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ABSTRACT

The existence of anchor ice in supercooled water can have a profound impact on the

management of water resource infrastructures in cold regions. For example, it can raise a

tailrace water level and cause significant losses in generation revenue. So far, there have

been limited studies on anchor ice, therefore, many problems still exist and much more

study is needed. In the present research, experimental and mathematical studies of

anchor ice were carried out.

Experiments were conducted in a counter-rotating flume, located in a cold room at the

University of Manitoba. The experiments were mainly focused on anchor ice evolution

around rocks and on gravel beds under different hydro-meteorological conditions. The

results are compared to a mathematical model developed herein and some important

parameters such as anchor ice porosity and frazil ice deposition coefficient are examined.

The growth process of anchor ice was monitored by two CCD cameras. A digital

processing program was developed to analyze anchor ice images and determine the

growth rate of anchor ice. In addition, anchor ice density, an important factor when

studying anchor ice, was estimated and the effect of air temperature, Froude number and

Reynolds number is explored. By analyzing torque load signals from the counter-rotating

flume, the variation of bed roughness with the growth of anchor ice is elucidated. The

deposition coefficient of anchor ice growth was also determined from the experiments.
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A mathematical model was developed based on a two-stage method to simulate the

process of fraztl ice transportation and deposition. Both frazil ice attachment and heat

transfer between the supercooled water and ice crystals are considered in the model. Four

goveming equations related to the distribution of velocity and frazil ice transportation and

deposition inside and outside the roughness layers were built. A fourth-order Runge-

Kutta numerical method was used and programmed in Matlab to solve the governing

equations. The growth rate of anchor ice under different hydro-meteorological conditions

can be simulated by this numerical model.

The proposed experimental and mathematical studies of anchor ice are presented

intuitively in this paper and the results from this study contribute to a better

understanding of the anchor ice growth mechanism. This study will help to develop

better management strategies to mitigate ice related complications associated with

hydroelectric generating stations and other hydraulic structures in cold regions.
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Nomenclature

Symbol Units Physical Definition

A constant

At *2 area of the flume bed 
_

A" *t cross sectional area of the flow

A" *2 mean ice particle area in the growing direction

Ap *2 projected area of the frazil disc

A, *2 characteristic particle cross-section area

At 'C air temperature

b constant

C volume concentration of frazil ice

Ca volume concenhation at the river bottom

C¿ drag coefficient

Cn "C/s supercoolingrate

C t, constant

d m the displacement height

ú m mean face diameter of frazil particle

d. m characteristic length of ice particle

dp m diameter of particles

d" m diameter of gravel

Dt constant

Ds Brownian diffrrsivity

DH m hydraulic diameter

D, m bed gravel diameter in the streamwise direction

ea porosity of anchor ice

f Darcy friction factor

f o N/m3 total drag force per unit volume of the fluid

f^ ¡/ friction force
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F ¡/ drag force

F6 ¡/ buoyant force

F, Froude Number

g m/sz gravity acceleration

g' m/sz reduced gravity acceleration

G," */: experimental average growth rate of anchor ice

G,t m/s theoretical growth rate of anchor ice

J the flux of particles iny direction

ho m thickness of anchor ice

ho,¡ W m-2 / "C heat transfer between water and anchor ice

h,nt, m melting height of anchor ice

h average convectionheat-transfer coefficient

H m water depth

k turbulent kinetic energy

E average turbulent kinetic energy

k, m equivalent roughness height

k* Wm"C thermal conductivity of water, 0.5659

I m characteristic length of ice particle

L Jlkg latent heat of ice

n Manning's n

N^ ¡/ weights

N,, Nusselt number

P m the wetted perimeter

P, Prandtl number

F N/m2 average pressure

q W m-2 convection heat transfer per unit ice area

ea W m-2 heat flux from anchor ice to channel flow

O *3/s the flux through aunit area

Qo- W heat exchange between air and water

8t W heat release due to ice formation
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Q* W heat exchange due to water temperature variation

r m center radius of the flume bed

rf m radius of frazil ice particles

î m major linear dimension of frazil ice

.¡? m hydraulic radius

R" Reynolds number

Rx gravel Reynolds number

s m the stopping distance

S channel slope

S" source term due to the thermal growth

S"o Schmidt number

Sr friction slope

,S/ deposition rate of frazil particles

^S. total deposition rate along the roughness layer

t s time

T¡ "C ice surface temperature

T,orqu" N.m torque load

T* oC water temperature

u m/s velocity at a distancey from the boundary

Llmax m/s maximum velocity at the outer edge of the boundary layer

u",t m/s low critical velocity of flow

u",z m/s high critical velocity of flow

uh m/s velocity of the edge of the roughness layer

t¿* m/s friction velocity at the bottom

u m/s time-averaged velocity components of z¿

u' m/s fluctuate velocity component of ø

U m/s mean flow velocity

V m/s flume bed velocity

Vo¡ *3 volume of anchor ice

Y¡ *3 volume of frazil ice
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vpo m/s

m/s

3m

3m

m/s

tb

m/s

m/s

m

m

2tm/s
2tm/s

m/s

kg/mß

N/m2

N/m2

N/m2

N/m2

N/m3

The initial velocity of particles

fluctuate velocity component of v

volume of anchor ice

volume of bed material

velocity across the flow direction

weight of anchor ice

fluctuate velocity component of w

buoyant velocity

vertical distance measured from the bed

roughness length

attenuation coefficient, typically I - 2

turbulence intensity

certain time-averaged physical item

eddy viscosity of the fluid

eddy viscosity

kinematic viscosity

dynamic viscosity

dynamic friction co efñcient

fluid density

density of anchor ice

the density of ice

the density of particle

density of bed materials

the density of water

local shear stress

boundary shear stress

relaxation time of particle

turbulence time scale

specific weight of a fluid

v

V¡

Vs

w

w^

w

wb

v

!o

a

uî

F
vr

vo

kg/m3

kg/m3

kg/m3

kg/m3

kg/m3

kg/ms

v

p

þ¿

p

Po

P¡

Pp

P,

p*

L

to

îo

îf

v
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€ m2/s turbulence dissipation rate

