (um)
E*? = total error in predicted attenuation
f = frequency (MHz)
h, = Hankel function
Jm = Bessel function
kr = nondimensional wavenumber (-)
m = integer (-)
N = number of particles (-)
P;_, = initial power
P; = final power
P,, = Legendre function
r = particle radius (m)
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wr = weighting factor for attenuation at constituent frequency (-)
x = path length of radiation in slurry (m)

Greek letters

o = attenuation (Np m
o = measured attenuation (Np m™ Y
oS, = calculated weighted attenuation at each frequency (Np m")
oS = calculated effective attenuation of pulse (Np m™")
oM. = measured weighted attenuation at each frequency (Np m "
oM = measured effective attenuation of pulse (Np m )
orpp = total attenuation for polydispersed particles (Np m ")
ormp = total attenuation for mono-dispersed particles (Np m Y
o; = attenuation due to ith size fraction (Np m™ ")
o = scattering attenuation (Np m™ ")
o, = thermal attenuation (Np m™h
o, = viscous attenuation (Np m Y
Pm = surface admittance (-)
A = measurement angle
Ay = error between known and calculated volume fraction (-)
d, = viscous layer thickness (m)
¢ = particle volume fraction in suspension (-)
= calculated total volume fraction
@y = calculated volume fraction in log-normal distribution
K = compressibility (m> N7
A = wavelength (m™h
1 = geometric mean size (um)
1y = fluid viscosity (N s m ™)
o = geometric standard deviation
opisi = standard deviation of distribution
= angular frequency (rad s ')
9 = scattering angle
pp = particles density (kg m>)
pr = fluid density (kg m )
>~ = absorption ¢/s area (m?)
> = scattering ¢/s area )

Subscripts
f = frequency (MHz)
i = particle size index (i = 1...n) or concentration index (i =
1...m)
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