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Abstract

This research describes laboratory and field experiments aiming at developing
techniques for obtaininguagntitative measurements of suspended frazil ice and
surface ice characteristics in rivers using sonars. A series of laboratory
experiments were conducted to correlate the sonar backscatter signal from a high
(546 kHz) and low (235 kHz) frequency units hviirect measurements of frazil
concentration. The sonar measurements showed that the high frequency unit is
more sensitive to the presence of suspended frazil particles than the low frequency
unit, especially at lower concentrations. A strong correlattas found between

the acoustic relative backscatter from both sonar units and the measured
concentrations. This calibration was conducted over a range of fresk
concentrations between 0.012 and 0.135 % and the majority of observed frazil

particles wee disk shaped, varying in diameter from 0.25 to 4.25 mm.

An algorithm has been developed to measure surface ice characteristics using
field data from the high and low frequency sonars, a 2 MHz current profiler, and a
monitoring station, deployed on the NoSaskatchewan River in the north east of
Edmonton, AB, Canada, during the 2009/2010 fragzseason. The validity and

the accuracy of these measurements were tested and results are presented. Over
the entire season, pans/rafts drafts ranging from 0110ton and pan/raft lengths
ranging from 0.6 to 8.0 m were measured. The sonar proved to be very accurate in

detecting the exact surface ice conditions locally above the sonar beam.



Acoustic field data gathered during suspended frazil events have beesgeutc

and analyzed to provide estimates of frazil concentration and particle sizes using
laboratory regression equations and fluid disk scattering model. In total, eight
frazil events were detected with the sonars during the field deployment.
Preliminary Inkages between the meteorological (air and water temperatures) and
surface ice conditions measured at the site, and the duration and magnitude of the
detected frazil events are presented. Concentrations ranging between 0.01 and
0.05% and disk radii betwere0.13 and 0.21 mm have been estimated from the

field data.
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CHAPTER 1: Introduction

1.1 Background and Motivation

The first and most important stage of ice cover formation over northern rivers is
frazil ice generationkig. 1.1 shows a schematic diagram of frazil ice evolution in
rivers during freezaip. If the air temperaturis below 0C for a significanperiod

of time, the water body loses heat to the atmosphere urgilwater becomes
supercooled (i.e. cooled to slightly belowC). Onceseedparticlesof ice (e.g.
snow, frozen water dropletaje introduced into turbulestipercooledlow, large
guantities offrazil ice particles are created very quickDaly, 2008) Latent heat
released by the production of new frazil partiddasises the water temperature to
rise again and reachO-C (Michel, 1978). Typically, fazil particles are disk
shaped and range iniatheter from a fraction of a millimeter up to several
millimeters and from 1 to 100 um in thickness (Marfi881)

INnsupercool ed water, frazil particles are
andtend tostick to each other and form frazil flodsventually these frazil flocs

reach a sufficient size for buoyant effects to overcome the entraining effects of

fluid turbulence and they float to the surfaoed form frazil slust{Martin, 1981).

As ice is less dense than water, a portion of the floatamlfslush is exposed

above the water and soon freezes, creating
or ofrazil p ans 6)1, Fraalpansi frequantyy tslideadn ¢od of i n  Fi g .
one another during collisions, creatitongerfloating pan accumations known

as frazil rafts or floe¢Tsang 1982) Frazil pans/raft€anexceed 2 m in diameter

and 1 m in thicknes@sterkamp and Gosink, 1983)s surfa@ concentrations of

frazil pansfafts approach 100%, congestionocam d O6br i dgi ng6é becomes:s
Bridging is thephenomenon that occuvghencongestion of ice floesecomes so

severe thatheir movementeasest a site along the rivéHicks, 2009).Typical

bridging locations are at tight bended at locations wheréé¢ channel narrows,



such as between bridgaers at naturalflow constrictions or at constrictions

created by border ice growth (Beltaos, 1995).

Once bridging occurs, incoming pans lengthen the accumulation in the upstream
direction. This may occur byxtapositioning (pans configured edge to edge) or
by hydraulic thickening caused by entrainment and/or under turning of surface ice
(Dow Ambtman et al., 2011). In both cases, the leading edge of the ice
accumulation propagates upstream, although thewidtée much higher in the

case of juxtapositioning. After the frazil pans and rafts come to rest, the
underlying frazil slush may also stop moving. However, if the mean water
velocity and turbulence are strong enough, frazil slush may be dislodged and
move along the underside of the stationary ice cover or becoemnaned in the

flow (Shen and Wang, 1995).

Frazil ice particles often cause severe problems at hydraulic structures during
freezeup in rivers. They can form thick slush layers that interfavith
navigation, block water intakes used for drinking water, manufacturing, and oil
refining by accumulating over the intakes screens (Clark and Do&0Gf
Ettema et al., 2009 One of the most adverse impacts is the blockage of water
intakes at hyrbelectric power plants that can cause a complete shutdown of the
generators for significant amounts of time. Many engineering solutions have been
investigated and developed to minimize intake blockage by frazil ice ,(Daly
1991). Reviews of frazil ice chacteristics and mechanism of formation are
available in the literature (Martin, 1981; Tsang, 1982ema et al., 198/)aly,

1984, 1994, ah 2008); however, elzelopment of effective solutiorte mitigate

frazil ice problemshas proven difficult because aflack of accurate frazil ice
concentratiorand particle sizeneasurements rivers Also, numerical models

(e.g. CRISSP, HERAS, River2D)thathave been widely used to study ice cover
formation and progression (e.g. Andrishak and Hicks, 2B@&aos and Burrell,
2010; Shen,2010, have never been validated with continususface icefield
measurements; and, in these models frazil ice propsriasagarticlessize and

rise velocity arecomputedempirically, ortreatedas calibration paranhers (Shen,

2



2002). The fundamental problemas that therewas no practical and robust
method to measure suspended frazil and surface ice characteristics during freeze

up in rivers.

A method to accurately measure frazil ice concentrations and surface ice
properties (i.e. pans drafts, lengths, and surface concentration) in rivers would be
very beneficial. For the first time, frazil ice formation and evolution theories
(upon which numerical models are built) could be validated using field data.
Hydroelectricoower generation companies could use the system to monitor frazil
ice concentrations near water intake structures in rivers; which would allow them
to take remedial actions before concentrations reach critical levels and intakes
become completely blocke@he method could also be used to provide real time
measurements of surface ice drafts and concentrations that have the potential to

interfere with navigation in rivers and canals.

Frazil concentrations observed in laboratory studiasged betweend.065 to
0.609%in a flume(Ettema et al. 2003p.10 to 0.17 %n a countefrotating flume

(Ye et al. 2004)and 0.012 % to 0.135 % in a frazil tank (Ghobrial et al., 2012).

A number of methods have been developed to measure frazil ice concentration in
rivers. These include methods based taser Doppler velocimetry (Schmidt and
Glover, 1975); water conductivity (Tsang, 1985), pumping water samples (Lever
et al., 1992),and electromagnetic pulses (Yankielun and Gagnon, 1999).
However,thus farall of these ha® proven to be impractical for use in the field.
Frazil concentration in rivers (often expressedhasrtumber oparticlesper unit
volume was estimatedo bein the order of 10to 10 particlesin® (Osterkamp

and Gosink, 1983Daly, 1994). The only diret measurement of frazil ice
concentration in the field was reported by Tsang (1984 and 1986) and ranged
from 0 to 0.25% on the Beauharnois Canal, Quebec and from 0 to 0.03% on the

Lachine Rapids on the St. Lawrence River, Quebec

Frazil disk diametersanging from 0.04 to 6.00 mm have been measured in

laboratory experimentgDaly and Colbeck, 1986; Clark and Doering, 2006



McFarlane et al., 2032nd it was found that thearticles size distributios could

be fitted by a lognormal distribution with a mean diametanging between 0.2
and 1.3 mmFrazil particles sampled in rivers rangaetween 0.1 an8.0 mm in
diameter (Osterkamp, 19780sterkampand Gosink 198 & 1983 Wueben,
1984;Morse andRichard, 2@9). However,in these field studies limited numbers

of frazil particles were manually sampled and as a result there is large
uncertainties associated with these measurem@ther than these grab sample
measurements there have beenmsitu measurements of frazil icparticles size

distribution inriversthathave been reported in the literature.