€ *t/t depth-averaged turbulence dissipation rate

ry the dissipation length scale

õ m theoretical wall level

6, m critical height of anchor ice release

ù m thickness ofviscous sublayer

õb m thickness of boundary layer

p deposition efficiency

ø the latitude in degrees

ÕR the short wave radiation at the bottom

L sourceitem

K von Karman constant, 0.4
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lntroduction

CHAPTER 1 lntroduction

l.L General Description of Anchor lce

It is well known that in rivers and lakes, water is cooled from above by heat exchange

with colder air. When the water temperafure drops below zero, the water becomes

supercooled and frazll íce begins to form. According to the US Army Corps of Engineers

Cold Regions Research and Engineering Laboratory (CRREL, 7997), frazil ice is defined

as "fine, small, needle-líke structures or thín, flat, circular plates of ice suspended in

weter". It is believed that frøzil ice is the origin of almost all the other forms of river ice.

Frazil ice will grow and agglomerate into flocs that float to the surface to form frazil

slush, floes and eventually a stationary ice cover. It may also stick to underwater objects

to form anchor ice.

In turbulent rivers, supercooled surface water can be transported to a considerable depth

within the flow. Since active frazil particles are highly adhesive and readily stick to each

other as well as the river bottom, given the right hydro-meteorological conditions, anchor

ice can grow and thicken to form extensive blankets of ice on the river bed.
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Anchor ice is a form of ice which attaches to the bed in a river, stream, or ocean

(Kivisild, 1970). It has been observed in all types of rivers, ranging from shallow streams

with steep slopes to deep rivers with mild slopes (Arden and Wigle, 1972; Tesaker, 1994;

and Parkinson, 1984) and in nearly all countries where river ice is formed. Anchor ice is

also known as ground ice and bottom ice, among other names. It is a phenomenon

unique to cold water streams during the winter season. Usually when ice forms, it floats

to the river surface because of its iower density. Anchor ice, however, is formed due to

the supercooling of the water and the sticky particles tend to attach instead of float.

Figure 1.1 shows an anchor ice bridge formed at Sundance Rapids, downstream of

Limestone Generation station, on the Nelson River, Manitoba.

Anchor ice can grow by two mechanisms on the river bottom. One mechanism is by

underwater nucleation. The other mechanism includes attachment of frazil ice to the

river bottom or to the existing anchor ice and also the growth of ice crystals of existing

anchor ice in the supercooled flow.

1.1.1 Anchor Ice Formed by Underwater Nucleation

If supercooled water is transported to the bottom, ice may be nucleated on underwater

objects to produce anchor ice. It was seen from previous field research (Ontario Hydro,

1970) that the ice coated an underwater wire smoothly and it was not in the form of

distinct agglomerated ice crystals. More ice was formed on the upstream side of the wire

where supercooled water was supplied. Also local growth in the form of buds was noted.
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As the temperature of the water at the time of formation of the anchor ice shown was

only a few hundredths of a degree below 0oC, which is well above the threshold

temperature for heterogeneous nucleation of ice, one may use Michel's (1967) theory to

explain the nucleation since the surface of the river should have a thin layer of highly

supercooled water. If the large eddies present in the turbulence brought this highly

supercooled water in contact with underwater objects, heterogeneous nucleation should

occur. Once the primary ice was formed, further ice nucleation could take place over the

primary ice. It is evident that the objects on which anchor ice nucleates need not be on

the bottom, as long as they are submerged (Tsang, 1982).

1.1"2 Anchor Ice Formed by Frazil Adhesion

In addition to underwater nucleation, anchor ice can also be formed by the attachment of

frazil ice to underwater objects. Thus, in a turbulent flow, if parcels of supercooled water

containing fiazll ice are ffansported to the river bottom by turbulence, the frazil ice will

possibly stick to objects on the bottom and form anchor ice. Field investigations by

Ontario Hydro (T967, 1968, 1969, 1970) showed that this mechanism is of primary

importance in the anchor ice formation process. The growth of anchor ice, therefore, can

be approximated by the rate of deposition of frazil ice to the river bottom or to existing

anchor ice, which is affected by the following four factors:

Ð the presence of frazil ice on the bottom of the channel;

iÐ adhesion of frazil ice crystals present at the bottom to the channel bed or to

existing anchor ice;

iiÐ the growth of frazil ice crystals forming anchor ice; and
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iv) detachment of anchor ice from the bottom.

