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A series of 27 experiments were carried out at three different turbulence intensities in the frazil ice production
tank at the University of Alberta. The frazil particles produced were photographed in suspension throughout
the duration of the supercooling process using a high-resolution digital camera. An acoustic Doppler velocimeter
(ADV) was used to record vertical profiles of the velocities at three locations in the tank, and the velocity time
series data were processed to determine the rate of dissipation of turbulent kinetic energy per unit mass. A com-
puter algorithm was written to process the captured images to determine the particle sizes and compute the
properties of the particle size distribution. The resulting data were used to study the evolution of the size distri-
bution throughout the supercooling process. It was found that the number of individual particles in suspension
peaked shortly after the maximum degree of supercooling had been reached, and at approximately the same
time the mean and standard deviation of the particle diameter approached constant values. The overall mean
particle diameter prior to the onset of particle flocculation was found to decrease with increasing values of the
dissipation rate, and ranged from 0.94 to 0.66 mm for dissipation rates of 24 to 336 cm2/s3.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Frazil ice particles are formed in turbulent river flows when the
water temperature has supercooled to a few one-hundredths of a de-
gree below 0 °C. Suspended frazil particles exhibit a highly adhesive be-
haviour in supercooled water. This ‘active’ frazil readily freezes onto
other frazil particles (forming flocs), to the streambed (forming anchor
ice), and to man-made structures, such as trash racks on water intakes.
As a result, active frazil can cause a number of problems. Large accumu-
lations formed on trash racks can, in extreme cases, entirely block the
flow intowater intakes (Richard andMorse, 2008). Anchor ice can dras-
tically alter the river geomorphology by raising the bed level, reducing
the effective flow area, and forming anchor ice dams, all of which se-
verely impact fish habitat (e.g. Stickler et al., 2010; Brown et al., 2011).

The supercooling process that initiates frazil ice production is well
understood and has been documented thoroughly in previous studies
(e.g. Carstens, 1966; Osterkamp, 1978; Tsang and Hanley, 1985; Clark
and Doering, 2009). During a typical supercooling event, assuming the
heat loss from the water surface to the air above is constant, the water
temperature initially decreases at a nearly constant rate. Shortly after
the water temperature drops below 0 °C, frazil ice crystals begin to
form and release latent heat into the flow. As more and more crystals
are produced, the amount of latent heat released becomes increasingly
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significant, decreasing the cooling rate until the maximum degree of
supercooling is reached, and the water temperature then begins to in-
crease (Daly, 2013). Eventually a point in time is reached where the
amount of heat lost to the cool air and the amount of heat gained
from ice formation are in equilibrium, and thewater temperature levels
off at a ‘residual’ supercooled temperature. The period of time between
when the water first drops below 0 °C and when the residual tempera-
ture is reached is called the period of ‘principal supercooling’ (Ye et al.,
2004). During this time period the size distribution of suspended frazil
particles is constantly evolving due to the processes of particle forma-
tion, growth, and flocculation (Ye et al., 2004). The earliest particles
are generally formed from small ice nuclei (e.g. snow flakes, frost, frag-
ments of border or skim ice), which then increase in diameter (Daly,
2013). These larger particles collide either with each other or the river-
bed and banks causing small ice nuclei to break free and form new,
small crystals in a process known as ‘secondary nucleation’ (Daly,
2013). Active frazil ice particles are removed from suspension when
they collide and freeze together forming frazil flocs which rise to the
surface once they are large enough to overcome the turbulence in the
flow (Daly, 2013).

Much of what is known about the characteristics of frazil ice has
been determined from laboratory experiments. This is due to the diffi-
culties presented by the small size, non-spherical shape, and optical
properties of frazil ice, as well as the challenges of performing winter
fieldwork on rivers (Daly, 1994). Somephotographs of suspended frazil
ice particles in natural streams have been reported (Osterkamp and
Gosink, 1983; Dubé et al., 2014), and the use of acoustic devices has
proven to be a promising method for estimating concentrations and
size distributions of particles in the field (e.g. Marko et al., 2015;
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Ghobrial et al., 2013; Jasek et al., 2011; Morse and Richard, 2009;
Richard et al., 2011), but quantitative field measurements of frazil ice
properties remain very scarce.

The purpose of this study was to investigate how the size distribu-
tion of suspended frazil particles evolves throughout a supercooling
event, and to explore the effects of increasing turbulence intensity on
this process. A series of laboratory experiments were performed in a
frazil ice tank at various turbulence intensities to examine this, and par-
ticle sizes were measured from high-resolution digital images. The use
of high-resolution digital cameras allowed for the inclusion of very
small particles in calculating the size distribution.

