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Measurements of volume backscattering coefficients in brine-suspended 
populations of uniformly sized, neutrally buoyant, polystyrene spheres and 
disks were used to quantify particle size, shape and concentration dependences 
for applications to equivalent populations of river-suspended frazil ice. Results 
confirmed expectations that acoustic backscattering by naturally occurring river 
frazil was interpretable provided that the frazil particle sizes and concentrations 
fell below identifiable acoustic frequency-dependent limits. Coefficients were 
found to be expressible, to within 1-2 dB, as products of particle concentration 
and individual cross sections as calculated from the spherical target modal 
expansion of Faran (1951) assuming radii equal to either their actual values (for 
spheres) or their effective spherical radii (for hexagonal disks). The identified 
limits were linked to both the target-volume-determined effective radius and 
disk linear dimensions.  For combinations of particle dimensions, acoustic 
frequencies and concentrations outside of Rayleigh Linear (RL) regimes 
relationships between measured volume backscattering coefficients, relevant 
particle properties are, currently, unpredictable. Difficulties appeared as 
anomalously large and, in some cases, anomalously small individual particle 
cross sections and, at higher particle concentrations and particle sizes through 
complex multi-particle effects introducing non-linear concentration 
dependences. Focus is given to results obtained in the RL regime which 
currently provides the only venue for accurate extraction of population 
parameters. Empirical relationships are identified between acoustic 
measurement frequencies and particle size and concentration limits compatible 
with RL measurements. These relationships provide a basis for estimating 
conservative bounds on target and system parameters for validated ABS frazil 
characterizations. Results obtained on mixtures of different disk species are 
analyzed to verify the utility of single species data and compatibility with a 
developed measurement framework.  



 
 

1. Introduction 

Since 2005, acoustic backscattering sonar (ABS) deployed from upward-looking, bottom-
mounted, instruments has provided a means for documenting river frazil variability. Initial semi-
quantitative applications showed that backscattered acoustic power varied coherently with air 
temperature and river velocity variations, exhibiting distinctive depth and seasonal dependences. 
Going further required both converting detected backscattered signal into volume backscattering 
coefficients, Sv, and access to reliable and verifiable mechanisms for coefficient use in 
estimating frazil parameters such as particle dimensions, numbers and fractional ice volumes. 
Signal conversion was straightforward.  Extracting frazil parameters from Sv ((the fraction of 
incident power/unit volume scattered directly back the direction of incidence) posed much 
greater challenges, inevitably employing simplifying assumptions and theoretical models of 
acoustic scattering. Initial efforts (Marko and Jasek, 2010a) assumed frazil to be composed of 
uniformly sized ice spheres of radius a satisfying k1a < 1 (where k1 =2π/λ and λ is the acoustic 
wavelength in the fluid medium). Individual backscattering cross sections were expressed as: 
 

σbs(a, k1)= πa2f(k1a).   [1] 
     
The quantity f(k1a) in this expression is a scattering function obtained by suitable scaling of 
values calculated using Rayleigh Theory (Clay and Medwin, 1977) (Fig.1) for an infinitely rigid, 
immobile, sphere. A second assumption, namely that all particles scatter independently (i.e. lack 
of correlation between waves scattered from any two targets) allows Sv to be written as : 
 

Sv = N σbs(a, k1)  ,   [2] 
 
where N is the number of spheres/unit volume. Within this approach, measurements at two 
different (high and low) frequencies, νh and νl , yielded ratios of measured values, Sv (νh)/ Sv (νl),  
which could be equated to corresponding theoretical ratios calculated from Eqs. 1 and 2 to yield 
estimates of a.  Matching of one measured value of Sv with Eq.2 for this value of a gives an 
estimate of N: completing characterization in terms of a population of uniformly sized spheres 
and a fractional volume given by: 
  

F = 4πNa3/3.  [3] 
      
Depth profiles of N, a and F were obtained in this way from 2009-2010 Peace River data (Marko 
and Jasek, 2010b) (Fig.2). Nevertheless, questions regarding the accuracies of such profiles arose 
from the artificiality of the uniformly-sized particle assumption and, even, the restricted usage of 
spherical target theories for disk-shaped frazil particles. Equally serious questions could have 
been asked about both the possible breakdown of the independent target scattering assumption 
underlying Eq.2 and the neglect of scattering-induced beam attenuation at higher particle 
concentrations.  
 