A variety of methodshave beerleveloped to monitor surface ice conditigns.

pan concentrations, pan sizes and ice cover formasiact) as: obseations by
personnel (Calkins and Gooch, 1982; Osterkamp and Gosink, M\i8Rel,

1984, satellite remote sensing, such as RADARSMIeber et al., 20Q3Tracy

and Daly, 2003Unterschultzet al., 2009, aerial photograph€(b, 1986;Daly et

al, 1989, and webbased cameras (Vuyovich et al., 200Bjowever, each
method has its limitations: the observations by personnel is the most accurate but
very costly and most of the time the sites are in remote areas that are very hard to
access; satellite remote sarg using high resolution Synthetic Aperture Radar
(e.g. RADARSAT 2) has the potential to provide good data on surface ice
concentrations, however this application has not yet been explored extensively;
the photographic methods require no fog, snow odeosation on the camera
lensesput these are a common proble@mwinter. Any of these methods cannot

be used solely to provide a complete monitoring of fregzprocesses, especially

that none of these methods gapasurece thicknessesAccurate and aatinuous
measurements of surfage characteristicssuch as pan formation and ice cover
consolidation, are needed both for model validation, and to advance our
fundamental understanding of these processes (Shen, 2010).

Ice Profiling Sona (IPS) [ASL Environmental Sciences Inc., Canadajrav
originally developedn 1990to measure ice drafts ithe polar ocean regions
(Melling and Riedel1995).A 420 kHz version of the IPS was used for the first

4



time to continuously monitoriver ice (asopposed to sea ice) drafts and surface
concentration®n the St Lawrence River, Queb&arting in the 2000/2004inter
season(Hessami and Morse2001, Morse et al., 20Q3Richard and Morse,
20083. A shallow water version of the Ice Profiling Sonar ($8) [ASL
Environmental Sciences Inc., Canadigsigned to be installed on the river bed
and to transmit acoustic pulses up through the water cdlomanmaximum water
depth of 20 m was introduced in 200Fhe first generation of these sonars was
availabe commercially in two acoustic frequencies: one low (235 kHz) and one
high (546 kHz) frequency. These instruments have been deployed successfully in
the Peace River, Alberta sintdge 20042005 winter season. These field studies
showedthat these sonar itements can detect suspended frazil partiakesvell

as surface ice draft¢Jasek et al., 2005J)asek and Marko (20D7Tvere able to
extract time series measurements of ice drafts and surface ice concentrations on
the Peace River using data from b&dtv and high frequencgWIPS.A recent
comparison of measurgdsing the SWIPS instrumentgrsus modelefusing the
CRISSP model) surface icgharacteristics by Jasek et &011) showed that
using calibrated model parameters, the CRISSP nmumeéelictionswere in very

good agreement with sonar measudedfts andsurfaceice concentrationdt is
important to note that, an algorithm to compute ice drafts and surface
concentration from sonar data have never been proposed; and continuous
measurements of suda pan/raft lengths using sonar data have never been

reported in the literature.

Jasek et al. (2005) were the first to report the detection of fresh water suspended
frazil ice using a 235 kHz SWIPS in the Peace River, Albsttako et al. (2006)
describedhe simultaneous deployment of 235 and 546 kHgueecy sonars in

the Peace River anfdund that the high frequency sonar was more sensitive to
suspended frazil ice than the lower frequency sonar. Richard and Morsé&)(2008
useda 420 kHzIPSto detect sspendedrazil events near a watertake on the St
Lawrence River, Quebedhe severity and duration of the detected frazil events

were linked to the possibility dte blockageof the nearbywater intake Morse



and Richard (2009)sedsonar data from 420 kHz IPS to estimateprofiles of
relative frazil iceconcentration (i.e. concentration in arbitrary units) since the
relationship between the acoustic signal and the volumetric concentratsonot

known.

Researchers studying sediment transport agadtic organisms in rivers and

estuaries have been using acoustic backscatter measurements to estimate the
concentration and particle sizessuspended materidigr more than two decades

(e.g.: Greenlaw, 1979; Kristensen and Dalen, 1986; Thorne &9€8;, Thevenot

and Kraus, 1993)The acoustic pulses from the sonar are reflected by targets in

the water column, and the intensity of the reflected signals is related to the type,

size and number of the acoustic targets in the insonified volume (Urick,.1983)

Two methodshave been used to estimate particles sizes and conmergritom

acoustic measurements. Thest consisted of establishing regression equation

between laboratory sampled concentrations, and the corresponding acoustic signal
(Kristensen anddalen, 1986)However, this method has never been applied to

suspended frazil icelhe secondnethod usesheoretical or empirical scattering

models that have been developed for different target shapefRé&ylgigh, 1896;

Bowman et al., 1969 Stanton, 1989 to predict the particles sizes and

concentration from the acoustic signéhismethodwasused byMarko and Jasek

(2010a, b & c) and Richard et al. (2010) to estimate frazil characteristics from

sonar data sapted during freezeip. Marko and Jasek2Q10a, b & c) used

Rayl eighds (1896) scat testmatepgrtickesizegdnd f or s ma
concentrations using dataom both the high (546 kHz) and low (235 kHz)

frequency sonars deployed in the Peace RRahard et al. (2010) deployed a

420 kHz IPS and a 1228 kHz ADCP in the St. Lawrence River, Canada. The

sonar signals were analyzed wusing Johnson:
spheres to estimate the frazi/l di sk radi.
and the corresponding alzil concentrationsHowever, the model predictions

presented in these studies could novakdatedbecause isitu measurements of

suspended frazil ice properties were not feasible



1.2 ResearchObjectivesand Brief Methodology

The primary objective of thisesearch was to develop a technique for obtaining
guantitative measurements of suspended frazil ice, and surface ice characteristics
using upward looking sonarsThe specific objectives of the proposed study are

to:

1 Use laboratory experiments determinean empirical relation betweehe
backscatteredsonar signak from suspended populatisrof frazil ice
particlesandfrazil ice concentration

1 Develop an accurate algorithm to compute surface ice drafts, lengths, and
concentrations from sonartda

1 Validate the algorithm by visual observations, time lapse photography, and
direct measurements of surface ice characteristics in the field.

1 Investigate the applicability of the empirical relations derived in the
laboratory for estimating suspendedzft@oncentrations in the field.

1 Investigate the applicability aheoreticalacousticscattering models for
different particle shapego estimatefrazil ice concentratios and particle

Sizes.

In order to achieve the above objectives series of laboratory controlled
experiments were conducted in a specially designed frazil iceldaated inthe
University of Alberta Cold Room Facility. Two shallow water ice profiling
sonars: one low (235 kHz) and one high (546 kHz) frequency weleyeel on

the bottom of the frazil tank, and direct sieve measurements of frazil ice
concentrations were correlated with the corresponding sonar backscatterisignal.
addition, field experiments were conductedridg the 2009/2010 freezep
seasoron theNorth Saskatchewan River in Edmonton, Alberfde high and the
low frequencysonas, an acoustic Doppler current profiler, and an ofshore
monitoring stationequipped with digital cameras and temperature sengers
deployedat a site This field datawasused to develop and validate an algorithm

that computesthe drafts, lengths and surface concentrations of frazil pans and



rafts. During this field deployment, several frazil events were detected by the
sonar. The laboratory regression equations wered u® estimate frazil
concentration from the field sonar data, and the scattering models were used to
deduce the corresponding particle sizes.