2. Literature review

Individual frazil particles measured in laboratory environments are
predominately disc-shaped and have been observed to have diameters
in the range of 23 μm to 5 mm in the past, with size distributions in
most cases well described by a lognormal distribution (e.g. Clark and
Doering, 2008 2006,; Daly and Colbeck, 1986; Doering and Morris,
2003; Ghobrial et al., 2012; Gosink and Osterkamp, 1983; McFarlane,
2014; Ye et al., 2004). However, the minimums, maximums, means,
and standard deviations of the particle diameters have been different
in all of these studies. There aremany possible factors that have contrib-
uted to these differences. Daly and Colbeck (1986), for example, ob-
served particles ranging in diameter from about 35 μm to 0.5 mm
using a 35 mm camera-microscope system and reported mean diame-
ters “generally above 0.1 mm.” Daly and Colbeck (1986) also reported
particle concentrations ranging from 0.17 to 0.982 particles/cm3. How-
ever, their frazil particles were produced in a 36.6 m long flume and
consequently the particles may not have had sufficient time to grow
to larger diameters before the water was recirculated and the existing
particles were melted out. Alternatively, the counter-rotating flume
used by researchers at the University of Manitoba (e.g. Doering and
Morris, 2003; Ye and Doering, 2004; Ye et al., 2004; Clark and
Doering, 2009, 2008, 2006) allowed frazil particles to continue to seed,
develop, and flocculate over the course of an experiment, enabling larg-
er particles to develop and be observed. As a result larger mean particle
sizes were observed in these studies (e.g. 0.79 to 1.58 mm by Clark and
Doering (2008)). However, these measurements were limited by the
resolution of the digital cameras used, which resulted in aminimumob-
servable particle size of ~0.2 mm.

The differences between the measured particle sizes in past experi-
mental studies may also be due to the influence of flow characteristics
such as turbulence intensity on the development of frazil ice particles.
Understanding these influences may be instrumental in improving our
understanding of how frazil particles behave in natural river flows,
which are much less predictable than laboratory environments. A few
studies have measured the impact of different turbulence parameters
on frazil size. Ettema et al. (1984) produced frazil ice particles in a
mixing jar and used an oscillating grid to vary the turbulence intensity.
In this way, flows were produced with values of the turbulence ex-
change coefficient ranging from approximately 6 to 19 cm2/s and an
overall trend of decreasing frazil ‘platelet’ (i.e. floc) size with increasing
turbulence intensity was observed.

Ye et al. (2004) produced frazil ice particles in a counter-rotating
flume at various air temperatures and water velocities and studied the
impact of these variables on the supercooling process andmean particle
size. In these experiments, Ye et al. (2004) observed that the frazil par-
ticles increased in number and mean diameter during the period of
principal supercooling, and that the mean diameter reached a stable
value (termed D50sp) once the principal supercooling period had
ended, while the number of observed particles dropped off. Ye et al.
(2004) also compared the values of D50sp to the Reynolds number of
the flow, and found that themean frazil diameter at the end of the prin-
cipal supercooling period increased with an increasing Reynolds
number.
Clark and Doering (2008) carried out a study specifically focusing on
the effects of turbulence intensity on frazil ice particles in the same
counter-rotating flume. By fitting the flume with bed plates of varying
roughness theywere able to vary the dissipation rate of turbulent kinet-
ic energy per unit mass in the flow, ε, from about 113 to 1496 cm2/s3.
After calculating the size distributions of the observed particles for
each of these flows, Clark and Doering (2008) observed that both the
mean and standard deviation of the particle diameters first increased
with increasing values of ε up to about 900 cm2/s3, and then decreased.
For both the mean and standard deviations these relationships were
well described by parabolic functions. Similar to Ye et al. (2004), they
also observed that the number of clear, disc-shaped particles in the
flow increased during the period of principal supercooling and de-
creased thereafter.

The results obtained by Clark and Doering (2008) and Ye et al.
(2004) support the theoretical analysis presented by Daly (2013,
1994, 1984) who suggested that the limiting factor in the growth rate
of a frazil particle's diameter is the rate at which the latent heat released
by crystallisation can be advected away from the crystal by the flow.
Thismeans that, as the turbulence intensity increases, the frazil particles
in the flow would be able to grow more quickly and, presumably, to a
larger crystal diameter. However, increased turbulence intensity could
also cause an increase in the number of crystal collisions, and it was
hypothesised by Clark and Doering (2008) that there might be a point
at which increasing turbulence intensity actually results in eddies that
are strong enough to overcome the weak mechanical strength of frazil
crystals. This would result in particle fracture and thereby physically
limit the average particle size. Both of these processes would result in
increased secondary nucleation. Daly (2013) noted that this would
lead in a relatively large number of small frazil crystals being produced
at high turbulence levels, and this could explain the decrease in mean
particle size that Clark and Doering (2008) observed for dissipation
rates greater than about 900 cm2/s3.