Addressing these uncertainties required establishing a credible, verifiable, experimental and 
interpretative approach: a measurement framework. In our view, such a framework was most 
easily achieved in carefully controlled laboratory measurements on realistic, well-characterized, 



targets. Since frazil ice does not readily lend itself to control or easy characterization, studies 
were carried out on populations of spherical and disk-shaped polystyrene “pseudo-frazil” 
particles. This effort initially assumed, but also tested, the proposition that material differences 
between real and pseudo-frazil targets introduce relatively minor and quantifiable uncertainties 
in theoretical cross section expectations. This assumption allowed us allowed us to study the 
much less well understood effects which arise from the above-noted dependences of  Sv on 
acoustic frequency and target-shape, -size- and -concentration factors.  
 
The details of the ABS measurements, instrumentation and utilized pseudo-frazil targets are 
outlined in Section 2 prior to presentations of highlights of measurements on single species 
targets (Section 3).A measurement framework is outlined and tested in applications to data 
gathered on mixtures of several target species in Section 4.  
 
2. Methodology 

Acoustic measurements were carried out on brine suspensions of pseudo-frazil particles in an 
open high-density plastic tank with internal dimensions: 176.6 cm × 95.9 cm × 68.6 cm (Fig. 3). 
Measurements involved transmission and detection of 300 microsecond pulses at each of four 
frequencies (125 kHz, 200 kHz, 455 kHz and 769 kHz) from an ASL Environmental Sciences 
Inc. Acoustic Zooplankton Fish Profiler (AZFP) with logarithmic detecting capabilities suitable 
for the enormous range of Sv variations (70-80 dB) considered in our work. Relevant acoustic 
system characteristics are listed in Table 1. 
 
Nine different particle species were included in the measurements including: one species of 
0.295 Microbead spheres and eight species of Glitter disks with hexagonal physical cross 
sections and a common thickness of 0.125 mm. The widths (separations of parallel edges)of the 
hexagonal faces, w, were 0.155 mm, 0.188, 0.258 mm, 0.50mm, 0.8mm, 1.0 mm, 1.6 mm, 
2.39mm, 3.18 mm and 6.25mm: roughly spanning the ranges of diameters associated with their 
real frazil counterparts. Each species was, initially, separately deployed in the tank in 
successively larger concentrations using fluid density adjustments to maintain neutral buoyancy 
to facilitate control and independent monitoring of particle concentrations in an acoustic 
measurement volume defined by intersections of the 4 acoustic beams with a vertical slice of 
tank fluid (Fig. 3) 1.27 m to 1.33 m from the common plane of the four transducer faces. Suction 
sampling was used collected roughly 100 ml fluid samples at each of 12 points both prior to and 
after acoustic data taking. Sample volumes were merged and filtered and the filtrate dried and 
weighed to yield +/-5% estimates of particle concentrations.  It was recognized that neutral 
buoyancy in these targets essentially eliminated dipolar contributions which, in the case of 
spherical ice targets in freshwater make 30% to 50% contributions (on the basis of eq. 4). This 
difference between the laboratory and field test situations does not seriously affect the validity of 
our tests of the applicability of Eq.4 due to the improbability that the equation’s demonstrated 
applicability in the absence of a dipolar response would not be extendable when the equation’s 
dipolar term becomes non-zero for positive particle buoyancy. 
 
All acoustic measurements were preceded by applications of standardized procedures for stirring 
particle suspensions and suppressing remnants of large scale turbulence generated by this 
procedure and suction sampling. Waits of at least 30 minutes and 10 minutes respectively after 
stirring and suction sampling preceded acoustic data acquisition, minimized complications from 



turbulence although subsequent data analyses have detected evidence of for approximately 2 dB 
errors in Sv at 125 kHz.  Pulse rates were low enough, 12/min) to precluding interference from 
echoes of preceding pulses. 
 