1.3 Organization of the Thesis

This thesis is in paper format. Each chapter has its own introduction, literature
review and list of references. Chapter 2 provides a detail description of the sonar
instrumentsod specifications, principle of
describes the experimental setup and the laboratory measurements of suspended
frazil ice ugd to develop the empirical relation that correlate the sonar signal with
suspended frazil concentration. Chapter 3 describes the field deployment program
(site description, instrumentation, and setup) of the sonar units and presents an
algorithm to compw surface ice characteristics from the sonar data. The
calibration and validation of this algorithm is also discussed. This chapter also
includes a detailed discussion of the freapeseason and the factors affecting
surface ice measured at the site. Gbap! presents a review of suggested
theoretical scattering models, their applicability to the laboratory results and to the
field detected frazil ice. Also the validity of thaboratory achieved correlations

to estimate suspended frazil concentratiothanfieldis discussed in this chapter.
Conclusions and recommendations for future work were summarized in Chapter
5.

There arethree appendices to the thesis: Appendix A describes a preliminary
investigation of the porosity and sound speed of frazil hsllieggser in the
laboratory. Appendix B presents results of a simplified heat transfer model to
compute frazil concentration in the laboratory conditions. Appe@Gadigntains all

of the MATLAB programs developed in this study.
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CHAPTER 2: Laboratory Calibration of Sonars for Measuring

Suspended Frazil Ice Concentratioh

2.1 Introduction

Frazil ice particles often cause severe problems at hydraulic structures during
freezeup in rivers. Active frazil readily adheres to trash racks and screens,
blocking municipal and industriakaterintakes.Frazil can also fornthick slush
layers thatinterfere with navigation or can precipitate freegeice jams. A key
factor limiting our ability to predict river ice cover development processes, and to
design appropriate mitigation schemas, the inability to actually measure
suspended frazil ice particle concentrations in rivevkany methods for
measuring frazil ice concentrations have been investigated, including techniques
based on: changes in electrical conductivity (Tsahg85); laser Doppler
velocimetry (Schmidt and Glovet975); pumping water samples (Lewral,.
1992); electromagnetic mds (Yankielun and Gagnon, 1999Q)nderwater
photography (Daly and Colbeck986) and image processing syssegfdoering

and Morris 2003). Howeer, none of these metholdave beemproven sufficiently
accurate or robust for use in the fielthus & present, there is no practical method

to measursuspendedtazil ice concentrations during freeme in rivers.

An upward looking sonarcalled the Sallow Water Ice Profiling Sonar (SWIPS)
[ASL Environmental Sciences In€anada] was originallgevelopedo measure
ice drafts in rivers. This devide designed tde installedon the river bed antb
transmit acoustic pulses up through the water coluffie acoustic signals are
reflected by targets in the water column and the intessif these reflected
signalsareused to differentiatediween different targets typeSurrentlyshallow

waterice profiling sonarsvith two different acoustic transmitg frequenciesre

! A slightly modified version of this chapter was published in the journ@btd Reg. Sci. Technol.
(70): 1931
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availablecommercially: dow frequencyunit (235 kHz) anda high frequencynit
(546kHz).

Ice profiling sonars havbeen deployed successfully in the Peace Ri@anada
each winter since 2002005 (aseket al, 2005) Thosefield studies were the first
to showthat the 235 kHznit could detect the presence of suspended frazil ice
however, thg found that thexcoustic returns from suspended frgatticleswere
somewhatveak at this frequency. Marlet al.(2006) described thersultaneous
deploymentof the 235 and 54&Hz frequencyunits in the Peace River. They
found that the high frequengonar was more sensitive soispended frazil ice
than the lower frequenconar However, heyobservedhat the lower frequency

unit was ketter for measuring slush layemperties

Richard and Morse (2008) used a 420 kHz Ice Profiling Sonar (IPS) designed for
deep water use, to monitor frazil ice blockage at a water intake in the St.
Lawrence River.Morse and Richard (2009) conducted aadetl study of
hydraulic, meteorological and ice data on the St. Lawrence Rivehis study
sonar data from the 420 kHz IPS was udedestimate relative frazil ice
concentration(i.e. concentration in arbitrary units) since the relationship between
the acoustic signal and tHeazil concentrationwvas unknown Marko and Jasek
(2010a, b& c¢) monitored surface ice growthand relative changes in frazil
concentrationusing sonar data from both the high and low frequency units
deployed in the Peace Riv@rhey used the ratio of the signal strength from the
high and low frequency sonars to estimate frazil ice particle diameters using
Rayl eighdés (1896) scattering thtary for s
(2010)deployed a 420 kHz IPS and a 1228 kHz ADCP in the St. Lawrence River,
Canada, and used the ratio of the acoustic signal to estimate frazil ice

concentration and particles diameters usin

The objective of this study was investigate whether it is possible to calibrate the
shallow water ice profiling sonar to quantitatively measure frazil ice concentration

in rivers. To achieve this,a laboratory study wasconducted in theCivil

17



EngineeringCold Room Facility at the Uiversity of Alberta. Theexperiments
consisted of generating frazil ice in a turbulent tank while deploying both the high
and low frequency sonars to detect the suspended frazil ice particles. Preliminary
results from this studyreported by Ghobrialkt al (2009), showed that a
correlationdoesexist between frazil concentration and the intensity of the raw

sonarsignals.

2.2 Sonar Instrument

2.2.1 Principle of Operation

The ice profiling sonatransmits acoustic pulses into the water coluatna
specificfrequencyand records the intensity of reflected sound at the transducer as
function of time with respecbtthe transmitted pulse. Foronostatic sonars.€.
transmitterand receiverare in the same transdureuch as thesehe reflected
sound from targets igeferred to as the backscattersound(Urick, 1983) The
instrument records théme for the acoustic pulse to beansmitted to, and
reflectedfrom, an insonified targeand converts thigto range (distance) above
the transduceas follows,

c3t
R_7 (2.1)
whereR is the range in mete{m), t is the time after transmissipim secondgs),
at which the echo arriveand c is the sound speed in water (mfeat can be

specified by the user

Fig.2.1 presenta schematic diagram of the signal path throughideerofiling
sonar 6 s eHesupplyrimput vottages firsTtransmittedthrough a pulse
generatorthenthrougha power amplifier before itarrives atthe piezoelectric
transducer. The transdudben emits soundressuravavesinto the water column

with a user speciid pulse lengthl) which is the duratiorof the transmitted
pulse The sound waves are then reflected by the insonified targets and

backscattered sound arrives batkhe transdwer where the pressure amplitude is
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converted to a voltage signal. This voltage signal then passeggh a band pass
filter andthen aTime-Varying Gain (TVG) board The TVG boardamplifies the
backscattered signalsas a function of time(i.e. rangg to approximately
compensate for losses due to spherical spreading ofdbasticbeam and
absorpton of the sound in the watécemonet al, 2008). Both sonar units are
equipped with variable gain boards. A gain level can be selected from 1 to 4 to
adjust the amount of amplification applied to the signal at the recd@ikerTVG
is an analog circuit anithe amplification it provides based on an assied speed
of sound and absorption coefficiettierefore its compensabn for spreading and
absorption losss is only approximate. Furtheorcectiors must be implemented
by adjusting the mediurabsorption coefficient and sound speed (Lemabml,
2008)

After amplificationby the TVG, thesignalpasses through an envelope detettior

a 16bit A/D (analogue to digital) convext The A/D converter converts the
signal amplitude in volts to raw digital counb, ranging from0 to 65535(16-

bit). The raw counts were then processed to correct for a number of factors,

includingthe TVG effect and signal lossesd produce calibrated results.
2.2.2  Specifications

Detailedcalibratons ofboth sonars were performed by the manufacturer and the
results of theseéests and the transducer specifications are summarizédbie

2.1 The instrumers can ping(emit a sound pulsegt rates as fast as 1 Hnd
have a maximum sampling rate of 64 ki#hich corresponds ta cell size of
0.011m and an accuracy of = 0.05 rarfice target measuremer{Buermanset

al., 2010). For the beanwidth and transducer diameter listed in Table 2.1, at a
water depth of 1.0 raentred above the transducer hebd sampling volume was
averaged ovea cylinder ofapproximately23.54 cmand42.47 cm indiameter(in

the horizontal direction) for the high and the low frequency units, respectively;
and 1.1 cmin height(i.e. the cell size in the verticalJhis implies that spatial

variations less than those numbers in both the horizontal and the vertical
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directions will not be detectedlhe travel time the signal takes to reach the
surface and be reflected back to the transducer is approximately 1.4 sed0
Variations in the composition of the sampling volume within this time scale is
negligible when comparedo the mean river velocity of 0.5 m/s or the sampling

frequency ofl sample/sec (1 Hz)

