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CHAPTER & Summary and Future Works

In this thesis, based on a series of experiments conducted in the counter-rotating flume, a new
approach for the supercooling process and frazil evolution is proposed. It relates hydraulic conditions
with frazil size and the entrained frazil generating capacity of a flow. This yields a simple but clear
physical link between the supercooling process and frazil growth. The numerical model based on this
new approach, which has developed herein, provides predictions in good agreement with

observations.

8.1 Summary

8.1.1 Findings of Experiments

Frazil particles

The observed shape of a frazil ice crystal results from a complex interaction between the imposed
heat transfer conditions and the intrinsic crystallography of ice. Disk shaped frazil was typically
observed. The diameter to thickness ratio was difficult to measure since the frazil particles rarely
travel exactly perpendicular to the flow with respect to either of their axes. As the amount of frazil
increases, the particles flocculate and sinter together. It was common at the end of an experiment to

have a few very large flocs with a low concentration of individual frazil particles.
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Supercooling process and frazil evolution

The DIPS program counted the number of particles, the size of the particles, as well as their vertical
distribution in the flume. At the beginning of supercooling both the number and size of frazil
particles was quite small. The water became supercooled after frazil ice particles were detected.
Secondary nucleation of these particles then leads to a rapid proliferation of frazil ice that was
associated with a commensurate increase in the water témperature as a result of the release of the
latent heat of fusion. When equilibrium was attained (i.e., a residual temperature at the end of the
principal supercooling process), the number of frazil ice particles decreased rapidly as a result of
flocculation processes. Observations are consistent with the assumption that a frazil size distribution
with a fixed Ds; was maintained and governed by the flow turbulence during the principal

supercooling process.

Factors affecting supercooling process and frazil evolution

" For a given flume bed roughness and other environmental variables, the air temperature was the
primary factor governing the supercooling process and frazil evolution. As expected, a colder air
temperature caused a shorter supercooling process and a larger maximum supercooling value, and led
to more frazil ice production. The experiments with similar velocities but different cooling rates
yielded a similar amount of frazil ice formed. This confirmed the concept of a predetermined frazil
generating capacity of a flow. The concept proposed states that for given air temperature and flow
turbulence, there is a maximum value of entrained frazil ice formed in a flow. When the air
temperature was kept constant, the length of supercooling was longer for lower velocities. As a
result, this yielded more frazil ice formation. However, the size of frazil got larger when the flow

turbulence got stronger.

8.1.2 Theoretical development

Based on these experimental findings and previous research (Carstens, 1966; Daly and Colbeck,
1986), a new approach for the supercooling process and frazil evolution was proposed. The approach
proposes that the principal supercooling process is a process whereby frazil formation reaches the
entrained frazil generating capacity of the flow, and the residual supercooling represents a two-layer

frazil ice stage with entrained and floating surface frazil ice. Two models were developed to describe
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the frazil size distribution and the vertical distribution of frazil ice in'flows, respectively, based on
characteristics of the flow turbulence. Furthermore, in analogy to suspended sediment transport, an
equation estimating the entrained frazil generating capacity of a flow was proposed, which is

governed by air temperature and flow turbulence.

A numerical model for the supercooling process and frazil ice evolution in open channels was
developed based on the proposed approach to these issues. This model avoids the need to simulate
seeding, secondary nucleation, flocculation/break-up, and gravitational removal, which are not well
understood. Only the overall hqat balance was considered during the entire process. Therefore, fewer
assumptions and calibrated parameters are needed. The model successfully simulated the
characteristics of frazil ice evolution and the supercooling process. Sensitivity analysis showed that
the cooling rate, the assumed initial ice concentration, and the bed friction factor are much more
sensitive than other hydraulic parameters. The cooling rate and hydraulic parameters were
automatically obtained from the experimental variables. The initial ice concentration was calibrated
using an optimization scheme in order to best match the water temperature curves. The initial ice

concentration was found to be reasonably well predicted by the Reynolds number.