3. Experimental Results 

 
3.1 Spherical pseudo-frazil data 

Sv values, plotted as a function of particle concentrations (Fig.4) for the 0.295 mm radius 
spheres, show almost universally linear concentration dependences up to the tested, 3.1×107/m3,, 
concentration limit. This linearity is consistent with the applicability of Eq. 2 and its underlying 
independent scattering assumption. The line slopes directly, through Eq. 2, yield measures of 
cross section for each acoustic frequency. Logarithmic cross sections ∑bs = 10log σbs are plotted 
in Fig. 5 along with corresponding theoretical values calculated using the multipole expansion 
expression for σbs (Anderson,1950) which can be written in terms of modal series coefficients, 
bm , (Stanton et al., 1998) as: 
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The coefficients in this expression are functions only of target radii, the acoustic measurement 
frequency and key brine fluid and the polystyrene target material parameters (mass densities and 
sound speeds). Two evaluations of ∑bs are included in Fig. 5, both corresponding to: the common 
1056 kg/m3 polystyrene and brine mass densities; a brine sound speed of  1567m/s and two 
different pairs of polystyrene longitudinal and shear sound speeds (2380 m/s, 1100 m/s) and 
2320 m/s, 1060 m/s). The first sound speed pair has been used previously (Hay and Burling, 
1982; Hay and Schaafsma, 1989) in backscattering studies and is based  data derived 
measurements on bulk polystyrene. The second choice was made specifically to optimize 
agreement with our measured cross sections. Consultations with manufacturers indicated that the 
optimized speed pairing, with values only about 3% lower than the nominal bulk values, was not 
incompatible with expected ranges of variability particularly in the light of additional particle 
production processes. The optimization lowered the arithmetic and rms errors over the 4 
frequencies to -0.57 dB and 1.13 dB, respectively, or within the estimated accuracies of our 
transducer calibrations. This agreement confirmed current capabilities for using Eqs. 2 and 4 to 
accurately relate Sv values to radii for spheres of materials such as polystyrene or ice for 
diameters and k1a values least as large as 0.595 mm and 0.91 respectively. 
 
The deviations from concentration linearity in the 769 kHz data at N > 107/m3 are also of 
interest. These positive deviations (i.e. scattering enhanced beyond levels expected from low 
concentration cross sections) correspond to the breakdown of the independent scattering 
assumption and increase roughly as N2 (Fig.6). In practice this feature, probably arising from 
coherent scattering by nearby target, imposes upper limits on target concentrations 
characterizeable by Eq.2.  
 
  



3.2 Pseudo- frazil disk data 
 
Similar Sv measurements on single species disk populations allowed explorations of the effects 
of non- sphericity and size on the effectiveness of independent spherical particle target theory 
(Eqs.2. and 4). This effort required use of an appropriate parameter to link the disk-shaped 
targets, at least initially, to their idealized spherical equivalents. The “effective radius” 
parameter, ae, used widely in the original Marko and Jasek (2010b, c) studies was particularly 
useful in this respect, being defined (Ashton, 1983) as the radius of a sphere of volume identical 
to that of a non-spherical target. Data interpretation was, then, conveniently separated into disk 
species with, alternatively, ae ≤ aµ and ae > aµ where aµ denotes the 0.295 mm radius of the 
spherical Microbead particles considered above. This distinction anticipated deviations from 
spherical target theory arising as radii, real or “effective”, begin to correspond to 
wavenumber/radius products above some threshold value. ”Typical” disk experimental Sv values, 
represented in Fig.7 for disks with  w = 0.5 mm, show close similarities, both in concentration 
dependences and cross sections, with the spherical target results of Figs. 4 and 5. Again, except 
at 769 kHz, concentration linearity prevailed at either all or lower concentrations and 
comparisons with theoretical cross section values calculated from Eq.4 (using the same material 
parameters) for a = ae were, again, excellent (Fig.8) except for the w = 0.8mm and 1mm results 
at 769 kHz. In these last two cases, cross sections were 18 and 22 dB larger than expectations 
and unusual enough to merit introducing the concept of Anomalous Linear (AL)  scattering 
behaviour to highlight the distinction relative to  the Rayleigh Linear (RL)  behaviour (i.e. 
defined as being describable by Eqs. 2 and 4) observed in the other cases considered to this 
point. The plots (Fig. 9) of the 1mm results showed positive deviations from concentration 
linearity at the 3 lowest frequencies (Fig. 8a-c) similar to those observed at 769 kHz (Fig. 4d) in 
the spherical targets. In contrast, the 769 kHz AL regime data showed negative deviations from 
concentration linearity (Fig. 10d) after its transition to non-linear (NL) behaviour. The plot of the 
data in the latter case also included “corrected” results to account for measureable (from signal 
returns from the far endwall of the tank) beam attenuation arising from the high levels of 
scattering.  
 