3. Experimental set-up

Experiments were performed in the University of Alberta's Civil En-
gineering Cold Room Facility using a frazil ice production tank (illustrat-
ed in Fig. 1) with base dimensions of 0.8 by 1.2m and filled to a depth of
1.3 m with filtered tap water. During experiments, turbulence in the
tank was generated by four variable speed propellers powered by
NEMA 34 DC variable speed electric motors (278 W, 1.514 N-m of
torque, max speed 1750 rpm) and mounted on the bottom of the
tank. The frazil ice particles were illuminated using two arrays of Larson
Electronics 24-bulb, 3-W light-emitting diode (LED) lights that were
mounted against the back glasswall of the tank and diffused by translu-
cent plastic sheeting. Directly opposite the lights, two Cavision 10 cm
square glass polarising filters were mounted in the tank flush to the
front glass wall. These polarisers were mounted parallel to each other
and spaced 2.2 cm apart, with one of them rotated 90° with respect to
the other, to cross-polarise the light passing through them. This
achieved the effect of producing a black background in the captured im-
ages where only the ice particles passing between them, that had
refracted the incident light, were visible. A Sea-Bird SBE 39 temperature
recorder (accuracy ±0.002 °C) was used to record the water tempera-
ture throughout the experiments and was connected to a computer lo-
cated outside the cold room to allow for real-time monitoring of the
supercooling process. The temperature recorder was placed in an ap-
proximately symmetrical location and at a comparable depth to the
polarisers. This was to avoid interferingwith the flow through themea-
suring volume while still providing a representative temperature to
where the frazil particle images were captured.

The camera used for the experiments was a Nikon D800 digital
single-lens reflex (DSLR) equipped with a Kenko 25 mm Uniplus Tube
DG extension ring and an AF Micro-Nikkor 60 mm f/2.8D lens. The
Nikon D800 has a 36 megapixel resolution and, when used with the
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Fig. 1. Plan viewof the frazil ice tank showing the locations of the camera, LED lights, polarisers, four propellers, and the three locationswhere theADVmeasurementsweremade (marked
by the red X's). The coordinate system for the ADV measurements is defined such that the positive x and y-directions are towards the right and back of the tank, respectively, and the
positive z-direction is towards the water surface.
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macro lens and extension tube, the average pixel size in the images was
~5.6 μm, allowing very small particles to be resolved in the images. This
resulted in an average measuring volume of 24.6 × 10−6 m3 in the ex-
periments. During a series of preliminary experiments, the aperture,
shutter speed, and ISO settings of the camera were tested, and settings
of f/25, 1/2000s, and ISO 6400were determined to offer the best balance
of depth of field and brightness with minimal background noise.

Velocity time series measurements were recorded in the tank using
a Nortek Vectrino acoustic Doppler velocimeter (ADV) mounted on a
frame above the tank that allowed it to be positioned to record a vertical
profile anywhere in the tank. The ADV could be positioned at depths
ranging from the bottom of the tank up to a depth of about 240 mm
below the water surface, due to the limited clearance above the tank
in the cold room.
4. Experimental procedure

At the start of each experiment the four propellers located at the bot-
tom of the tank were set to the desired speed (125, 225, or 325 rpm),
verified using a laser tachometer. The temperature recorder mounted
in the tankwas programmed to begin recording the water temperature
and the air temperature in the cold room was reduced from 2 °C
to −10 °C over approximately 2 to 3 min. Images were then captured
of a clear plastic ruler positioned at the front, back, and mid-point be-
tween the polarisers, both to focus the camera and to provide a scale
for processing the frazil images. When the water temperature reached
0 °C, the camera was manually activated to record images at a rate of
1 Hz for a duration of 999 s. Once the camera had finished capturing
images, the propellers were switched off and the temperature in the
cold room was raised to 2 °C to allow the ice to melt prior to the next
experiment.
Measurements of the turbulent velocities were made using the
Vectrino ADV in separate experiments while the water temperature
was held constant at approximately 2 °C. At each of the three propeller
speeds, ADVmeasurementsweremade at nine depths at the three loca-
tions shown in Fig. 1; at the centre of the tank, near the front glass wall
where the polarisers were placed when collecting images, and directly
above one of the propellers. These locations were selected to provide a
representative sample of the turbulence characteristics throughout the
tank. At the propeller speeds of 125 and 225 rpm velocity measure-
ments were taken at a sampling frequency of 50 Hz for a duration of
5 min and, for the speed of 325 rpm, a frequency of 100 Hz was used
for the same duration.

5. Data analysis

5.1. ADV data

The ADV data were analysed using a Matlab program. The first step
in the analysiswas the application of the despiking algorithmdeveloped
by Islam and Zhu (2013) to the rawADVdata files. This despikingmeth-
od was selected because it has been demonstrated to be effective at re-
moving spikes from data contaminated by up to 70% spikes (Islam and
Zhu, 2013). This method was applicable because up to 32.5% spikes
were observed in the velocity time series data from the frazil ice
tank. Next, the despiked time series data were corrected for Doppler
noise using the method developed by Romagnoli et al. (2012) and
decomposed into mean and turbulent velocity components. The
decomposed data were then used to compute a variety of turbulence
characteristics at eachmeasurement point in the tank. In particular, fre-
quency spectra computed from the despiked time series were plotted
and the minimum and maximum frequencies for the range of frequen-
cies within the inertial subrange were determined (i.e. frequencies
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where a slope of−5/3 occurred). This region of the frequency spectrum
was then used to calculate the turbulent kinetic energy dissipation rate
per unit mass at each location for each propeller speed (Tennekes and
Lumley, 1972). Taylor's ‘frozen turbulence’ hypothesis was used in cal-
culating the dissipation rates from the frequency spectra, which re-
quires the assumption that the turbulent structures do not change
appreciably in the time it takes for them to be advected past the point
of measurement (Stiansen and Sundby, 2001). The equation used was:

ε ¼ 2π
Pi f

5=3

AUi
2=3

 !3=2

½1�

where ε is the dissipation rate of turbulent kinetic energy per unit mass
(m2/s3); Pi is the power spectral density in direction i (m2/s); f is the fre-
quency (Hz); A is a constant taken to equal 0.49 (Pope, 2000); and Ui is
the convective velocity in direction I (m/s). Stiansen and Sundby (2001)
provide a detailed discussion and comparison of this, and other,
methods for calculating the dissipation rate from the frequency spectra.
A block width of 512with a 50% overlapwas used in calculating the fre-
quency spectra, giving a normalised random error of ±13% for the 125
and 225 rpm propeller speeds (50 Hz sampling rate) and ±9% for the
325 rpm propeller speed (100 Hz sampling rate). A typical frequency
spectrum fitted with the−5/3 slope is shown plotted in Fig. 2.

In Fig. 3 the dissipation rate, ε, is plotted versus the water depth at
the measurement location directly above the one propeller, and can
be seen to increase up to a depth of 825 mm for the w-component
and 925mm for the u- and v-components. The 1025mmmeasurement,
which was taken approximately 85 mm above the propeller, was the
smallest by a significant amount in all cases. These small values are like-
ly caused by the presence of very high shear close to the propeller that
results in unreliable ADV velocity measurements (McLelland and
Nicholas, 2000). Therefore, the dissipation rate estimates at the
1025 mm depth were omitted when depth-averaging the dissipation
rates above the propeller and, to be consistent, at the other two vertical
profile locations as well. The depth-averaged values of the dissipation
rate computed from the three velocity components at each location,
and for all propeller speeds, are presented in Table 1.

Examination of the depth-averaged values in Table 1 and the data
plotted in Fig. 3 shows that the dissipation rates estimated from the u
and v velocity components were comparable, while the w-component
value tended to be about an order of magnitude smaller. The reason
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Fig. 2.Power spectra calculated for the 325 rpmpropeller speed in the centre of the tank at
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and f is the frequency (Hz). A line with a slope of −5/3 is shown over the region deter-
mined to be the inertial subrange, used to calculate the dissipation rate of the turbulent ki-
netic energy.
for this discrepancy was investigated but no satisfactory explanation
was found. The data in Table 1 also show that, as expected, the dissipa-
tion rate varies spatially in the tank and is highest directly over the pro-
pellers. Tank-averaged estimates of ε were calculated using the values
computed from the u and v-components, which were then averaged
spatially over the three measurement locations. This results in values
of 23.9, 85.5, and 336 cm2/s3 for propeller speeds of 125, 225, and
325 rpm, respectively. Note that if the dissipation estimates computed
from the w-component are included when calculating tank-averaged
values this reduces the magnitude by only ~30%, and such a reduction
would not alter any of the conclusions drawn from this study.

Determining how comparable the rates of dissipation in the tank are
to those observed in natural riverswould be quite useful. However, an ex-
tensive literature search did not find any dissipation rates measured in
rivers for comparison. As an alternative, estimates of the dissipation
rates in a number of natural rivers in the Alberta were calculated using
the average channel slopes, velocities, depths, and widths reported by
Kellerhals et al. (1972) using the following equations:

u� ¼
ffiffiffiffiffiffiffiffiffiffi
gRhS

p
½2�

ε ¼ u3
�

κRh
ln

u�Rh

ν

� �
−1

� �
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where u* is the shear velocity (m/s); Rh is the hydraulic radius (m), calcu-
lated based on the average channel depth andwidth; g is the acceleration
due to gravity, taken to equal 9.81m/s2; κ is vonKarman's constant, taken
to be 0.4; and ν is the kinematic viscosity of water, taken to equal
1.8 × 10−6 m2/s for water at 0 °C (Clark and Doering, 2008). Kellerhals
et al. (1972) reported 359 depth, width, slope, and velocity values for
54 different rivers, and using Eqs. (2) and (3) dissipation rates were pre-
dicted to range from4.2 to 14,968 cm2/s3,with an average of 1164 cm2/s3.
A total of 210 of these 359 estimates (58%) fell within the same range as
the u and v-component depth-averaged dissipation rates obtained in this
study (Table 1), indicating that the strength of the turbulentmixing in the
tank was comparable to that in natural streams.

5.2. Frazil images

A typical cross-polarised digital image of frazil ice particles is shown in
Fig. 4. The digital images were processed using a Matlab algorithm that
waswritten to identify and compute the size of each individual frazil par-
ticle. The algorithm first loaded a ‘raw’ image and then subtracted a back-
ground image (i.e. an image captured prior to the formation of any ice in
the tank) from it, to remove any of the imperfections visible in all of the



Table 1
Depth-averaged values of the turbulent kinetic energy dissipation rate per unit mass, ε (cm2/s3) for each velocity component, propeller speed, and vertical profile location.