8.2 Conclusions

The following conclusions can be drawn from the above summary of this research.

i) Disk shaped frazil ice is generally observed during the supercooling experiments
conducted in the counter-rotating flume. Larger flocs are the result of flocculation and
sintering together of several or many frazil disks.

i) Frazil formation initiates at or near the onset of supercooling. The bulk of frazil ice
formations occur during the warming stage of the principal supercooling process. The
residual supercooling represents two-layer stage of frazil ice: entrained frazil and surface
frazil.

iii) Air temperature is the primary factor affecting the supercooling process. Colder air
increases the cooling rate, the maximum supercooling, and yields a shorter period of
supercooling. Warmer air decreases the cooling rate, the maximum supercooling, and

yields a longer period of supercooling. Colder air generates more frazil ice.
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iv) The principal period of supercooling is a period of entrained frazil ice formation. There
exists an entrained frazil generating capacity of a flow for a given thermo-hydraulic
conditions.

V) The flow turbulence influences the period of principal supercooling and the entrained
frazil generating capacity; higher turbulence produces more and larger frazil particles but
with a lesser amount of frazil particles per unit volume.

vi) In the principal supercooling stage, the relative frazil size distribution is constant and
governed primarily by flow turbulence.

© vii) A model describing the frazil size distribution was developed based on the characteristics
of the flow.

viii) A model for the vertical distribution of frazil was developed, and verified by
experimental observations.

ix) Equations were developed to estimate the entrained frazil generating capacity of a flow.

X) A numerical model was developed that successfully stimulated the time-history of the
supercooling process, as well as the distribution and evolution of frazil ice. The only

“free” parameter in the model is the initial ice concentration.

8.3 Future works

While high-resolution images of various frazil ice formations have been acquired, there are still
particles that cannot be detected by the current system. Daly and Colbeck (1986) were able to view
particles as small as 30 um. The ability to view particles as they just begin to form would help to
accurately determine the temperature at whiéh nucleation occurs. This small field of view would
nevertheless limit the ability to have an overall view of what is happening in the flume. One possible
solution would be to have two or more cameras acquiring images simultaneously. This would allow
one camera to be acquiring a very small field of view while the second should acquire images
covering the entire height of the flume. The ability to use two identical cameras with two identical
frame grabber boards acquiring simultaneous images has sparked the question as to whether
stereoscopic images of the frazil particles can be obtained. This would help to resolve the third
dimension (width into the flume) and perhaps help solve the problem of overlapping particles
appearing as a single particle in two-dimensional images. It would also help to characterize the

diameter to thickness ratio of a frazil disk as well as any change during frazil evolution.
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An ADV (Acoustic Doppler Velocimeter) and hot film have been installed in the counter-rotating
flume. In later research, this system will be able to measure 3-D velocity fluctuations, from which the
flow turbulent characteristics can be obtained. These measurements are expected to confirm two
assumptions invoked in the new approach proposed: that the vertical velocity fluctuation plays a
central role in the frazil size and its distribution; and the turbulence intensity follows a normal
distribution, which is expressed by a function of the bottom shear velocity. This system would focus
on measurements of the flow velocity profile, the vertical turbulent velocity distribution, and bottom
shear velocity. It can also provide information on the variation of the bottom roughness during
experiments. Hence, it would also indirectly monitor the roughness variation due to anchor ice growth

and the vertical mixing process of the frazil and flow.

Advanced DIPS and turbulence measurement techniques would allow the possibility to explore the
complicated interaction between flow turbulence and frazil ice formation. The frazil geometry and
distribution could vary over the supercooling process. More measurement and observation of frazil
ice could provide some modifications of the new approach in order for a better understanding of this

complicated process.