The large magnitudes of the cross sections associated with AL behaviour were interpreted in 
terms of acoustic re-radiation arising from “leaky Rayleigh waves” which are believed (Hefner 
and Marston, 2000) to be generated in target composed of materials with shear sound speeds 
lower than the speed of sound in the fluid. As a consequence, AL behaviour in the form of 
inexplicably large cross sections and negative deviations from linear concentration dependences 
would not be expected in frazil applications. Data gathered for disk species with ae > am (1.6 mm  
≤ w ≤ 6.35 mm) showed the increasing prominence of AL and NL behaviour with RL regimes 
preferentially disappearing with increases in acoustic frequency and particle size. Thus, for 
example, at 125 kHz deviations from RL behaviour were not detected in disks with w < 6.35 
mm: at 200 kHz similar non-linearities were absent disks with w <3.18 mm. 
 
It is important to distinguish the between the two kinds of behavioural transitions noted above. 
One of these represented a shift from predictable RL cross sections to, currently, unpredictable 
AL cross sections. The existing evidence is that this shift is an artifact specific to polystyrene 
targets and, consequently, for our purposes, has significance only in that it marks the limits of the 
usefulness of pseudo-frazil data for quantifying shape, size and concentration dependences in 



frazil ABS data analyses. As indicated in Figs. 10 a,b, plots of the scattering function (σbs 
normalized to approximate physical cross sections) show that the linear relationship between this 
quantity and the logarithm of corresponding dimension/wavenumber products (characteristic of 
the Rayleigh regime) disappears rather suddenly at both k1ae  ≈ 0.7 and k1w/2  ≈ 1.25.  For lower 
values of these products, valid frazil disk cross sections should derivable from Eqs. 2 and 4 with 
proper choices of ice density and sound speeds. It is to be emphasized that these results do not 
necessarily mean that Eqs. 2 and 4 cannot yield valid cross section estimates for higher k1ae 
and/or k1w/2  values but only that, presently,  we have no basis for validating such estimates. 
 
The second transition of interest involves termination of the linear concentration dependences 
which, along with individual cross sections given by Eq. 4, define RL regimes. Observations 
indicated that such terminations appeared (with one exception) in the form of positive deviations 
from lower concentration linear dependences with the magnitudes of these deviations increasing 
roughly as the square of the concentration. The onset of non-linear behaviour imposes upper 
limits on the utility of Eqs. 2 and 4 for characterizing pseudo-frazil populations. Given that such 
effects can be seen to occur at values of k1ae and/or k1w/2 well below those associated with 
anomalous behaviour in this or other similar ABS studies, it is reasonable to assume that their 
origins are not specific to the polystyrene target material. Consequently, it can be assumed that 
there is an equivalent upper limit on the concentrations of real frazil for which the independent 
scattering assumption underlying Eq.4 retains validity. Estimates of such concentrations can be 
derived from the ranges of the mean target separations, L = N-1/3, included in our testing plotted 
(Fig.11) as a function of k1ae . Specific critical values of L,  Lc , are also denoted in the Figure 
which were found (from log-log plots of Sv) vs. N data) to be definitively associated with the 
onset of non-linearity. These points, including one represent the spherical Microbead data, can be 
seen to fall on or close to a common line associated with the relationship:  
 
 

ec a17L  .  [5] 

    
This equation and the relationship between N and L, offer a simple, if still not understood, 
linkage between the concentration, Nc, associated with termination of RL behaviour and target 
size. The absence of a frequency dependence in Eq. 5 was surprising and may be indicative of 
the importance of the relative as opposed to absolute magnitudes of multiple and individual 
target responses. In any case, Eq. 5 provides some justification for anticipating that the 
concentrations associated with appearances of non-linearity in real frazil are comparable to those 
which terminate RL behaviour for pseudo-frazil targets of similar dimensions. 
 