Velocity component 125 rpm 225 rpm 325 rpm

Centre Glass Propeller Centre Glass Propeller Centre Glass Propeller

u 11.4 10.1 66.6 41.9 30.7 174.2 167.3 159.2 684.1
v 8.1 6.7 40.3 30.9 26.8 208.6 138.2 117.8 747.4
w 0.7 0.6 3.1 2.6 2.3 18.0 10.7 8.6 122.6
u–v average 9.7 8.4 53.5 36.4 28.8 191.4 152.7 138.5 715.7
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images (e.g. spots on the lens, scratches on the glass, etc.). Second, the
resulting imagewas converted into high-threshold and low-threshold bi-
nary images. The two binary images were then compared to each other
using an iterative dilation and erosion procedure, until the extent of
each individual particle had been determined. Next, the area and perime-
ter of each particle in the final binary image were compared to the area
and perimeter of a fitted ellipse, since most frazil particles are expected
to be disc-shaped. If the area and perimeter of the particle were similar
enough to those of the fitted ellipse, then the particle was identified as a
frazil ice particle and included in the data set used to calculate the proper-
ties of the size distribution. Approximately 75% of the particles identified
were confirmed to be disc-shaped using this test, and by manually
checking nearly 1000 particles it was determined that the particles
were correctly identified as being disc-shaped or not, more than 93% of
the time. This test not only ensured that irregularly shaped individual par-
ticles were excluded; it also rejected any frazil flocs that appeared in the
images. Finally, the diameter of each confirmed frazil particle was calcu-
lated and the properties of the resultant size distribution for the entire
image series, including the mean, median, and standard deviation, were
computed. As mentioned in Section 2, a lognormal distribution has been
observed to fit the size distribution of frazil particles in the past. With
this in mind, a lognormal distribution with the same mean and standard
deviation as the measured data was calculated for each experiment and
plotted along with the observed size distribution for comparison. An ex-
ample size distribution for a single experiment is shown in Fig. 5 along
with the computed lognormal distribution.

After computing the particle sizes for each individual experiment it
was desirable to combine the data from each experiment (i.e. ensemble
average) at each propeller speed in order to observe how the particle
characteristics evolved with time. There were 10 experiments proc-
essed for the 125 rpm propeller speed, five for 225 rpm, and 12 for
325 rpm. The repeatability of the experiments at each propeller speed
was assessed by comparing supercooling curves thatwere synchronised
to the time at which the temperature reached 0 °C. A plot showing the
superimposed supercooling curves for the 12 experiments conducted
1 cm

Fig. 4. A sample unprocessed image, captured during one of the 225 rpm experiments,
showing individual particles and a small frazil floc. The spacing between the polarisers
was 2.2 cm.
at 325 rpm is presented in Fig. 6. This plot shows that the rate of cooling
(i.e. the slope of the curves from 0 to about 400 s) and the residual
supercooling temperatures did not vary significantly (e.g. the cooling
rate varied from 0.012 to 0.015 °C/min over the 12 experiments). This
demonstrates that the cold room temperatures were being varied in a
controlled manner and that the supercooling process was repeatable.
However, significant variationswere observed in theminimum temper-
ature, which varied from−0.093 °C to−0.072 °C, and in the duration of
the principal supercooling period, which varied from approximately 12
to 15 min. These variations may have been caused by variations in the
seeding rate; that is, the rate at which ice crystals were introduced
into the supercooledwater from the air in the cold room.Model simula-
tions by Hammar and Shen (1995) have shown that varying the seeding
rate will produce variations in the supercooling curve very similar to
those observed in Fig. 6 (see their Fig.3). The most likely source of
seed particles is the frost that forms in the cold room refrigeration sys-
tem when warm air is cooled. These ice crystals enter the cold room
via two large cold air vents mounted in the ceiling and the rate at
which they seed the supercooled water in the tank would be expected
to vary from one experiment to the next due to a variety of factors. De-
spite the variations in the supercooling curves that were observed, the
experiments were judged to be sufficiently repeatable that the data
could be ensemble-averaged at each of the three propeller speeds.

6. Results and discussion

6.1. Evolution of size distribution

In order to observe how the particle properties changed throughout
the supercooling process, the experiments for each propeller speed
were synchronised using the time at which the minimum temperature
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ideal lognormal distribution.
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was reached. The supercooling curvewas then ensemble-averaged across
all of the experiments and a 5 point median filter was applied to remove
random noise (Pratt, 2007). In Fig. 7, the time series of the 35 s moving
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Fig. 7.Time series of the 35 smoving averageparticle properties for the twelve 325 rpmexperim
the average number of particles observed in the 35 s window and summed over the 12 experim
line indicates the time at which the maximum number of particles were observed.
mean, standard deviation, and number of observed particles are plotted
for the 325 rpm experiments. By recording these three parameters, it is
possible to plot a theoretical distribution at any point in time that approx-
imates the size distribution of the observed frazil particles. Note that the
mean and standarddeviationplots begin later than the plot of thenumber
of particles because these two parameters were only calculated when a
minimum of ten particles were available for averaging.