A dramatic difference can be seen in the formation of anchor ice by the two different

processes. The surface of the anchor ice formed by frazll adhesion is much coarser than

that formed by underwater nucleation and has distinct frazil crystals that are stuck to each

other. Both processes show that more anchor ice is formed on the upstream side of the

wire (right side of the wire); this is mainly because the upstream faces the direction of

supply of both frazil ice and supercooled water. Also, the relative velocity between the

supercooled flow and the anchor ice is greater on the upstream side due to greater

packing of streamlines on the upstream side than that on the downstream side (Tsang,

1982); so the heat exchange is also quicker on the upstream side.

In addition to the attachment of frazllice, the growth of attached frazll ice crystals also

plays an important role in the growth rate of anchor ice. It is observed in nature that the

lower part of the anchor ice is composed of large ice platelets and the upper part is

mainly made up of fine frazil crystals. Between these parts, there is a transitional crystal

size zone. The change of the frazil crystal size from the top to the bottom of the anchor

ice occurs because of the different degrees of accelerated growth of the frazil ice crystals.

The earlier the frazll ice crystals stick to the bottom or to anchor ice, the longer time they

reside in a higher relative velocity, and hence the longer time they have for accelerated

growth.
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1.1.3 I-imitation on Thickness of Anchor lce

Once formed, anchor ice is subject to a buoyancy force because its density is less than

that of water. The buoyancy force increases proportionally to the change in anchor ice

thickness and density. In addition, the drag of the flow also tends to tear it away from its

anchoring place. The bond between the anchor ice and the river bottom must resist the

combined action of the buoyancy force and the drag forces, or the a¡rchor ice will lift up.

There are several limitations on the thickness of anchor ice. First, the flow depth

provides the upper limit to the anchor ice thickness, as some rivers with large bottom

roughness can accumulate very thick anchor ice. Anchor ice "peeling" is the second

factor limiting anchor ice thickness. The drag force of the flow will increase with the

growth of anchor ice and if the bond between the anchor ice and the bottom material is

not strong enough to resist the increasing drag force, eventually the anchor ice will be

torn away from the bottom. For some rivers with heavy rocky bottoms, 'þeeling" is the

predominant factor controlling anchor ice thickness. Third, for some rivers with coarse

sandy bottoms, the buoyancy force plays a major role in limiting the thickness to which

anchor ice can grow. In addition, following sunrise and the warming up of the water, the

bond between the anchor ice and the river bottom can become weakened to the point that

buoyancy alone is sufficient to float the anchor ice off the bottom; the release of anchor

ice stops quickly as evening approaches.

1.1.4 Effects of Anchor fce

The formation of anchor ice can have serious physical as well as biological implications.
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a) Flow rate

Anchor ice formation and go'ùith on the river bed changes the boundary roughness and

reduces the flow depth. For example, the flow rate in a channel connecting two

reservoirs with constant water level can be severely reduced because of anchor ice

formation. It is worth noting that anchor ice does not have to form everywhere to reduce

the flow. A local growth can effectively choke off a large part of the discharge and huge

financial losses could be incurred by a hydro-power industry dependent on the flow.

b) Sediment transport

Released, floating anchor ice carries sediment to the water surface. This sediment is ice-

rafted along shore and ofßhore under the influence of prevailing winds where the melting

ice drops its sediment in some other area. This rafting can cause a significant sand loss in

a sediment-starved near-shore zone.

c) Physicalimplications

Anchor ice can cause significant discharge and water level changes, since it raises the

effective bed elevation and alters the bed roughness. It can be a major cause of

hydropower production losses in the winter. For example, Manitoba Hydro continues to

experience significant losses on generation revenue due to anchor ice growth at Sundance

Rapids, downstream of the Limestone Generating Station. At four kilometers

downstream from the generating station, anchor ice forms on a shallow granite rock shelf

which initiates the formation of an ice bridge that covers 80-90% of the channel's width
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and results in up to 1.5 meters of staging in the talkace of the station (Girling and

Groeneveld, 1999\.

d) Biologicalimplications

Anchor ice can also have serious effects on invertebrates and fish, since it can block the

supply of oxygen into the sediments and dislodge fish eggs from spawning beds by

scouring action during its release.

Anchor ice forms on the seafloor at water depths of up to 33 meters, and most

significantly at water depths shallower than 15 meters. It forms wherever conditions are

suitable, including on or around slow-moving or sessile organisms. Anchor ice can

entrap sea urchins, sea-stars, worTns, isopods, sea spiders, sponges, and other animals as

well as algae, rocks, and sediment. Animals may remain alive surrounded by an ice

prison, or become frozen and killed. When an anchor ice mass becomes buoyant, it lifts

offthe bottom carrying its entrapped organisms up to the sea ice ceiling. Some become a

food source for animals and bacteria. Some get frozen into the sea ice ceiling or may rain

back down to the bottom some distance from where they were floated up. Anchor ice

also serves as a refuge from predators with its numerous small cracks, crevices, and

caves.

1.2 Literature Review

There have been a number of theoretical, experimental and field studies conducted on

anchor ice that have achieved significant results. This section briefly summarizes
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existing anchor ice research works as they provide the fundamental principles and

starting point for the present study.