4. Development of a measurement framework and initial tests on mixtures of species. 

The two transitions identified above, in conjunction with the demonstrated effectiveness of Eq. 4 
in applications to appropriately restricted individual particles, provide the basis for formulating a 
framework for effective, reliable, ABS frazil data extraction. The underlying methodology 
assumes the availability of Sv data as measured at, at least, 2 different frequencies: with the 
details and sophistication of the extracted output increasing with the number of utilized 
frequencies. Such a framework defines ground rules for effective measurements: restricting 
measurement frequencies to values low enough to avoid unpredictable AL responses (had the 



target of interest been composed of polystyrene); and keeping particle concentrations low enough 
to preclude non-linear responses. The first of these restrictions assures that shape, size and 
acoustic frequency sensitivities do not invalidate use of Eqs. 1 and the effective radius concept. 
Within the limitations of setting only lower bounds on values of k1ae and k1w/2 compatible with 
valid measurements,  the pseudo-frazil results should be more or less directly applicable to real 
frazil. The implications of size and frequency are illustrated graphically in Fig.12. The Figure 
depicts k1d/2 vs. frequency relationships for the indicated range of disk diameters, d along with a 
horizontal line (k1d/2 = 1.25) which marks the upper limit of the RL measurement regime in 
terms of the largest allowable particle diameters compatible with validated measurements. In 
applications to naturally occurring populations of real frazil with broadly distributed sizes, this 
limiting diameter should correspond to a threshold “significant” value such that particles with 
larger diameters contribute more than several per cent of total backscattered acoustic power. 
Valid measurements require that the highest utilized instrument frequency, νMAX, be chosen so 
that the sloping line corresponding to the limiting diameter crosses the horizontal line at a value ν 
≥ νMAX.  Judgements on appropriate values for νMAX could be improved with access to reliable 
size distribution data. It is worth noting, however, that in the Peace River where frazil diameters 
of 4 mm have been observed (Jasek, pers. comm.) the validity of measurements made at 546 kHz 
(Marko and Jasek, 2010a,b,c) would require keeping “significant” frazil diameters below 1.05 
mm.  
 
The second notable transition, involving the loss of concentration linearity and breakdown of the 
independent scattering is a more universal effect and, hence, likely to appear in populations of 
frazil targets much as it appeared in pseudo-frazil populations with comparable individual 
particle dimensions. Given the inferred proportionality (Eq. 5) between the critical mean 
separation, Lc, and ae,  one would not expect this type of breakdown to  occur at concentrations 
much below those (6 × 106/m3) typically associated with such breakdowns in our pseudo-frazil 
studies. Restrictions in these regards are further lessened in the broader mixtures of particle sizes 
typical of real frazil populations since only targets at the large size end of the distribution, 
according to Eq.  5, may contribute to the non-linearity problem.  
 
This possibility was one of the issues addressed in additional measurements on mixed species: 
measurements originally conceived to verify/assess the feasibility of extending our single species 
results to situations more closely similar to those encountered in natural frazil populations. These 
measurements were carried on  the 9 different mixtures delineated in Table 3 which spanned 
concentrations N between 1.95×107/m3  and 5.395×107/m3  and fractional volumes between 
0.053% and 0.18% using .These mixtures were produced by successively incrementing tank 
contents and actual measurement procedures differed from those used in single species 
measurements only by the absence of suction sampling (i.e. concentrations were determined by 
the weights of all added species: a procedure which showed negligible differences relative to 
sampled concentrations in the single species studies). Since our interests were in establishing the 
additivity of single species results, comparisons were made in each case with measured cross 
sections (this allowed us to use larger particle species which, at higher frequencies were 
scattering in the AL, as opposed to RL, regimes). With the exception of the 125 kHz data, 
comparisons for the first 5 mixtures looked very much like the Mixture 5 result (Fig. 14), with 
mixture results being identical (within 1 dB) to those expected from the sum of individual 
measurements. The measured 125 kHz values, on the other hand, were consistently high by 



about 2 dB: a result which was suspiciously reminiscent of our previous observations of 
experimental 125 kHz cross sections repeatedly exceeding theoretical cross sections by this same 
amount. In fact when we used the theoretical 125 kHz cross sections in the mixed species 
comparisons, we obtained agreement fully comparable to that achieved at higher frequencies. It 
was concluded that the inferred differences between the single and mixed species 125 kHz 
measurements arose from the absence of suction sampling in the latter case. It would appear that 
the additional turbulence introduced by this procedure had not, on average, been full dissipated 
in our single frequency data sets. This result highlights a potentially strong constraint on the use 
of lower acoustic frequencies: high sensitivity of measured Sv levels to local turbulence. 
 
Single and mixed species degrade significantly with further additions, particularly of larger disk 
species and at higher frequencies (Figs. 14 and 15). It is important to note that, in accord with 
expectations from Eq.5 and Fig.11, this breakdown was not triggered by either the total particle 
concentrations or total fractional volumes as opposed to substantial contributions to total signal 
returns from particles with large cross sections.  
 