The user specifies the maximum range at which thes weteive and record

acoustic echoes. The pulse lendffcan bevarie d bet ween 1Theand 1000
instrument is equipped with a tilt sensor (range = 20°, accuracy + 1.0°, precision

0.1°), a temperature sensor (accuracy 0.1 °C, precision 0.01 °C), andlateabs

pressure sensorange 6206 kPaaccuracy + @ kPg. The instrument electronics

are installed in a ste@ressure casthat is 25 cm long, 15 cm wide and 15 cm

deep.
2.2.3  Signal PreProcessing

Two preprocessing steps were applied to the raw coiMtsto correct for two
factors. The first step was to correct for Horearity of the envelope detector and

the second was to correct for differences in the frequency response of the high and
|l ow frequency sonarsd receiarsuppliedlbgct roni cs
the manufacturer assumes that the envelope detector behaves linearly (i.e. that
there is a linear relationship between the received input voltage and the detected
output voltage). However, upon measuring input and detected voltages
simultareously, the manufacturer found that the envelope detector was behaving
nortlinearly at low input voltages his test datavas usedo create a table of raw
count corrections as a function of input voltage that thasused to correct for

this nonlinear bieaviour.

In order to quantitatively compare the calibrated output of the high and low
frequency sonars, the two instruments must have the same frequency response.
However, the manufacturer measured the step responses of the receiver

electronics of the twesonars and discovered that the 546 kHz sonar had a faster
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frequency response compared to the 235 kHz sonar. Therefore, a second pre
processing step was required to ensure the data from both instruments had the
same frequency bandwidth. The measured stepanses were used to compute

the transfer functions of the two receivef$ie transfer functions were used to
design a low pass filter thatas applied to the high frequency sonar data to reduce

its bandwidth so that it matched the low frequency sonar. dat
2.2.4  Signal Processing

To convert the prprocessed countdy, into calibrated units, the transducer
specifications and the calibration data must be used. The calibrated quantity of
interest is the volume backscatter streng®, as it can be analyzed for
information about the suspended particle concentration and size distribution

(Urick, 1983).S, is expressed in decibels (dB) per unit volume and is given by,
S, =10l0g, o 2.2)
= . :
¢l

wherel, (W/m?) is the reflected acoustic intensity ahdqW/m?) is the incident
acoustic intensity. The acoustic intensity is defined as the rate at which acoustic
energy passes through a unit area perpendicular to the direction of propagation
(Leighton, 1994). Note that the acoustic intensity is proportitméhe square of

the sound pressure amplitude.

The sonar transducer records the Echo Lewel(dB), which is the intensity of
backscattered sound at the transduEgris relatedto S, by the sonarequation
(Urick, 1983) as follows,

EL=SL 2TL § 16dog, (Y.) 2.3

whereSL (dB) is the source levalefined aghe intensityof sound emitted by the

transducerTL (dB) is theone waytransmission lossf sound in the wateand

21



Vgeo IS theinsonified geometric volumereated by the sound pulse asgecific

range (M). EL is also given by,

EL=10log, (24)

oA AN

o] Qo
;qu:u

whereP; is the reflected soungdressureat the receive(Pa) andP, is a reference
pressurel.0 m away from the receiver (usually taken as 1 pRalpy and
Medwin,1977). The transducer converts theflectedpressurd®; at the receiver to
an electrical signah volts. Using a logarithmic scaleh¢ factorb for converting
the recorded counts to detector voltag®nsists of two componentghe
conversion from peato-peakvoltage ¥,.,) to root mean squareoltage (Vrvg
and theA/D scalingThe relation betwee¥, , andVgusis given by,

Vo =242V (2.5)

The analog to digital scaling factéwr both sonarss 65535 countsafr 2.5 volts
full-scaleinput (personal communication with David Lemon, ASL Environmental

Inc.). Therefore thdactorb is a constant ancian be calculated as follows,

1-O:On

b :20|og102§%:5 s2/2 5 =97.4d (2.6)
g .

Eqg (2.4) is then modified tanclude the transducereceiving response to the

applied sound pressure and thetorb (Buermanst al, 2010)as follows,

EL+OCV % 20log, (R, ) (2.7)

where OCV (the Open CurrentVoltagg is the transducer receiving response in
(dB), and Py, is the sound pressure at the recejvexpressed in terms of the
voltage produced by the transducer ie&ato a pressure wave of 1.0 Uy, is
givenby
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P, =—— (2.8)

where,N are the prgprocessedligital couns, andg[R] is the total amplification
applied to the signal (gain at the receivas)a function of rang@Buermanst al.,
2010)

Using Eq.(2.7) and(2.8), EL can beexpressed as,
EL=20log,(N) -G[R ©CV b- (2.9)

whereG[R] = 20 logo(g[R]), is the receiver gaifdB) as a function ofange that
was measurelly the manufacturer during thealibrationtests (i.e. the soalled

gain curves)

The source levebL (dB) is afunction of the applied voltage to the transduaed

is given by,
SL=TVR ®0log, (Y,) (2.10)

where TVRdB) is the Transmit Voltage Response of the transduoed Vi is
the actual RMS voltagéVru9 applied to the transducexs a function of the
supply voltage (Safari andoray, 2008).TVRis the soind pressurein dB, that
the transduceemits for an applied RMS voltage of0lVrus. The manufacturer
calibrated both sonar transmitters, and providlgdvalues as a function of the

supply voltage (V).

The transmission losEL (dB) is due to the spherical spreading of the beam and

the absorption of theound in the waterTL for one trajectory is calculated as,
TL=20log,(R) # R (2.12)

whereUis the absorption coefficient expressed in dBnick, 1983) For fresh

water at ranges as short as in5(maximum rangen the frazil ice laboratory
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tank), or even in shallow river water (~21bdeep), the absorption effect will be
negligble (Ainslie and McColm, 1998).

The insonified geometric voluméjeo(ms) is given by,
V. =xct R (2.12)
geo 2

where Uis the user specific pulse lengfs), and - the transducer beamwidth
defined aghe angle separating the tw® dB points on oppositades of thesonar
transducer beam patteexpressed in steradigBr) (Urick, 1983).Backscattered
signal power levels are proportional to {hase length, which is theéuration of

the transmitted pulséherefore shortening the pulse length decreasesptheer

of the emitted signal A pulse length of 68¢ sis recommendd by the
manufacturer for field deployments to ensure that enough energy is emitted in the

acoustic pulse to overcome signal losses.

Using Egs. (2.3) through (2.12), the volume backscatiength S, (dB) at a
range R, can be calculated as a function of precessed digital coundy, as

follows (Lemonet al.,2008),

S, =20log, (N) -G R -OCV b- TVR20leg,( )

o ~ 2.13
+20log, R) +&a R 10logo% ct yg @39
C -

S, calculations are accurat® within + 1.5 dB when usingthe transducer
calibration data providedby the manufacture(personal communication David

Lemon, ASL Environmental Sciences).

If a single target or particle exists in the insonified voluBés expressed as,

o

a 0
S, =10 log,, .t (2.14)
B,
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where,fbs (M?) is the acoustic backscattenosssectioral areaat a distance of.(

m from the targés acoustic centeandAys is areference area (usually taken as 1
m?). The backscatterross section(is is the ratio ofthe power reflected by the
target(W) to the incident intensityt; (W/m?). In otherwords, itis the area which,
when multiplied by the intensity, eqeahe power removed from the incident
wave and reradiating in all direction& is a function of the particle size and
shape, as well as the particle density and compressibility retatithee medium
(Urick, 1983)

If a population of targets (particles) exists within the insonified volueng. (
multiple frazil particles),S, (dB) can be expressed in terms of tha@lume

backscattering coefficiers; (m™) as follows,

S, =10log, (§ R) (2.15)

whereR, is a reference distandasually 1 m, ands, is thevolume backscatter
coefficient or backscattering cross sectanareaper unit volume (m) for a
population of particles (Clay and Medwi®,77). Note thats, is the linear form of
the volume backscatter streng8), and can be arithmetically averaged in time or
space.