First, examining the number of observed particles (Fig. 7a), it is clear
that the number of particles increased quite rapidly at a fairly constant
rate until just after the maximum supercooling had been reached,
achieving an ensemble-averaged peaknumber concentration of 1.8 par-
ticles/cm3 in the sampling volume of 24.6 cm3. This is logical, as the
rapid increase in the number of frazil particles suspended in the water
results in a large release of latent heat due to crystallisation, causing
the water temperature to increase. The higher concentration of frazil
particles also leads to an increased likelihood of particle collisions
which has two potential effects: 1) increasing the number of small par-
ticles produced due to particle fracture and secondary nucleation, and
2) increasing the size and/or number of frazil flocs. As more and more
particles flocculate and rise to the surface, the number of individual par-
ticles in suspension begins to decrease, and this can be seen as the num-
ber of particles decreases steadily when the water reaches the residual
supercooling temperature. This is the same trend that was observed
by both Ye et al. (2004) and Clark and Doering (2009, 2008, 2006).

In Fig. 7b it is seen that themoving average particle diameter follows
a similar trend as the number of suspended particles. Although the peak
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is not quite as pronounced, the mean particle size is relatively small
when there are few particles in suspension (~0.35mm at 480 s), slowly
increases to a maximum as more and more particles are produced
(~0.7 mm at 700 s), begins to decrease as themaximum number of par-
ticles is approached, and levels off to a relatively constant size once the
number of particles begins to decrease (~0.6mmat 930 s). The decrease
in mean particle size is caused by some combination of an increase in
the number of smaller particles and a decrease in the number of larger
particles. However, considering that at the time that the mean ap-
proaches an equilibrium value, the number of particles suspended in
thewater is decreasing, it seems likely that the number of large particles
is decreasing faster than the number of small particles is increasing. This
would imply that the larger frazil particles are more prone to floccula-
tion, or fracture, than smaller ones due to an increased probability of
larger particles colliding. A similar trend is observed in the standard de-
viation time series in Fig. 7c, which begins at ~0.1 mm at 480 s and
peaks at ~0.4 mm at 620 s, although the decrease occurs approximately
80 s earlier than that of the mean, and it continued to climb slowly for
the remainder of the experiment.

Clark and Doering (2008) plotted the mean and standard deviation
of their data in a similar manner, and the trend of an increase to a
peak followed by a slow decrease to an equilibrium value is visible in
some of their plots. However, their data were collected in bursts sepa-
rated by 45 s and therefore it is possible that some of the temporal
changes in the mean and standard deviation were not captured. This
possibility was acknowledged by Clark and Doering (2008) when they
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Fig. 8. Time series of the 35 s moving average particle properties for the five 225 rpm experime
the average number of particles observed in the 35 swindow and summed over the 5 experimen
indicates the time at which the maximum number of particles were observed.
noted that it was difficult to accurately resolve the variation of the
mean and standard deviation owing to the small number of measure-
ments recorded in the early stages of each experiment.

For comparison, the same time series plots are shown for the five
225 rpm experiments in Fig. 8. The trend for all three subplots is similar
for the 325 and 225 rpm experiments with the main difference being
that the number of particles does not increase nearly as rapidly in the
225 rpm case and does not reach as high of a value (e.g. ~44 particles
per experiment in Fig. 7a but only ~24 particles per experiment in
Fig. 8a). This resulted in a peak concentration of 1.0 particle/cm3 on av-
erage in the 225 rpm case. Based on visual observations made during
the experiments and confirmed by the images taken at each propeller
speed, it is likely that themain reason for this is the amount of floccula-
tion that occurred. While less time passed before flocculation was ob-
served in the 325 rpm case, large flocs routinely became frozen to the
polarisers during the 225 rpm experiments and had to be knocked
loose. This was not a problem that was regularly encountered during ei-
ther the 125 or 325 rpm experiments. Based on this information it ap-
pears that the turbulence characteristics of the 225 rpm case offered
ideal conditions for allowing particles to flocculate and remain in sus-
pension. The 325 rpm case produced the most particles and resulted
in a large amount of flocculation, but the currents in the tank were
strong enough to draw those flocs not buoyant enough to reach the sur-
face down to the bottom, where they were shredded by the propellers,
resulting in a large number of individual particles remaining in suspen-
sion. In the 125 rpm case, fewer particles were observed at any given
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time during an experiment, with amaximum concentration of 0.29 par-
ticle/cm3 on average, which led to a decreased chance of flocculation oc-
curring. Those flocs that did form were able to overcome the weaker
currents in the tank and float up to the surface, resulting in few flocs
appearing in the images or freezing onto the polarisers, but removing
individual particles from suspension. It is of note that the peak concen-
trations observed in this study, which ranged from 0.29 to 1.8 particles/
cm3, are comparable to the concentrations of 0.17 to 0.982 particle/cm3

reported by Daly and Colbeck (1986).
The growth rate and maximum achievable size of frazil ice particles

have also been shown to be influenced by the concentration of particles
in the flow and the level of supercooling (Forest, 1986; Forest and
Sharma, 1992). As more and more frazil ice particles are produced, the
concentration of dissolved solids in the supercooled water increases
due to the rejection of these impurities from the frazil crystals, thereby
reducing the freezing point of the water (Forest, 1986). Furthermore,
the degree of supercooling of the water is reduced due to the latent
heat released by ice formation, as already discussed. Forest (1986) and
Forest and Sharma (1992) demonstrated that these two factors com-
bine to slow down and eventually halt the growth of individual frazil
particles even though thewater surrounding them remains supercooled
to a certain degree. This could be the reason the average particle diam-
eter approaches a near-constant value once the residual supercooling
temperature has been reached in Figs. 7b and 8b.