Taken together these results provide an initial basis for selecting and testing acoustic frequencies 
suitable for carrying out validated multi-frequency, spherical-scattering theory-based, ABS frazil 
characterizations within the limitations naturally imposed by the particle concentrations and size 
distributions. At present, this basis imposes upper limits on the utilized frequencies and suggests 
that typical river particle sizes and concentrations are likely to be compatible with validated 
measurements. Testing on actual field data are needed to verify this possibility and explore 
possibilities for extending current upper limits on the utilized acoustic frequencies which reflect, 
primarily, the limitations of our polystyrene test material.  
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Figures 

 
Figure 1. The backscattering function (= σbs/(πa2)) vs. ka for a rigid sphere of radius a and an 
acoustic wavelength of λ=2π/k (Clay and Medwin, 1977). 
 

  
 
Figure 2. Plots of: a) average particle diameter and volumetric concentration; and b) fractional 
volume associated with frazil during the one hour Dec. 20, 2009 pre-freeze-up measurement 
period. 
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Figure 3. Sketch of the laboratory ABS measurement configuration. Sv data are collected for 
measurement volumes comprising the intersections of the individual beans with the depicted 6 
cm thick vertical slice of tank volume centred 1,3 m from the common plane of the four 
transducers. 

 

Figure 4. Plots of Sv as a function of Microbead particle concentrations and corresponding linear 
representations as measured at: a) 125 kHz; b) 200 kHz; c) 455 kHz and d) 769 kHz. Two linear 
curves are included in Fig.2c to allow estimation of Σbs values corresponding to, respectively, the 
full and the lower portions of the data range. 
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Figure 5. Comparisons of measured Microbead  logarithmic backscattering cross sections with 
values calculated theoretically from Eq. 4 for the two different choices of compressional and 
shear wave sound speeds (in m/s) in polystyrene, 
 
 

 
Figure 6. Deviations (Sv (obs)- Sv(extrapolated)) of observed volume backscattering coefficients 
(Sv) relative to extrapolation of lower concentration linearly concentration dependent behaviour 
for Microbeads at 769 kHz. 
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Figure 7. Plots of Sv as a function of  w = 0.5 mm Glitter particle concentrations and 
corresponding linear representations based upon measurements at: a) 125 kHz; b) 200 kHz; 455 
kHz and 769 kHz. 

Figure 8. Plots of Theoretical and measured values of Σbs as a function of acoustic frequency for 
brine suspended Glitter particles with widths (w): a) 0.38 mm; b) 0.5mm; c) 0.8 mm; and 1.0 
mm. “Theory” values were calculated using Eqs. 2- 4 in conjunction with the corresponding 
“effective radii” of the particles and the optimal polystyrene sound speed parameters used in 
optimizing agreement with Microbead results. 
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Figure 9. Plots of Sv as a function of w= 1.0 mm Glitter particle concentration and corresponding 
linear representations based upon measurements at: a) 125 kHz; b) 200 kHz; c) 455 kHz and d) 
769 kHz. The corrections in the 769 kHz data account for the reductions in detected return signal 
strength due to scattering-related attenuation. 
 
  
 

 
Figure 10 a and b. Plots of: a) the backscattering function, σbs/π(ae)

2 as a function of k1ae and b) 
of the backscattering functions σbs/π(w/2)2 as a function of k1w/2.  The identified marker 
symbols denote the RL, AL and NL distinctions in concentration dependence introduced in the 
text. 
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Figure 11. Plots of the ranges of ratios of mean particle separations, L = (N3)-1, to acoustic 
wavelength, λ, tested in this work as a function of k1ae.  Broken and solid lines denote ranges for 
Microbead spheres and Glitter Disk measurements respectively. Markers denote the highest 
value of L ( Lc )  at any given value of k1ae  associated with Sv values showing deviations from a 
linear concentration dependence.  



 
Figure 12. Plots of k1d/2, where d is the largest diameter of frazil disks present in significant 
numbers, as a function of acoustic frequency. For each value of d, the intersections of the sloping 
lines with the solid horizontal line, k1d/2 = 1.3, sets an upper limit, νMAX , for acoustic 
frequencies compatible with assured RL measurements.  
 