1.2.1Theoretical Models of Anchor lce

a) Marcott and Robert (1986) developed an empirical simulation model for anchor ice

based on their field observations and measurements. The growth of anchor ice was

considered to be due to turbulent heat exchange between the supercooled river water and

the bottom ice. The frazil attachment process, which has been suggested to be the most

important process in the formation of anchor ice (Ashton, 1986) was neglected. The

release of anchor ice was considered to occur either when the water temperature became

positive or when the buoyancy force was large enough to lift it off the bottom. Their

formulation for anchor ice release was empirical.

b) Tsang (1988) built a thickness growth model of anchor ice, considering that the

growth rate of anchor ice is equal to the flux of ftazll reaching the bottom after the effects

of porosity, adhesion and entrapment have been taken into account. The anchor ice

thickness hois gtrvenby

Ctu* 
' (1- 1)

where þ is a deposition coefficient describing the ability of the frazil crystals to adhere

to and being trapped by the river bottom or the existing anchor ice; Cu is the

concentration of frazil at the bottom; eo is the porosity of the existing anchor ice

òho= þ
òt l-"o

nvef
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and u* is the shear velocity at the bottom. However, a description of frazll ice

distribution and the coefficient B was not given formulaically in his model.

c) Wang and Shen (1991) developed a one-dimensional simulation model for coupled

ftaztl and anchor ice evolution in rivers. Both heat exchange and frazil attachment

processes were considered. However, the vertical mixing in the flow was not explicitly

formulated, and the detailed mechanism of frazil attachment was not examined. Wang

(1993) elaborated a model for growth, decay and detachment of anchor ice. In this model

there is no description of frazil ice distribution. kr addition, two critical velocities

regarding the growth of anchor ice were discussed, but were not formulated theoretically.

d) Hammar and Shen (1994, 1996) proposed a theoretical model for frazil ice

accumulation on rough channel beds. They used the customary logarithmic law with a

displacement height for the velocity profile outside the roughness layer. Inside the

roughness layer, an empirical formulation for the velocity profile derived for a uniform

rod-like roughness was used. The rate of deposition of frazil on the roughness elements

was considered to be dependent on the fraztl ice concenhation ¿N well as the geometry

and distribution of the roughness elements. But the heat exchange between the

supercooled water and frazil ice is ignored. The diffi¡sion equation for frazil ice in this

model was written as

- wuc(y) * r,O)ry = þU)u(y)c(y) ,
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where w, is the rising velocity of frazil ice, C is the frazil ice concentration) vr is the

fluid eddy viscosity and u(y) is the velocity component in the x direction.

The removal of fraztl ice by the roughness elements is represented by the sink term on the

right hand side of equation (T-2). The solution of this equation gives the concentration

profile inside the roughness layer and the rate of deposition of fraziI ice per unit thickness

of the roughness layer, which varies in the vertical direction.

1.2.2 Experimental Studies of Anchor Ice

a) Kerr (1997) conducted a series of laboratory studies on anchor ice formation and

growth on gravel channel beds. The study showed that in a supercooled turbulent flow

anchor ice is formed from the accumulation of frazil ice on the bed. The initial location

of anchor ice accumulation as well as the growth pattern of anchor ice varies with flow

conditions. The growth of anchor ice generally consisted of an initial stage of localized

frazil deposition, followed by a hansition stage, then a final stage of continued uniform

growth. Three types of anchor ice forms were observed during the initial stage of

growth: tails, scales, and balls. During the transition stage, flattening or releasing of

anchor ice occurred. If the anchor ice was not released during the transition state, an

anchor ice blanket would form and grow in thickness at a steady rate with respect to the

heat loss rate.

b) Doering et al. (2001) used a counter-rotating flume housed in a cold room to study the

growth of anchor ice. The laboratory experiments were carried out with Froude numbers
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ranging from 0.18 to 0.76 and air temperatures ranging from -10 to -150C. Also a digital

image processing system was used to monitor the growth rate of anchor ice. From their

experiments, they observed that the growth rate of anchor ice and the density of anchor

ice had a dependence on the Froude number. They also observed that the release of

anchor ice was related to the Reynolds number. However, the resolution of the images

used to measure growth rate was not sufficient to determine the geometry of the anchor

ice formed, nor were they able to closely examine the boundary between the anchor ice

and the bed material. Figure 1.2 shows one of the experimental images from Doering et

al. (2001).

1.2.3 Field Studies

a) Robert Newbury (1968) undertook field observation programs throughout the winter

and summer of 1966 and 1967 to discover the characteristics and effects of ice

phenomena on Nelson River. A general ice regime theory was developed based on flow

conditions in the Nelson channel and the net heat transferred at the river surface. An

observation of frazll ice deposition was also observed below the water surface in shallow

sections on boulders and on the river bed.

b) Parkinson (198a) did a limited two-year survey progr¿rm on Lake St. Louis, on the St.

Lawrence River at Montreal to measure water levels and temperatures as well as to

observe the formation, growth, and release of anchor ice. Meteorological conditions such

as air temperature, wind speed and hours of sunshine were obtained from the

Atmospheric Environment Service at nearby Dorval Airport and the discharge was
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provided by Hydro-Quebec. By interpreting these data, the anchor ice effects were

evaluated as a function of the field observations and atmospheric conditions; the final

results showed that the water level is very sensitive to the formation or release of anchor

ice. It was observed that:

Ð a rise in water level up to 0.5 to 0.6 m can occur over a period of 6 or 7 days due

to anchor ice formation;

ii) a drop in water level of 0.6 to 0.7 m can occur in 5 or 6 days due to anchor ice

release;

iii) daily rises and falls of up to 0.3 m can be caused by either anchor ice formation or

release; and

iv) the cumulative effect of anchor ice can increase a lake level up to 0.9 m above its

open water level for the same discharge.

c) Terada and Hirayama (1999) conducted field measurements of anchor ice for four

years on the Niuppu River, a tributary of the Tesio river in Hokkaido, Japan. The growth

pattem of anchor ice was observed and experiments of the adhesive properties of frazil

particles on different materials were conducted about 100 m downstream of the grid for

anchor ice. They concluded the following:

Ð anchor ice was formed mainlyby flowing frazil crystals;

iÐ anchor ice was observed when air temperature was below about -100C;

iii) when air temperafure was low, the volume of anchor ice mass increased;

iv) the critical condition for anchor ice formation depends on the Froude number and

air temperature;
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v) the coarseness of the surface of submerged objects influences the occurrence of

anchor ice; and

vi) the flow pattems around an object have an important role for the occ-urrence and

the growth of anchor ice.