In the case of multiple particleshe scattering cross sect®mf individual
particles are simply summed. Therefoggat a specific rang® (m) can then be
expresseas

s =8 (NiSs) (2.16)

whereN,; is the number of thih size of particles per unit volunfe®) having a
backscatter cross section 6fs; (m?). This concept is only valid under the
condition that individual particles are niot close proximity toeach othersuch
that their scattering fields daot interfere If the particles are close enough

togetherfor their scattang fields to interact €.g. ahigh concentratiorof frazil
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particles), the resonance curve of a single particle is broadened and the scattering
cross section of a group of particles is less than the sum of individual cross
sectiongClay and Medwirl977).

The objective of this studg itorelatethe backscatteredonar signa tomeasued
suspended frazil concentrat®iResearcherstudyingsediment transport in rivers
and estuaries Wa beenusing acoustic backscatter measurements to estimate
suspended sedimewbncentrationfor more than two decadegée.g.: Thorne et

al., 1991 Thevenot and Krayd4.993. It is not possible to measuaad quantifyall
theacoustic and materigharacteristics of suspended material required to directly
model the volume backscatt@rengthS, for particles concentration$lfevenot et

al.,, 1992 Reichel and Nachtnehell994). As a result assumptions and
simplifications to the problem must loevoked Following the approach reported

by Thevenott al.(1992), the sonar equation can be rewritten as

RB= EL ®TL SL 168iog, (\,,) S (2.17)

where RB (dB) is the relative backscatteAt a given rangeR, the relative
backscatteRB is shifted from the volume backscatter stren§tlby a constant
that is a function of the transducer source level and beam width. Accordingly, this
constant is di#rent for the high and low frequency sonar unitisis approach
assumeghat the population of particles ah®mmogeneougi.e. have the same
material characteristics)are uniform in shape and are all the samsize
Therefore the backscatter cross sectiys is a constant value and, from Eq.
(2.16), thevolume backscatter coefficieatis directly proportional téhe number
of particles per unit volume\,. For particles of uniform sizdy, is directly
proportional to particle mass or volunencentration C and the volume
backscatter strengtls, (dB) is proportional to log(C). After appropriate
substitutionsEq. @.17) can be written in terms of concentratidrand relative
backscatteRB (dB) as

RB= K+, 18g,(C) (218)
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where K; is a constantthat includes terms fothe sourcelevel and nsonified
volume and K; is a constantthat includes terms fothe volume backscatter
strength and the particles mass or voluifie estimate the concentration, Eq.
(2.18) can be rearranged follows,

C=10™"F8 (2.19)

wheren andm areinterceptandslopeterms respectivelythat are determined by
regression oRBwith knownC (Gartner 2002and2004). According to the model
proposed by Thevenet al.(1992),S, is proportional to log (C). In Eqg. €.13),

at a given rangeR, all of the transducer dependent parameters are cogstant
accordingly,S, is proportional to log, (N?). Therefore,C is proportional to the
square othe preprocessedounts N? andto thesquare of reflected pressuRs®.

2.3 Experimental Setup

The frazil experiments were conducted using a frazil ice tank located in the
University of Alberta Cold Room Facility. The cold room is approximately 10 m
long by 3 m wide and the air temperatgen be varied between +2G and-40

°C with £ 2°C fluctuationsFig. 2.2 (a)shows a photograph of tleeistom made

frazil ice tankinside the cold room facility. The minimum water depth required
for the sonar to operate correctly, and to sample suiticeeispended frazil
particles was approximately 1.0 m, therefore the tank depth was set to 1.5 m.
Preliminary acoustic tests showed that for a water depth of 1.5 m, a minimum
tank width of 0.8 m was needed to avoadastic reverberation from the tank side
walls. Therefore, the tank was built 08 wideand1.2 m long. Tempered glass

19 mm thick (selected because of its excellent optical qualities, resistance to
scratching and high tensile strength) was used for the twon1bg 1.5 m side

walls to allowimaging and viewing of the frazil ice. Stainless steel pJ&danm

in thicknesswere usedor the other two sidewalls andthe tank bottom. This

material ensura that corrosionwould not be a problem andacilitated the
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installation ofdrains and connetions for mixingpropellers. The tankamewas

constructed using 75 mm steel channel sections.

As Fig. 2.2 (b) showsthe sonarinstrumentsvere mounted on the bottom of the
tank pointing upwards and were held in place withRiexiglas base platé&ight,

25 cm diameter plastic trolling mot@ropellers[Minn Kota, MKP-33Weedless
Wedge 2 USA] were used to produce turbulentgo on eaclsidewall and four

on the bottomFour variable speefPacific Scientific Inc. NEMA 34 DC, USA]
electric motors (1/#H.P., 5.4 kg.cmof torque, max speed 1750 rpmjere used

to drive the propellerA laser tachometewnas used to precisely control the motor
speedn order tovary the intensity of the turbulence in the tamke four electric
motors could be attached tany of the 8 propellecouplers, thus making it
possibleto optimize the turbulence generated inside the tank. Preliminary tests
using 3 mm diametempolystyrene beadgspecific gravity of 1.0% showed that
using only the four bottom propellers produced the most uniform mixing and
minimized air bubble entrainmerdt the surfacewhich was necessargince air
bubbles corrupt theonar signals)Hollow PVC tubeswere used to secure the
instrumentscablesto prevent them from being caught in the propellers or

interfering with the sonar signals

The high and low frequency sonar units were eachnected to gersonal
computer PC), located outside of the cold room, using 10 m long data cables.
Both PCs were equiggd with IPS5Link software [ASL Environmental Sciences
Inc., Canada] that was used to communicate with the sonars and to set the various
sonar parameters such as the pulse length, gain level, sound speed and ping
frequency. The tank was filled with tap watend the water temperature was
recorded wusing the high f REDg(Besistanoe sonar 0s
TemperatureDetecto) electronic thermometdiFisher Scientific Inc., Traceable

RTD Platinum Thermometer, USAJa¢curacy 0.2 °C, and resolution d.01

°C) connectedo a third PC, wasused to record the air temperatures in the cold
room. The clocks on the three PCs, and thus the instruments, were synchronized

to within one second before each experiment.
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The tank was positioned in the cold room betwéwo freezer fandce particles
blowing from the cold room freezer fans most likely seeded the supercooled water
and initiated frazil formation at different supercooling durations and temperatures.
Thefrazil concentration in supercool&dter depends principally on the initial ice
seeding volume and thiemperature of supercooling at the instant of seeding
(Ettemacet al., 1984). During the frazil experiments, the initial frazil seeding

concentration could not be controlled due to the large of the experiments.

2.4 Experimental Procedures

2.4.1 Preliminary Experiments

A total of 19 preliminary experiments were conducted to determine the correct
sonar settings and to optimize experimental procedures. Different propellers
speeds ranging from 100 80 rpm were tested and it wiaind thata speedof

300 rpm was optimum. This speedssaigh enough to ensure that skim did

not form on the water surface, bwas not so high that air bubbles l@ete
entrained.The effect of the cold room air tempernawon frazil production was
tested at5,-10,-15 and-20 °C. At-15 and-20 °C the rate of frazil production was
very large and the frazil concentration reached a maximum value too rapidly, such
that surface skim ice started to form immediately after ghepellers were
stopped. At5 °C the frazil concentrations produced did not vary much from one
experiment to another. A value df0 °C was found to be optimal because the rate
of frazil production was slow enough to allow time for manual measurements to
be conducted and a wide range of final concentrations could be gen&atéd.
experiment was ended at different timing in order to achieve different suspended

frazil concentrations.