 
 
 
 



  

(a)                                                                               (b) 

Figure 13. a) Mixture 4 fractional volumes as a function of the logarithms(to base 10) of the 
effective radii, ae, of each included species; (b) Mixture 4 Sv values measured and calculated as 
described in text  (see Table 3 for Mixture composition in terms of Glitter species).  
 

   

(a)                                                                               (b) 

Figure 14. a) Mixture 7 fractional volumes as a function of the logarithms(to base 10) of the 
effective radii, ae, of each included species; (b) Mixture 7 Sv values measured and calculated as 
described in text  (see Table 3 for Mixture composition in terms of Glitter species).  
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(a)                                                                               (b) 

Figure 15. a) Mixture 9 fractional volumes as a function of the logarithms(to base 10) of the 
effective radii, ae, of each included species; (b) Mixture 9 Sv values measured and calculated as 
described in text  (see Table 3 for Mixture composition in terms of Glitter species).  
 

 
 
 
 
 
 
 
 
 
 

Tables 
 

Table 1.  Operating  Parameters of the AZFP Instrument 
 

Frequency 
(kHz) 

Source Level 
(dB) 

-3dB 
beamwidth (⁰) 

Sv sensitivity @ 
5m (dB) 

125 206 8 -110 
200 209 8 -118 
455 212 7 -103 
769 213 7 -98 
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  Table 2. Geometric and acoustic measurement parameters associated with the eight utilized 

Glitter hexagon species. 
 
Width 
(w)(mm) 

Thickness 
(t)(mm) 

Aspect 
Ratio 
(w/t) 

Volume 
(mm)3 

Face 
Area 
(mm)2 

ae (mm) k1ae
(k1w/2) 
@125kHz 

k1ae 
(k1w/2) 
@200kHz 

k1ae 
(k1w/2) 
@455kHz 

k1ae 
(k1w/2) 
@769kHz 

0.38  0.125  3.05  0.016  0.126  0.155 
0.078
(.096) 

0.12
(.154) 

0.286 
(.351) 

0.483
(.592) 

0.50  0.125  4.06  0.028  0.223  0.188 
0.095
(.126) 

0.152
(.202) 

0.346 
(.460) 

0.585
(.778) 

0.81  0.125  6.50  0.072  0.572  0.258 
0.130
(.204) 

0.208
    (.327) 

0.473 
(.743) 

0.800
(1.256) 

           
1.00  0.125  7.92  0.106  0.850  0.294 

 0.148 
(.252) 

0.237 
(.403) 

0.540 
(.918) 

     0.913 
(1.553) 

1.60  0.125  12.80  0.277  2.218  0.405 
0.204
(.403) 

0.327
(.646) 

0.743 
(1.468) 

1.256
(2.481) 

2.39  0.125  19.10  0.617  4.937  0.528 
0.267
(.604) 

0.427
(.966) 

0.971 
(2.198) 

1.641
(3.714) 

3.18  0.125  25.40  1.091  8.730  0.639 
0.322
(.801) 

0.516
(1.284) 

1.174 
(2.921) 

1.984
(4.937) 

 
6.35  0.125  50.80  4.365  34.921  1.014 

0.512
(1.599) 

0.819
(2.563) 

1.863 
(5.832) 

3.149
(9.858) 

 

Table 3. Tested configurations of disk-shaped pseudo-frazil particles. 
 
Mixture 0.38mm 

N×10-6 

/m3 

0.5mm 
N×10-6 

/m3 

0.8mm 
N×10-6 

/m3 

1.0mm 
N×10-6 

/m3 

1.6mm
N×10-

6 

/m3 

2.39mm
N×10-6 

/m3 

Total 
N×10-6 

/m3 

Total 
Fractional 
Volume 

% 
1 10 7.5 1.5 0.5 0 0 19.5 0.053
2 10 7.5 2.25 0.5 0 0 20.25 0.058
3 10 7.5 2.25 1 0 0 20.75 0. 063
4 10 7.5 3.25 1 0 0 21.75 0. 07
5 10 7.5 3.25 1 0.1 0 21.85 0. 073
6 10 17.5 4.25 1 0.1 0 32.85 0. 11
7 10 17.5 4.25 1 0.2 0 32.95 0.11
8 20 27.5 4.25 1.5 0.2 0 53.45 0. 154
9 20 27.5 4.25 1.5 0.4 0.1 53.95 0.18

 
 
 
 
 
 
 
 
 
 

 