1.3 Study Objectives

Although anchor ice can have many significant effects, our knowledge of anchor ice

processes is still quite limited. As such, the mechanisms of anchor ice formation and

growth have not been widely explored. Many questions remain unanswered and much

more study is needed.

Field observation and measurement of the formation and growth of anchor ice are quite

difficult because of the severe weather conditions. Therefore, for the present study of

anchor ice, experiments will be conducted and a theory will be developed to elucidate the

mechanism of anchor ice formation and growth by frazil attachment. The thermal growth

of anchor ice caused by heat exchange between ice and the flume bottom material is not

considered in this study. Accordingly, the main objectives of this research are:

1. Undertake a laboratory-based investigation to elucidate frazil ice

entrainment, attachment and the associated formation and growth

of anchor ice.

a) a counter-rotating flume will be used to conduct the experiments
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b) by analyzing the data from the experiments, the goveming factors for the

formation and growth of anchor ice will be determined.

c) anchor ice density, rotation torque load, bed/ice surface roughness with the

growth of anchor ice will also be explored

2. Develop algorithms to analyze digital images of anchor ice to characterize

anchor ice formation and growth.

a) two high definition Hitachi CCD cameras will be used to take images of the

entrainment and attachment of ftazil íce from different angles and to monitor

the growth of anchor ice.

b) a Matlab-based digital image processing program using morphological

techniques will be developed to process the images and to analyze the

growth rate of anchor ice.

3. Develop a nurnenical rnodel to predict the growth rate of anchor ice.

a) a mathematical model to predict the growth rate of anchor ice in diflerent

hydraulic and air temperature conditions will be developed. The model will

consider both frazil ice attachment and heat transfer between the anchor ice

and the supercooled water.

b) The deposition coefficient of frazil ice on gravel beds will be determined by

analyzing experimental results. The numerical results will also be further

verified by experimental data to increase its practicability.
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Figure 1.1 Anchor ice bridge formed at Sundance Rapids downstream of
Limestone Generation station.
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Figure 1.2 Side view of anchor ice (Doering et al., 2001).
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CHAPTER 2 Experimental Setting

Laboratory experiments are more amenable than freld tests to study anchor ice because of

the ability to control the hydro-meteorological conditions in a lab. In addition, a long

flume could be used to simulate the natural phenomenon, but would not be practical for

such research because of the uneconomically long flume needed due to the nature of the

formation and evolution of frazil and anchor ice. Therefore, a circular counter-rotating

flume is used in the present study to overcome these problems.

2.1 Introduction of the Counter-rotating Flume

The counter-rotating flume (Tsang 1992, Doering et a1.,2001) used for the anchor ice

experiments is shown in Figure 2.1. It is located in a cold room at the Hydraulics

Research & Testing Facility, University of Manitoba. The counter-rotating flume is well-

designed for studyingfrazil and anchor ice processes because its "infinite" length allows

frazil ice crystals to form, grow as well as to agglomerate on the surface or attach to the

river bottom to form anchor ice without being subjected to the stress of any recirculation

mechanism.

A Mathematical and Experimentøl Study of Anchor lce 17



Experimental Setting

The counter-rotating flume consists of two concentric cylinders mounted on a rotating

frame, forming the inner and outer walls of the flume. The flume bed, which is supported

by another frame, is able to rotate independently of, and in the opposite direction to, the

flume walls. Figure 2.2 shows the schematics of the bed and wall rotating frames. The

counter-rotating flume is 0.2 m wide (from the inside of the outer cylinder to the outside

of the inner drum), 0.35 m deep and has a centerline diameter of 1.2 m. An air jacket

below the base plates circulates warm air to simulate a geothermal heat flux from the bed.

The air pocket is equipped with a heater a¡rd fan connected to a controller to maintain a

constant temperature. The air temperature in this pocket is separated from the flume

water by an insulator which consists of a 5 cm thick layer of UHMW (Ultra High

Molecular Weight) plastic. In addition, in order to prevent the sidewalls of the flume

from icing, warmed air is circulated in ducts surrounding the flume walls. The air spaces

in the walls and under the bed-plates are held constant by a series of PID controllers. The

temperature in the cavities was monitored during each experiment.