The current research is strongly related to the management of hydraulic structures in cold climates. A
closely related problem is the anchor ice growth, which can be divided into: 1) frazil ice formation; 2)
frazil ice distribution (specifically the concentration near the riverbed); and 3) frazil adhesion to the
bottom and anchor ice growth. The approach proposed in this thesis could be extended to explore the

mechanisms of anchor ice growth with the assistance of additional experimental research.
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APPENDIX A

Water Temperature Measurements

The data presented in this appendix shows the water temperature history for each of the experiments
carried out in the counter-rotating flume. A total of 42 experiments were divided into three groups
with three water depths: 10, 15, and 20 cm. In these experiments, the temperatures of the outer,
bottom and bed chambers, as well as bed and wall speeds were recorded, respectively. Mean values of

these variables during the last 60 minutes of these experiments are listed in the figures.
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 56. T,=-10 °C, H=0.15m, U=0.434 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp.57. T,=-10 °C, H=0.15m, U=0.435m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp.58. T,=-10 °C, H=0.15m, U=0.517 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp.59. T,=-10 °C, H=0.15m, U=0.604 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process

60

A Physical and Mathematical Study of the Supercooling Process and Frazil Evolution

160



Water Temperature Measurements
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Figure Al. Group 1. Exp. 61. T,=-10 °C, H=0.15m, U=0.421 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp.62. T,=-10 °C, H=0.15m, U=0.584 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 63. T,=-10 °C, H=0.15m, U=0.612 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 64. T,=-10 °C, H=0.15m, U=0.382 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 65. T,=-10 °C, H=0.15m, U=0.391 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 66. T,=-10 °C, H=0.15m, U=0.630 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process

A Physical and Mathematical Study of the Supercooling Process and Frazil Evolution



Water Temperature Measurements
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Figure Al. Group 1. Exp. 67. T,=-10 °C, H=0.15m, U=0.393 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 68. T,=-10 °C, H=0.15m, U=0.404 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 69. T,=-10 °C, H=0.15m, U=0.642 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 70. T,=-10 °C, H=0.15m, U=0.521 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A1, Group 1. Exp71: T,=-10 °C, H=0.15m, U=0.430 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al, Group 1. Exp72: T,=-10 °C, H=0.15m, U=0.423 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A1, Group 1. Exp90: T,=-15 °C, H=0.15m, U=0.431 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al, Group 1. Exp91: T,=-15°C,H=0.15m, U=0.515m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al, Group 1. Exp92: T,=-15°C,H=0.15m, U=0.500m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A1, Group 1. Exp93: T,=-15°C,H=0.15m, U=0.632 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 94. T,= -6.5°C, H=0.15m, U=0.427 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 95. T,=-6.5°C,H=0.15m, U=0.428 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure Al. Group 1. Exp. 102. T,=-10 °C,H=0.15m, U=0.428 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A2, Group 2. Exp. 73. T,=-10 °C, H=0.10m, U=0.491 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A2. Group 2. Exp. 74. T,=-10 °C, H=0.10m, U=0.351 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A2. Group 2. Exp.75. T,=-10 °C, H=0.10m, U=0.496 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A2. Group 2. Exp.77. T,=-10 °C, H=0.10m, U=0.476 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A2. Group 2. Exp.97. T,=-15 °C, H=0.10m, U=0.495 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Tempera

ture Measurements
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Figure A2. Group 2. Exp.99. T,=-11°C, H=0.10m, U=0.482 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A2. Group 2. Exp. 101. T,=-7 °C, H=0.10m, U=0.492 m/s

(2) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A3. Group 3. Exp. 78. T,=-10 °C, H=0.20m, U=0.484 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A3. Group 3. Exp. 79. T,=-10 °C,H=0.20m, U=0.486 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements

Figure A3. Group 3. Exp. 84. T,=-10 °C, H=0.20m, U=10.486 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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Water Temperature Measurements
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Figure A3. Group 3. Exp. 86. T,=-10 °C,H=0.20m, U=0.483 m/s

(a) Despiked water temperature vs. time, (b) Characteristics of supercooling process
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APPENDIX B

Frazil Image Observations

The data presented in this appendix shows the results of the digital image processing (DIPS) of the
experiments carried out in the counter-rotating flume. Due to uncertainties and technical problems
with the DIPS, only some of the experiments in Groups 1 and 3 were processed and presented here.