Direct measuremesidf frazil ice massconcentratiorwere made using sieving
technique Three 15.5 cm diameter stainless steel sieves, having a cross sectional
area of 0.019 fand mesh size of 1.8 mmere used for sampling'hree samples

were takenfrom different quadrants of the tarduring each testSieves with

smalle mesh sizes (150 to 750 um) were tested but they drained too slowly, and
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the samples froze before they had drained compldielgrder to eliminateany
bias errorn the sieving measuremertaused bycapillary water attaching to the
mesh of the sieve, (3 sieving experiments we conducted at zerace
concentration (i.e. no frazil ice was presenfrom these testshé mass of the
water adhering to the sievess found to range betweer28and8.90g, with an
arithmetic mean of 72 g and a standard dation of 0.92g. This average
adhered ice massas then subtracted from timeeasured ice mass to determine
the net masef sievedfrazil ice for each sample

The acoustic pulse length and the gain setting are the main user adjustable
parameters affectinghe amplitude of the backscattered signal from the sonar
units. The preliminary gperiments showed that usiagulse length of 68 us and

the maximum gain of four for the low frequensgnar still produced relatively

low amplitude returngrom suspendedrdizil. The experiments also showed that,

for the high frequencunit, a gain of one and a pulse length of 17 ps were needed

to avoid signal saturation. A sound speed of 1403 m/s wasfosdath units,
assumindgreshwater at 0 °CThe maximunping rate 1.0 Hz was used for both

sonar transducers and sensor data was also collected at the same rate. Table 2.2

summarizes the sonar parameters used during the experiments.
2.4.2  Frazil Experiments

The same procedure was followed during each frazil experiment. First the cold
room temperature was set-t0 °C and the four bottom mounted propellers were
set to rotate at 300 rpm. Both sonar units were deployed (i.e. data acquisition was
initiated) usimg the settings summarized in TaBl@€. The water was continuously
mixed until it supercooled and frazil ice particles began to appear in the water.
The experiment was allowed to run until the frazil ice concentration in the tank
reached a specified valfw, medium, or high) based on visual observations.
Once the desired concentration of suspended frazil was reached, the propellers
were turned off, sonar data acquisition was stopped and independent

measurements of frazil concentration and particle sisee conducted.
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The sieving technique was used for direct measurements of frazil concentration.
Before the surface started to freeze, the three sieves were lowered down to the
tank bottom using strings, moved to an undisturbed spot, and then pulled up
vertcally to the water surface as illustrated in F&3. Each sample was then
weighed on a scale [Sartorius, BP12000S, USA] with a resolution of 0.01 g. This
sampling method assumed that each sieve collected all the frazil ice particles from
a volume of wagr equal to the area of the sieve times the height of the water
column being sieved (see Fig.3). The three sieved samples were weighed and
averaged and the mass concentra@d@o) of frazil ice was then calculated using

the following equation

C M, -72 300 =M 72 160 —= M, 7.2 10t (2.20)

Mtot rW3VW Mi rw 3Vtot .(l fﬂ) IVFi
I

whereM; is the average ice mass collected by the three sieveg; {g)the ice
density (0.92 g/cf), My is the total mass (g is the total volume (cfy of
water plus ice in the sieved water columpis the water density (1 g/chrandV,,
is the water volume (chh The sieved water depth was maintained at

approximately 1.25 m during each experiment, thus E80J) reduces to,

_ (M, -7.2)
23750- 0.087M,

3100 (2.21)

To independently determine the sizaelashape of the frazil ice particles, samples

of the sieved frazil ice were examined under a microscope [Carl Zeiss, SteREO
Discovery V.8, Germany]. The microscope was located inside the cold room to
avoid melting the samples. Metal tweezers were usea@rtple frazil particles

from the sieve and place them carefully on a microscope viewing slide. For
scaling purposes, a clear plastic ruler was taped to the viewing slide with
approximately 6 mm of the ruler scale visible. The microscope was equipped with
adigital camera mounted directly to the viewing lens to enable direct imaging of

the magnified particles.
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2.5 Results and Discussion

Following the preliminary testing, a total of 47 complete frazil experiments were
conducted. During each experiment, taefficient of variation COV) of the

three sieve samples masses was calculated and frazil experiments with sieve
samples having @0V > 0.2 were rejected. This value of 8®©Vwas selected to
minimize the effect of anomalous sieve samples on the fiazil toncentrations
estimates. At concentrations higher than 0.15 %, frazil flocculation was observed
in the tank and frazil flocs began sticking to the tank walls and floating to the
surface. Flocs have very complex shapes and are much larger in size than
individual particles. As a result the acoustic backscatter from suspended flocs was
expected to be significantly different than from suspended frazil ice particles. In
order to avoid this additional complexitiyazil experiments with concentrations
greaer than 0.15%, were excluded from further analysis. This screening
eliminated 13 frazil experiments, leaving 34 successful experiments.
Occasionally, one of the sonar units (either the high or low frequency) failed to
acquire data during an experiment. §hiappened twice for the high frequency
sonar and three times for the low frequency sonar. Therefore, there were 29
experiments when both units were acquiring data, two experiments with only low
frequency sonar data and three experiments with only data fh® high

frequency sona’d summary of the experimental results is presentdabie 2.3
2.5.1 Frazil Production and Concentrations

During each experiment, frazil particles started to appear in the tank shortly after
the water became supercooled. In 2d.the measured concentratid$%) and

the corresponding supercooling temperatdigg°C) are plotted as a function of

the supercooling durations, (min). The supercooling duration is the time from
when the water first became supercooled until the eminthe sonar data
sampling stopped and sieve concentration measurements started. For the frazil
experimentsts, varied from 4 to 21 min. The supercooling water temperafyye

(°C) defined as the final water temperature for each experiment, varieddro4n
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t0-0.16 °C. The observed cooling ratd$/dtranged from 0.006 to 0.012 °C/min

with an average value of ~0.01 °C/min. These values are close to the cooling rates
of 0.003 to 0.008 °C/min reported by Ye et al. (2004) for frazil experiments in a
counerrotating flume at-10 °C. The data in Fig24 demonstrates that the
cooling rate was approximately constant and that the supercooling temperature
was proportional to the supercooling duration. The mass concentration for each
experiment was calculatessing Eq. 2.21) and was found to range between 0.012

% and 0.135 %. These concentrations are comparable to those observed in
previous laboratory studies: e.g., 0.065 to 0.609% (Ettema, 2088), and 0.10

t0 0.17 % (Ye et al., 2004).

Fig. 2.4 shows thiathere is no correlation between the supercooling temperature,
Tsp, and the corresponding suspended frazil ice concentr&ti¢¥), measured at
the end of the experimenthis is likely due to variations in the timing and

amount of initial seeding partes from one experiment to another.
2.5.2 Frazil Size Measurements

Microscopic image®f sievedfrazil ice particles wereisedto determine thaize
rangeand shapeof the particlesParticle size measurements were taken during
12 experiments, and 4 to 5 microscope slide samples were imaged in each case. In
total, 316 individual frazil iceparticleswere measured fron70 microscopic
images Fig. 2.5 shows three typical microscopic imags of frazil particles
samplestaken with 10X magnification.The majority of the particles were
observed to be circular disks arftetaverage particle diameter was found to be
1.97 mm with a standard deviation of @.8nm. The smallest clearly visible
particles were 0.25 mrin diameter andhe largest particleaere approximately
4.25 mm. These sizes areomparable to observations prior studies for
example 0.1to 1.0 mm (Gosink and Osterkamp, 1983), 1 to 6 mm (Beltaos and
Dean, 1981), 0.05 to 0.6 mmdy and Colbeck1986, 1 to 5 mm (Daly, 1994),
and 0.04 to 5 mmGlark and Doering2006).
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A limitation of these measurements is that the sample sizes were relatively small.
At most, five samples could be gathered during an experiment before the particles
began to freeze together in the sieve and on the microscope slide. Small sample
sizes caused size distributions from individual experiments to vary significantly
from one experiment to the next (see Fig. 2.6). For this reason, the individual
histograms fom the 12 experiments were combined to form a single more
statistically significant particle size histogram. This combined particle size
histogram is plotted in Fig. 2.7. It is likely bimodal because, even after combining
all the data, the sample size idll gelatively small. It was believed that this
sampling method underestimated the number of small frazil particles for two
reasons. First the sieve mesh size of 1.8 mm allows small particles to pass through
the sieve, and second, the fact that frazitipless were manually sampled from

the sieve and placed under the microscope, limited the minimum particle sizes
that were visible and measured. As a result, this technique only provided an

approximate range of particle sizes and not a representativastideution.
2.5.3 Sonar Results