The cold room (Figure 2.3) housing the counter-rotating flume is a 4.3 m wide, 4.3 m

deep and 2.7 m high chamber constructed of 4" thick Norbec insulated panels with an

insulation-value of R30. It is equipped with two Blanchard Ness outdoor air-cooled

condensing units, each with a capacity of 48,000 BTU's. Each condensing unit is

coupled with a Blanchard Ness low silhouette evaporator coil via a Sporlan CDS-8

stepper motor evaporator control valve. The temperature of the cold room is regulated

with an Omron E5GN temperature controller. The temperature can be adjusted between

room temperature and -35oC and is held within + 0.1oC.
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Z"ZYelocity Catibration of the Counter-rotating Flume

The counter rotation of the flume has the potential to induce a secondary circulation in

the fluid due to centrifugal forces, therefore, the wall and bed rotation rates must be set to

balance the shear forces on the water. The net result is that the water is stationary in an

absolute frame of reference except in the thin boundary layers. However, in a frame of

reference relative to the rotating bottom, the fluid has a velocity profile typical of a free

surface flow over a bottom. The relative rates of the rotation required to achieve zero

absolute velocity will, of course, depend on the boundary roughness, in particular, the

bottom roughness. A series of detailed measurements of velocity distribution in the

counter-rotating flume on different roughness beds were conducted using a conical hot

film probe. (Clark and Doering, 2006). The present experiments were conducted using

three different bottom roughness bedplates with mean gravel diameters of 0.34, 1 and 2

cm, as shown in Figure 2.4.

A Kent-Lea Probe was used to calibrate the bed and wall velocities of the counter-

rotating flume for different bottom roughnesses and water depths as shown in Figure 2.5.

The calibration procedure was carried out with the Kent Lea probe placed at 0.6 of the

water depth. For a given bed speed, the wall speed was adjusted to match the angular

velocity of the probe. ln such a situation, the water would be stationary with respect to an

observer in the cold room. Figures 2.6(a), (b) and (c) show the calibration curves for a

water depth of 10 cm and bed roughnesses of 0.34, I and 2 cm, respectively. (Other

calibration curve scenarios are given in Appendix B).
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2.3 Ðata Acquisition Systerns

2.3.1 Temperature Recording Equipment

A Fluke Blackstack thermometer with a resolution of 0.0001"C and an accuracy of

+0.001"C was used in the present experiments (Figure 2.7). The temperature probe was

inserted into the flow from the side to prevent any interaction between the waterlair

interface that would occur if the probe was submerged from the surface. It was about 6

cm from the side of the flume and 6 cm above the bed as shown in Figure 2.8.

2.3.2 Image Recording Equipment

A 250 W and a 400 W metal halide bulb with an output of 20,000 and 40,000 lumens,

respectively, located inside the inner drum (opposite to the cameras) were used in the

experiments. The metal halide bulbs are regulated by electronic ballasts to provide a

steady output, which guarantee the level and color of illumination provided. Cross-

polarized light conditions were used to obtain accurate ice images as shown in Figure 2.9.

(Morris, 2002). A polarizing sheet þolarizer 1) is attached to the inner flume wall cavity.

Each camera lens is fitted with a polarizer (polarizer 2) which is positioned so that the

optic sills are perpendicular to the optic sills of the polarizing sheet. The polarizing sheet

filters light oscillations perpendicular to its optic sills while the polarizers on the lenses

filters the light in the other principle direction, preventing any light entering the camera

directly from the light source. The only way for light to enter the camera is by passing

through a particle of ice, which allows the normally transparent ice crystal to be seen

distinctly by the camera, by changing the orientation of the original polarizer.
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Two Hitachi KP-F1004 CCD cameras with a resolution of 1300x1024, located in a

heated cavity in the side of the flume, were used to take images. The Hitachi cameras

have a larger CCD element, which when combined with the source of illumination

permits shutter speeds up to 1/10,000 s. The two cameras were set to take images from

different angles to observe the evolution of anchor ice on the flume bottom as shown in

Figure 2.10.

A pair of Data Translation DT-3162 frame-grabber boards external triggered by a Visual

Basic program were used to control the cameras. The frame-grabber boards were housed

in a 1.8 GHz Pentium 4 computer. The system can allow up to 2M pixel images as well

as simultaneous acquisition of images from multiple cameras.

2"3.3 Tonque Load Measurement Equipment

The independently rotating bed and wall frames were driven by a pair of Compumotor

Gemini GV6 servo motor controller systems with encoder feedback, which could return

the bed and wall torque load signals in a percentage of a full-scale torque load. The

motors were located in two insulated boxes mounted on the counter-rotating frames in the

cold room. The temperatures in the insulated boxes were kept constant at around l2oC

during the tests. The Gemini GV6 is a controller/drive that has basic motion control and

sequencing capabilities and can be used in distributed control applications. For the

present tests, the GV6 was configured and programmed to return the torque load signals

over a RS232 cable. An application progr¿rm was developed using Labview to collect the

torque loads returned from the GV6 controller/drive.
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2.4 Digital Image Processing

The digital images of anchor ice collected are gray scale TIFF (Tagged Image File

Format) images with a resolution of 1300 by 1024 pixels. Each image is a T300xI024

matrix with an entry value ranging from 0 to 255, in which 0 represents black, 255

represents white and all numbers in between are shades of gray (higher numbers are

brighter). All image analysis algorithms were developed using Matlab Release 13

equipped with the image and signal processing toolboxes. The algorithms have been

developed to characterize the anchor ice so as to determine the growth of anchor ice on

the gravel beds. The procedure of the digital image processing is introduced hereinafter.

z.4.LRemoval of the Background Lights

A series of reference images were taken before collecting ice images. Herein, a reference

image means an image taken prior to any anchor ice formation and an ice image refers to

an image that contains anchor ice. Only one reference image was used for the

background light subtraction because of the consistent lighting conditions despite the

multiple reference images taken in each experiment.

lnside a reference image, there are brighter spots, which may be misinterpreted as ice

particles as shown in Figure z.tl(a). A step is taken to remove the background lights by

subtracting the brighter spots from the ice images so that anchor ice can be accurately

defined. Since each image is a matrix, removing the brighter spots from the ice image is
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actually a process of matrix subtraction. Figure 2.11(b) shows an anchor ice image after

the subtraction process.