Group 1 has 15 tests and Group 3 has 8 tests.
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Frazil Image Observations
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(a) 3D frazil distribution, (b) Frazil evolution during supercooling process
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Frazil image Observations
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(a) 3D frazil distribution, (b) Frazil evolution during supercooling process

200
A Physical and Mathematical Study of the Supercooling Process and Frazil Evolution



&

Frazil Image Observations
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Frazil Image Observations
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(a) 3D frazil distribution, (b) Frazil evolution during supercooling process
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Frazil image Observations
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(a) 3D frazil distribution, (b) Frazil evolution during supercooling process
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Frazil Inage Observations
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(a) 3D frazil distribution, (b) Frazil evolution during supercooling process
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Figure B1. Group 1. Exp. 71. T,=-10 °C, H=0.15m, U=0.430 m/s

(a) 3D frazil distribution, (b) Frazil evolution during supercooling process
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Frazil Image Observations
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Frazil Image Observations
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Frazil Image Observations
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Frazil Image Observations
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APPENDIX C

Integrals J; and J,

As defined in Chapter 6
1 -z 1
1 z
J, = 1=¢ dé= £ dé (6.15)
g 1-
0 0
and
— ) ]
1
J, =J(—§j In&dé ZJ&L) In£dé. (6.16)
0 0
J, is a beta function if z <1,
I
Ji=B(l-zl+2)=B(l+zl-2)=T(1+2)I'(1-2)=— , (CD
sin zz
in which B is a beta function, and I is a gamma function.
To solve forJ, the following transformation is introduced
. Ll(g
Inx = hm—(x - 1) (C2)
50 P
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Integrals J; and J,

Substituting (C2) into (6.16) and exchanging the integral and limit results in

I%EP/B I(l éj ez,

et e 1)
1m ﬂ ¢ - £,

B—0

J, = lggr;—[B(l ~zl+z+ )~ B(-z]l+7z)],

] , and
x=0

J, -Tim [r(l H0(1+z+p) TA-2)[(1+ 2)} and
B0 ﬁ '+ p) I'(2)
J =T(-2)]im [F(1+Z+ﬂ) F(HZ)il
B0 ﬂ r2+p) I'(2)
By the derivative definition
J, =T(1-2)% [M}
['(2+x)
J,=T(1-z)- |ir'(l +z+x)['(2 -;2;53; z+x)['(2+x)
J, =T(1- 7 2@ -1+ 21Q@)

T?(2)

Since I'(2) =1, then

(C3a)

(C3b)

(C3¢)

(C3d)

(C3e)

(C36)

(C3g)

(C3h)
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Integrals J; and J;

: I'd+z) i
J,=T1l-2)T'(l+z)) ———=-T"(2)|. C3i
» =T(1-2)I( )I:F(l+z) ()} (C3i)
since I''(2) =1—y, where y is Euler constant (0.577215669) then
o I'(x) )
=L =2 == C3
However, the derivative of the Gamma function could be approximated as (Spiegel, 1968)
I"(x) 1 1) (1 1 ) (1 1 )
—lx=l+z=_}/+ |t |+ + - +
I'(x) 1 x 2 x+1 n x+n-1
. (C3K)
=y +@=DY [(1+Dx+m)]
n=0
0.5 .
z=1.0
045} .
0.4 z=0.8 .
0.35 .
03 z=0.6 ]
c °
R
2025 .
=
N, ( 2=0.4 |
0.5} i
0.1 ( z=0.2 i
0.05} -
% 100 200 300 W0 500 600 700 800 600 1000
n A
Figure C1: Numerical experiments of function of f(z).
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Integrals J; and J;

Replacing (C3j) with (C3k), then

J, = i [zi [(n+D)(z+n+ )" - 1} . (C4)

sinzz|

Numerical experiments show that the first term in the square bracket tends to a constant when n is

chosen to be larger then 500 (Figure C1). An approximation is obtained by using # = 500 .

Defining
500 -1
f@)=2) [(n+1)(z+n+1)] (C5)
n=0
then
T, =——[f(@)-1]. (C6)
sinzzw
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