To better understand how the shape of the size distribution evolves
and observe whether or not a lognormal distribution is an appropriate
approximation at all stages of a supercooling event, the time series
were broken up into three time intervals based on the peak number of
particles observed in the ensemble-averaged data, following Clark and
Doering (2006). Three intervals were defined based on the time at
which number particles first reached 10% of the maximum, 90% of the
maximum on either side of the peak, and when 30% of the maximum
was observed on the subsequent decline, referred to as t10, t90a, t90b,
and t30, respectively. The ‘production’ interval included all particles ob-
served between t10 and t90a, the ‘peak’ interval included all particles ob-
served between t90a and t90b, and the ‘flocculation’ interval included all
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Fig. 9. Ensemble size distributions at the 325 rpm propeller speed for a) the production range (
(i.e. between t90b and t30) and d) the entire data series. N is the number of particles in each bin
responding lognormal distributions.
particles observed between t90b and t30. The size distributions in these
three intervals and the distribution over the entire duration are plotted
in Figs. 9 and 10 for the 325 and 125 rpm experiments, respectively. The
distributions for the 225 rpmcase, thoughnot shown,were very similar.
The mean diameter, standard deviation, and total number of frazil par-
ticles observed in each interval are listed in Table 2 for the three propel-
ler speeds. In all plotted intervals the distribution shapes were very
similar although the mean and standard deviation vary slightly, which
can be seen clearly in Table 2. Also apparent in Fig. 9 is that the distribu-
tions seem to deviate from the ideal lognormal distribution and plateau
at a diameter of approximately 2mm. Thiswas observed in all of the dis-
tributions at each propeller speed, and was most pronounced for the
125 rpm experiments where a secondary peak was visible between 2
and 3 mm. The reason for this is unknown; however, the lognormal
curve does still represent the shape of the distributions reasonably
well, and appears to be a suitable approximation for the size distribution
of frazil ice particles at any point in the supercooling process.

6.2. Effect of turbulence

Across the 27 total experiments that were analysed, particles rang-
ing in size from about 22 μm to 5.5 mm in diameter were observed.
Only the ‘pre-flocculation’ images were used in calculating the size dis-
tributions for the suspended frazil particles to be compared to the tur-
bulent kinetic energy dissipation rate. The images to be used in
analyzing the effect of turbulencewere determined for each experiment
by noting the image inwhich smallflocs (i.e. accumulations of 4 ormore
particles) appeared regularly. For the 325 rpm experiments this meant
that ~350 images from each experiment were included in calculating
the size distribution; for the 225 rpm experiments ~450 images were
used; and for the 125 rpm experiments all 800 of the processed images
were included. Themeans and standard deviations of the particle diam-
eters obtained for each propeller speed after ensemble averaging, and
the total number of detected frazil discs, are listed in Table 3.

It is clear from Table 3 that the mean particle size prior to floccula-
tion decreased with increasing propeller speed, and therefore with
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i.e. from t10 to t90a), b) the peak range (i.e. between t90a and t90b), c) the flocculation range
, NT is the total number of particles, and D is the diameter. The dot-dash lines are the cor-
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Fig. 10. Ensemble size distributions at the 125 rpm propeller speed for a) the production range (i.e. from t10 to t90a), b) the peak range (i.e. between t90a and t90b), c) the flocculation range
(i.e. between t90b and t30) and d) the entire data series. N is the number of particles in each bin, NT is the total number of particles, and D is the diameter. The dot-dash lines are the cor-
responding lognormal distributions.
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increasing turbulence intensity. In Fig. 11 the mean particle diameter
prior to flocculation is plotted versus themean depth-averaged dissipa-
tion rate (i.e. average of all three vertical profiles) as well as the maxi-
mum and minimum depth-averaged values for each propeller speed.
At all three propeller speeds the minimum depth-averaged dissipation
rate was observed near the glass and the maximum was observed di-
rectly over the propeller.