A MATLAB [Mathworks Inc.] code was developeid processthe sonarpre
processedounts N, usingEqg. (2.13) tacalculatethe volume backscattstrength

S.. Fig. 2.8 presents time series of the water temperaiu(éC) andsonar data
from both the high and the low frequency units for a typical frazil experiment,
starting at the onset of supercooling and continuing until the experiment was
stoppedS, is a function of rangeR and timet and its magnitude is indicated by a
color scale. TheT, (°C) time series in Fig. 2.8 (a) exhibits the typical
supercooling ratelT/dt of 0.01°C/min during this experiment. Fig. 2.9 presents
time averaged profiles &, of the background signal (when no frazil was present)
and at the end ohe experiment (frazil profiles), averaged over 20 seconds (20
profiles) for both sonar units. Profiles presented in Fig. 2.9 andfhére series

plots of S, presented in Fig. 2.8 (b & d) show that the backscatter signal
amplitudes did not vary signimtly with range above the minimum lookout
distance and below the water surface. This indicates that frazil particles were
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uniformly distributed throughout the water column. Therefore, the sonar signal
was depth averaged from a range of 0.5 to 1.0 m above the transducer. Averaging
over this depth range ensures that reverberations from the water surface are not
included in the averaging and thait the data is above the minimum lookout
distance. Time series of the depth averaged volume backscatter sBgr(gi)

are plotted in Fig2.8 (c & e). A low pass filter with a cutoff frequency of 0.033

Hz was applied to the time series dateSpf(dB). The values of the filtere8,q

(dB) time series at the end of an experiment were taken as the representative
values for that experimenitig. 2.8 (f) is a time series plot of the ratio of the (high

to low) volume backscatter coefficients. At the stdrthe experiment (i.et = 0

min) the ratio was approximateB/and it did not increase significantly until t ~ 8

min when frazil ice first appeared in the tank. As the frazil ice concentration
increased,the ratio increased, reaching a value of ~90 by #wmd of this

experiment.

As is evident in Fig2.8, the high frequency unit was found to be more sensitive
than the low frequency unit to the presence of small frazil concentrations in the
tank and, as a resulf, andSq increased earlier in Fi@.8 (b & ¢) compared to

Fig. 2.8 (d & e). The low frequency sonar was less sensitive to the presence of
frazil particles due to its lower signal to noise ratio. When a relatively high
concentration of 0.12 % was reached, the low frequency signal was ~1odd& a

the background noise level, compared to the high frequency unit which was ~35
dB above the noise floor as shown in &A@ (a & b). The profiles plotted in Fig.

2.9 also show that for this experime8g,values for the high frequency sonar were

~20 B higher in magnitude compared to the low frequency sonar.

For measured concentrations;, ranging from 0.012 to 0.135 %, the
corresponding,q values varied from60 to-45 dB and front49 to-26 dB for the
low and high frequency sonars, respectivébge Table 2.3) Following the
approach proposed by Thevermdt al. (1992) (see sectioR.2.4); the relative
backscatterRB was calculated from the representatiyg value for each of the

frazil experiments using Eg2.7). A linear least squares regression algorithm
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was used to fit Eq.2(19) to the measured concentratio@sand corresponding
RB values. The resulting regression equations for the high and low frequency
sonars, respectively, are

C =1 8015+008° Ry (2.22)

and

C =1 9363+0.06°RY (2.23)
Values of the intercept and slope in Egs22) and 2.23) are of the same order of
magnitude as values reported in the sediment transport literature (e.g. Thetvenot
al.,, 1992 and Gartner2004). These regression equations and their 95%
confidence limits are plotted in Fi@.10 and2.11, together with the measured
values ofC and the correspondir@B andS, for the low and the high frequency
sonars, respectively. The coefficients of deii@ation R, were 0.96 and 0.93 for
Egs. @22) and 2.23), respectively. The low frequency data had a lower
coefficient of determination likely due to its lower signal to noise ratio. The 95%
confidence limits for predictin@ from RB using Egs. €.22) and @.23), varied
from £0.005% to +0.025% and from +0.007% to +0.033%, for the high and the

low frequency sonars, respectively.

The background noise levels (i®q values when no frazil ice is present in the
tank) were found to beés8 dB and-62 dB forthe high and low frequency sonars,
respectively (see Fi.9). These noise levels correspond to relative backscatter
values of 116 dB and 113 dB, respectively. Using these background values, Egs.
(2.22) and 2.23) predict minimum detectable concentratiarfs0.0034% and
0.017% for the high and low frequency sonars, respectively. Frazil ice

concentrations below these limits will not be detectable.

At concentrations higher than 0.15 %, the high frequency sonar raw counts were

sometimes saturated (iMd.= 65335), although the unit was operated at the lowest
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gain of one. The effect of this data saturation is that the high frequency can only
be used to measure frazil concentrations less than ~0.15 %. Note that these high
signal levels at concentrations gter than 0.15% may be in part caused by floc
formation. Data saturation was not a problem with the low frequency sonar even

when flocculation occurred in the frazil tank.

In addition to the practical limitations mentioned above, it should be noted that
single frequencysonas cannot differentiate between changeg@concentration

and patrticle size distribution (Gartner 2004). Thus, achange inthe size
distributioncouldbe misinterpreted as a change in concentrats a resultEgs.

(2.22) and 2.23) are applicable only for the frazil particle sizes and shapes for
which the instruments were calibrated. That is, if the particle size distribution or
shapes are significantly different, additional calibration experiments might need to
be conducted andew regression equations derivéal this study, the assumption
that the backscatter signal was primarily a function of the frazil concentration was
tested. The validity of this assumption is the subject of future experiments.

A number of theoretical acoursthackscatter models have been developed relating
the backscatter cross sectidps of an individual particle, to its size, shape,
material properties and the acoustic wavelength (Bowebah, 1969). The most
widely used models were developed for sirgpberical particles (e.g. Rayleigh
1896; Anderson 1950 and Johnsonl1977). These models have been used to
predict size distributions and concentration of suspended sediments and marine
organisms in estuaries and oceans using acoustic devices (etgnsais and
Dalen 1986 Gartner 2004). Richarcet al.(2010) and Marko and Jasek (2010a, b

& c) predicted frazil ice properties (concentration and particle size) from sonar
data using the models of Johnson (1977) and Rayleigh (1896), respectively. Both
assumed that the scattering targets were uniform in size and that the concentration
of particks is relatively low so that the scattering fields of individual particles did
not interfere. The assumption of a uniform particle size means that the volume
backscatter coefficiens,, is proportional to the backscatter cross sectipg of

an individual particle (see Egq.2.16). Therefore, the ratio of the volume
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backscatter coefficients is equal to the ratio of the backscatter cross sections at the
two frequencies (i.es,1/s,2 = Cbs1 /Ubs2 Where indices 1 and 2 denote the high and
low frequencies, pectively).Measurements of the ratg/s,, can then be used

to provide estimates of the particle radiasusing theoretical predictions Gfs;

[lps2. The plot oflsy /0bs2 Shown in Fig21 2, predicted using John

model,canbe used to estimate frazil ice particle sizes (Riclerdl, 2010) In
Fig. 2.12 at small radii (Rayleigh scattering << 1, wherek is the wave number)
Obs1 /0bs2 is proportional to K; / ko)* and as a resulthe curve approaches an
asymptotic limitof 29.1. At large radii (geometric scatterirkg > 1) it reaches an

asymptotic limit of 1.0.

For this approach to be applicable the ratio must be between the two asymptotic

i mits §uilse€ 2B.0 The typisg adploted imEig. seri es
2.8(f) shows the general trend observed in all of the experiments, and in all but a

few cases (only 4 experiments) / s, exceeded the asymptotic limit of 29.1 by

the end of the experiment. In Fi313 the ratio ofs,;/ s,» calculatedusing Egs.