2.4.2 Morphological Operations

The images created after the removal of background 'noise' were transferred into binary

images by using edge detection techniques with a 'Canny' estimator. The edge function

is used to detect edges, which are places in an image that correspond to object

boundaries. In order to find edges, this intrinsic Matlab function looks for places in the

image where the gray scale intensity changes rapidly, using one of two criteria:

i) places where the first derivative of the intensity is larger in magnitude than some

threshold; and

ii) places where the second derivative of the intensity has a zero crossing.

The 'Canny' method is a powerful edge-detection method. It differs from other edge-

detection methods in that it uses two different thresholds to detect strong and weak edges,

and includes the weak edges in the output only if they are connected to strong edges.

This method is, therefore, less likely than others to be fooled by noise, and more likely to

detect true weak edges.

The binary images formed by the edge function were processed further by the 'imclose'

function. This closing procedure is actually a dilation operation followed by the erosion

operation, both using the same structuring elements. The closing function immediately

followed by a function called 'imopen', which erodes an image and then dilates the
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eroded image using the same structuring element for both operations. The function

'bwareaopen' is also used to remove all connected components (objects) that have fewer

than P pixels from the binary image and then produce another binary image (Doering,

2003).

Once the binary images of anchor ice were determined after the morphological image

processing techniques, the thickness of anchor ice could then be calculated in units of

pixels from the binary images. The white anchor ice part in the binary image is

composed of elements of '1 ' while the black part is composed of elements of '0'. Figures

2.12 (a), (b) and (c) show the original anchor ice images and their corresponding binary

images at different developing periods of anchor ice growth. The white line shown in the

original images is the actual perimeter of the corresponding binary images and it is used

to show how well the binary images locate the anchor ice edges; clearly, the agreement is

very good.

2.4.3 Fixel Calibration and Conversion

In order to get the thickness of anchor ice in units of length, the units of a pixel in each

image has to be calibrated into units of length. The size of a particle in pixels can be

converted to length by knowing the length of one pixel. The size of a pixel on the digital

image depends on the position and the focal length of the camera lens, therefore, it is

necessary to measure the size that each pixel represents in an image in order to convert

the size of an object into the units we want. This is accomplished by taking a picture of a

ruler placed in the middle of the flume; the size of a pixel can be determined by
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measuring the number of pixels along a certain length on the ruler. Figures 2.13(a), (b)

and (c) show the images of a ruler used to determine the pixel length for difflerent gravel

bed roughness conditions. The position and lens configuration of the two cameras were

different for different gravel bed roughness. The conversions for the different bed

roughnesses are listed in table 2.1.

Table 2.1. The conversion equations

Roughness height Conversion equations

0.34 cm 1 pixel :0.01096 cm

I cm 1 pixel:0.01I72 cm

2 cm 1 pixel : 0.01307 cm
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Figure 2.1 The counter-rotating flume.

Rotating tabletop

Bottom Srpports

Figrue 2.2 Schematics of the structural component of the counter-rotating
frames.

substructure
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Figure 2,3 The cold room.

Figure 2.4 Three bedplates with different sizes of gravel 0.34,1 and2 cm.
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Figure 2.5 Kent-Lea probe used in the velocity calibration of the counter-
rotating flume.
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Figure 2.6(a) The calibration curve when bed roughness is 0.34 cm and
water depth is 10 cm.
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Figure 2.6(b) The calibration curves when bed roughness is 1cm and
water depth is 10 cm.
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Figure 2.6(c) The calibration curve when bed roughness is 2cm and water
depth is 10 cm.
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Figure 2.7 The Fluke BlackStack thermometer (at lower right hand corner).

Figure 2.8 The thermometer probe.
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i,:Hn;#i?r *+ffi ffi ffi+*r' cemera

Polarizer 1 lce Perticle Polarizer 2

Figure 2.9 Cross polarized light scheme (Morris, 2002).

Computer

Figure 2.10 A sketch of the position of the two cameras.
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(a)

(b)

Figure 2.11 Anchor ice image before (a) and after ft) the subtraction of
the reference image.
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Binary image (30min later)

60min later

Figure 2.12. Anchor ice images before and after digital image processing.
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Figure 2.13(a) conversion image when the roughness height is 0.34 cm.

Figure 2.13(b) Conversion image when the roughness is 1 cm.
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Figure 2.13(c) Conversion image when the roughness is 2 cm.
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CHAPTER 3 An Experimental Study of
Anchor lce Evolution Around
Rocks and on Gravel Beds

3.tr lntroduction

As previously mentioned, active fraztl ice particles are highly adhesive and will easily

stick to gravel and many other materials to form anchor ice. Experiments of anchor ice

evolution around different arrangement of rocks and on gravel beds under different

hydro-meteorological conditions were conducted. During these experiments, a detailed

observation of frazll ice deposition and anchor ice evolution w¿N carried out with a view

to a better understanding of the mechanism of anchor ice growth.