A power series regression was fitted to each relationship plotted
in Fig. 11 and described the decrease in mean particle size very
well, with an R2 value greater than 0.94 in all three cases. This
trend is contrary to the results obtained by Clark and Doering
(2008) and Ye et al. (2004). Specifically, Ye et al. (2004) found an in-
crease in particle diameter with increasing Reynolds number, and
Clark and Doering (2008) observed a parabolic relationship between
the mean diameter and the dissipation rate, with the diameter in-
creasing up to ~900 cm2/s3 and decreasing thereafter. All of the
depth-averaged dissipation rates for this study fall below the value
of ~900 cm2/s3 that Clark and Doering (2008) found to be the turning
point between particle size increase and decrease. However, con-
trary to those results, the results of this study indicate a decrease of
mean particle size with an increasing turbulent kinetic energy dissi-
pation rate in this range. This discrepancy could be the result of sev-
eral factors. One possibility is the limitation to the size of observable
particles imposed by the imaging system. In the case of Ye et al.
(2004) the image resolution was 0.25 to 0.30 mm/pixel, meaning
Table 2
Size distribution properties for the particle diameter at all three propeller speeds in the three i

Segment 125 rpm 225 rpm

Mean
(mm)

Standard deviation
(mm)

Number of
particles

Mean
(mm)

Stand
(mm

Production 1.03 0.81 9638 0.80 0.64
Peak 0.92 0.69 8304 0.64 0.47
Flocculation 0.85 0.63 6146 0.58 0.40
Total 0.94 0.73 25,572 0.66 0.51
no particles smaller than ~1.25 mm in diameter could be measured.
For Clark and Doering (2006) the resolution was 0.055 mm/pixel,
allowing for particles as small as 0.165 mm to be observed. Similarly,
Clark and Doering (2008) reported a resolution of ~0.056 mm/pixel
and a minimum particle size of ~0.2 mm. As mentioned previously,
the resolution in the present study was ~0.0056 mm/pixel and the
smallest observed particle was 0.022 mm in diameter. The absence
of these small particles, which have previously been observed by
Daly and Colbeck (1986), would drive up the overall average of the
calculated size distributions in all cases but this would probably
not be enough to reverse the trend.

A more likely possibility is that the size distribution is affected by the
method inwhich turbulence is generated. It is possible that the propellers
used to generate turbulence in this study caused larger particles to frac-
ture more easily, either due to the increased turbulence near the propel-
lers or through direct contact with the propellers themselves. This
fracturing would cause many more small particles to form through sec-
ondary nucleation, reducing the overall average particle size. In compari-
son, the shear flow produced in the counter-rotating flume used by Clark
and Doering (2008) and Ye et al. (2004) is muchmore similar to the pro-
cess that produces turbulence in a natural river flow and could be amore
accurate representation of the variations in frazil size that changing turbu-
lence intensity produces. However, the only way to be certain is to per-
form similar measurements of both particle size and turbulence
intensity in natural streams.
ntervals.

325 rpm

ard deviation
)

Number of
particles

Mean
(mm)

Standard deviation
(mm)

Number of
particles

6878 0.67 0.52 21,346
10,795 0.56 0.38 27,551

7480 0.57 0.43 79,457
29,283 0.59 0.45 146,073



Table 3
Properties of the combined experimental data sets for each propeller speed, prior to par-
ticle flocculation.

Propeller
speed
(rpm)

Tank
averagedε
(cm2/s3)

Number of
experiments

Number of
particles

Standard
deviation
(mm)

Mean
(mm)

125 23.9 10 25,572 0.73 0.94
225 85.5 5 4143 0.71 0.75
325 335.6 12 19,374 0.54 0.66
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7. Summary and conclusions

A series of experiments were conducted in which frazil ice particles
were generated at different turbulence intensities and photographed
under cross-polarised light in a laboratory frazil ice tank. The evolution
of the frazil particle size distribution characteristics and numbers of
suspended particles were studied throughout the supercooling process.
It was found that the number of frazil particles initially increased quite
rapidly and then decreased at a slower rate for the remainder of the ex-
periment, as fewer particles were produced and existing particles were
lost to flocculation or rose to the water surface. The mean particle size
showed a similar trend although a near-equilibrium mean particle di-
ameter was ultimately reached, at approximately the same time as the
number of suspended particles peaked. This leads to the conclusion
that larger particles may be more prone to form frazil flocs or fracture
into smaller particles, thereby reducing the overall mean of the individ-
ual suspended particles. In addition, the growth of the remaining parti-
cles is halted due to a combination of an increased concentration of
dissolved solids in the water, which depresses the freezing point, and
an increase in water temperature. A lognormal distribution was found
to offer a reasonable fit to the particle size distribution at all stages of
the experiment. However, a secondary peakwas observed at particle di-
ameters of approximately 2 to 3mm,whichwas very pronounced at the
lower propeller speeds and the cause of this is unknown.

At each of the propeller speeds used to generate turbulence in the
tank, ADV measurements were used to estimate a representative esti-
mate of the overall turbulent kinetic energy dissipation rate. The mean
particle sizes were 0.94, 0.75, and 0.66 mm and the corresponding
values of the turbulent kinetic energy dissipation rate were 23.9, 85.5,
and 336 cm2/s3, at propeller speeds of 125, 225, and 325 rpm, respec-
tively. This trend of decreasing particle size with increasing dissipation
rate is contrary to the results obtained in two previous studies. There-
fore, a priority for future research should be to directly measure the
frazil particle size and turbulence intensity in natural streams to
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Fig. 11.Mean pre-flocculation particle diameter, μpf, plotted as a function of the depth-av-
eraged turbulent kinetic energy dissipation rate, ε.
determine how varying turbulence levels impact the particle size
distribution.
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