(2.22) and 2.23) is plotted versus frazil concentratiGr(%). This plot shows that

si1/ Sz increased with frazil concentration which is consistent with the general

trend observed in the time series data of the giid s, in all experinents.

According to Fig.2.13, the ratio is less than 29.1 for frazil concentrations below

0.025 %. Therefore, prediction of particle diameters using techniguemay

only be applicable at concentrations below this limit.
2.6 Summary and Conclusions

High and low frequency sonars were used to insonify suspended frazil ice
particles in a custom built water tank located in the University of Alberta cold
room facility. Direct measurements of frazil ice mass concentrations were
conducted using a sievingctenique. The measured concentrations ranged from
0.012 % to 0.135 %. Sieved frazil ice particles were examined under a microscope
to determine the average shape and size of the particles. The majority of the
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observed frazil ice particles were disk shaped @nged from 0.25 to 4.25 mm in

diameter.

A significant correlation was observed between the sonar signals and the frazil
concentration measurements. A linear least square regression analysis was used to
fit equations proposed by Theversital. (1992)to relate the relative backscatter

to the frazil concentratioriThe resulting coefficients of determinatid®?, were

0.96 and 0.93 for the high and low frequency data, respectively. The maximum
concentration that can be measured before saturating thefraglency sonar
signal was found to be ~0.15 %. The low frequency sonar signal was never
saturated even when frazil flocs were present in the tank. The regression equations
predict that the minimum concentrations that can be measured using the high and
the low frequency sonars is 0.0034 % and 0.017 %, respectively, due to the
background noise levelThe data used to produce the empirical regression
equations was obtained in a laboratory frazil ice tank unealimbd controlled
conditions. Therefore, theivalidity and accuracy when applied to field data is
currently unknown and is the subject of ongoing research. The ratio of the volume
backscatter coefficient was found to increase with frazil concentration and
exceeds the asymptotic limit fdea <<1 at ©ncentrations greater than 0.025%.
This implies that the approach used by Richetrdl.(2010) and Marko and Jasek

(2010c) to predict frazil ice properties may only be valid at low concentrations.
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Tables

Table 2.1 Instrument specifications for thegh and low frequency sonar units.

Parameter Low freq High freq
Frequencyf (kHz) 235 546
Transducer diameter (mm) 36 25.4
-3dB beamwidth; (degrees, steradian Sr) (11, 0.02893) (6, 0.00861)
Transmitting Voltage ResponséVR( d B r e

1m) 165 176
Open Current Voltag€QCV( d B re 1V pe -187.5 -192
Insertion Loss|L (TVR+OCV) (dB) -22.5 -16
SourcelevelSL( dB re legePa @ 1m 202 213
Wave Lengtha{(mm) for sound speed of 1403 m/s 5.97 2.57
Maximum Range (m) 20 20
Minimum Lookouf (m) 0.5 0.4
Gain Setting Variable (1 to 4)

& The minimum lookout, is the minimum distance above the transducer below

which targets cannot be detected
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Table 22. SWIPS parameters used for the frazil ice experiments

Parameter Low freq High freq
Pul se |l ength (¢€c¢ 68 17
Gain level 4 1
Ping frequency (Hz) 1 1
Sensor sampling frequency (Hz) 1 1
Sound speed (m/s) 1403 1403
Input voltage (Muppiy 15 15
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Table 2.3Summary of frazil experiments results showing the Experiment
number, the mass of sieved id4ce (g), the Coefficient of Variation COV,
between the three sieved samples, tladculated concentration C (%), the
measured supewoling, Tsp (°C), the rate obupercoolingdT/dt (°C/min), and the
measured depth average volume backscatter stréagtdB) at the end of the

experiment.
Expi Mice (9) C?V: % Tsp tsp dT/dt S (dB)
Average u/ ¢ (°C (min)  (°C/min) Low Freq High Freq

20 17.47 0.06 0.044 -0.09 9 0.01 -53.91 -36.09
25 23.8 0.2 0.07 -0.11 10.83 0.01 -50.72 -32.59
28 21.23 0.08 0.06 -0.05 7.67 0.007 -51.89 -33.01
29 31.67 0.2 0.104 -0.07 6.83 0.01 -48.23 -29.47
30 22 0.16 0.063 - - - -50.36 -

32 25.9 0.2 0.079 -0.05 5.73 0.009 -51.98 -33.02
33 18.17 0.11 0.046 -0.04 4.33 0.01 -52.00 -34.69
36 23.07 0.12 0.067 -0.11 10.83 0.01 -48.11 -34.11
41 11.33 0.18 0.018 -0.15 14.37 0.01 -58.20 -41.11
42 11.67 0.18 0.019 -0.12 11.55 0.01 -59.78 -42.76
43 12.33 0.19 0.022 -0.13 11.48 0.011 -56.97 -44.04
44 10 0.1 0.012 -0.13 12.72 0.01 - -47.55
45 10.67 0.2 0.015 -0.12 10.57 0.011 -55.33 -49.12
46 12.01 0 0.02 -0.13 11.92 0.011 -55.73 -45.24
47 11.67 0.13 0.019 -0.15 13.92 0.011 -58.95 -43.96
48 12.67 0.12 0.023 -0.15 125 0.012 -58.24 -41.13
49 18.33 0.18 0.047 -0.16 15.83 0.01 -51.83 -33.24
50 19.33 0.06 0.051 -0.16 16.5 0.01 -53.19 -32.28
51 33.67 0.14 0.112 -0.13 12.28 0.011 -48.74 -29.09
52 23.67 0.05 0.07 -0.13 12.72 0.01 -51.67 -32.84
53 35.67 0.18 0.121 -0.11 12.97 0.008 -47.09 -27.99
54 21.33 0.18 0.06 -0.12 12.37 0.01 -52.17 -32.28
55 36.33 0.11 0.124 -0.13 13.62 0.01 -44.52 -26.63
56 32.33 0.07 0.107 -0.12 12.65 0.01 -48.86 -29.26
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57
58
59
60
61
72
76
79
80
96

29.67
29.33
34
26
13.67
12
28.33
30.33
39
12.83

0.1

0.1
0.16

0.2
0.08
0.14
0.09
0.14
0.16
0.02

0.095
0.094
0.114
0.08
0.027
0.02
0.09
0.098
0.135
0.024

-0.13
-0.13
-0.13
-0.14
-0.12
-0.09
-0.13
-0.12
-0.15

12.65
10.5
14.58
15.28
12.77
9.43
20
21
13.92

0.01
0.012
0.009
0.009
0.009
0.009
0.007
0.006
0.011

-50.84

-47.64
-48.04
-56.36

-49.58
-49.27
-45.59
-59.67
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Fig. 2.1. Simplified schematic diagram showing the signal path through the
SWIPS electronic (adapted from Lemetnal. 2008).
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Fig. 2.2.(a) Front view of the frazil ice tank. (b) top view of the frazil ice tank
setup showing the high and low frequency sonar uthits,Plexiglas base plate,

and cables inside the hollow PVC tubes; two of the side mounted propellers and
the four bottom mounted propellers are also shown.
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Fig. 2.3. A schematic diagram showing the sieving technique used for frazil ice
concentratioomeasurements.
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Fig. 2.5.Images of frazil particles under the microscope (scale on the top is in
mm)
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Fig. 2.6.Histograms of the number of frazil particlds versus particle diameter
D (mm) for 12 frazil experiments.
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Fig. 2.7.Combined histogram from 12 frazil experiments showing the number of
frazil particlesN; versus frazil ice particle diametBr(mm).
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Fig. 2.8. Time series data from Exp 5& € 0.12 %): (a) water temperatufg

(°C), (b) and (d) D plot of S, (dB color coded) data, rand®(m) versus time

(min), (c) and (e) depth averaged volume backscattered stri@padtiB); for the

high and low frequency sonars, respectively, (f) the maftithe high to the low
frequency backscattepefficient §,1/s,2). The blue thin line and the thick red line

and in (c) and (e) are the instantaneous and the low pass filtered time series data,
respectively.
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