3.2 Evolution of Anchor lce around Rocks

DifFerent alrangements of rocks (diameter of 4 cm) were set on the flume bed for the

purpose of studying the growth mechanism of anchor ice around rocks. Anchor ice

appears to initiate from frazil ice attachment for all the tests as shown in Figure 3.1(a)-

(d). When the water temperature drops below zero and the water becomes supercooled,
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frazll ice starts to form. Throughout the supercooling process, more and more frazil ice

particles are formed. It was found that during the peak amount of fuazll ice formation,

anchor ice appears in certain positions around the rocks and grows quickly.

Before each test, the cold room temperature was lowered to a specified value and the

counter-rotating flume was started when the air temperature dropped below 10C. The

rotation rates of the bed and wall of the flume were set to the designed velocities, which

were calibrated beforehand to achieve zero absolute velocity of the water. The two

Hitachi cameras were set to take ten images every two minutes during the tests so that the

complete growth process of anchor ice could be monitored in detail. The rotation rates

and cold room temperature were maintained constant throughout the whole experimental

process by the array of computer-based controllers described in chapter 2. Table 3.1

summarizes the experimental parameters of anchor ice evolution around the different

affangements of rocks.

Table 3.1 Experimental parameters of anchor ice evolution around rocks.

Test Date. V [mls] 11[m] ¿. [m] l, ['C ] F, .R"

01101t2005

0110812005

0r/r01200s

0I/t512005

0I/28t2005

0U3U200s

02115/2005

021t612005

0211712005

0211812005

-150C

-150C

-10"c

-20"c

-20"c

-150C

-i50c

-100c

-20"c

-150C

42200

46000

46000

46000

42200

42200

42200

42200

42200

63300

0.38

0.38

0.38

0.38

0.38

0.38

0.38

0.38

0.38

0.57

0.1

0.12

0.r2

0.12

0.1

0.1

0.1

0.1

0.1

0.1

0.01

0.01

0.01

0.01

0.0i

0.01

0.01

0.01

0.01

0.01

0.38

0.35

0.35

0.3s

0.38

0.38

0.38

0.38

0.38

0.57
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3.2.1 Evolution of Anchor Ice Around One Rock

Although the main focus of these experiments is to study the mechanism of anchor ice

growth on gravel beds, the simplest case of anchor ice evolution around a single rock was

considered first to look at the attachment pattern of frazil ice around a rock. Then

additional rocks were added in the flow direction or across the flow direction and the

evolution forms of anchor ice around difFerent arrangements of rocks were monitored.

Starting with a single rock, it was observed that there are two locations around a rock

where frazil ice starts accumulating. One is the front-face gap between the rock and

flume bed and the other is the back-side gap. Frazil ice particles are entrained in a

turbulent flow and some of them get trapped in the front or back-side gaps and then

accumulate gradually. It was found that frazil ice accumulates faster in the front-face gap

than in the back-side gap, and that it barely grows at the left and right sides of the rock.

Once frazil ice attachment initiates (i.e., anchor ice growth begins) it grows upward

towards the free surface and extends in the upstream (front-face) and downstream (back-

side) direction. Eventually with further frazil ice accumulation and thermal growth, the

two pieces of anchor ice will climb up the rock from both the front and back sides and

join each other to cover the top of the rock. When the anchor ice growth protrudes above

the rock, it is flattened in the direction of flow by hydrodynamic drag forces. Figures

3.2(a) - (f) show the complete process of anchor ice growth around a single rock when

the velocity is 0.38 m/s, the water depth is 10 cm and the air temperature is -16oC.

Figure 3.2(Ð shows a sketch of the sequence of anchor ice development around this rock.
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Note that the raw images are shown for clarity. The entrainedftazil ice can be clearly

seen in the flow.

Frazll ice attachment on top of the rock was also observed. Apparently the bonding force

between these small anchor ice pieces and the gravel surface was too weak to resist the

drag and lift forces of the flow and the small pieces of anchor ice were dragged away

almost immediately by the flow. This phenomenon can be well observed from Figures

3.2(c) and (d).

Three air temperatures -10oC, -15"C, -20"C were used in the tests and the evolution of

anchor ice during different time periods under different air temperatures are shown in

figures 3.3,3.4 and 3.5. It can be seen that under the highest air temperature -12oC, there

were almost no anchor ice formed in the first 20 minutes of the test. While when the air

temperature was -20"C, there was an obvious amount of anchor ice formed around the

rock. After two hours into the tests, for air temperature -12oC, there was only a tiny

amount of anchor ice formed around the corner of the rock. But for an air temperafure

-20"C, the anchor ice had almost gro\ryn overtop of the rock. As observed from

experiments, air temperature has a significant effect on the evolution of anchor ice.

3.2.2 Evolution of Anchor Ice on a Row of Rocks

After the experiments of anchor ice evolution around a single rock, additional rocks were

added 2 cm apart to observe the evolution form of anchor ice around a row of rocks along

the axis of the flume. Anchor ice first initiates in the front-face gap between the front
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rock and the flume bed. Almost simultaneously it starts accumulating in the other four

front-face gaps as well. Back-side accumulation is also observed, but it is not as

significant as the front-face accumulation. With the production of large amounts of frazil

ice particles during the supercooling process, anchor ice accumulates and fills in the gaps

between the rocks quickly. Once the anchor ice grows over the tops of the rocks, they are

flattened by the drag force of the flow as they continue to accumulate. With continued

accumulation, anchor ice accumulates toward and eventually connects with adjacent ice

to form a narrow layer of anchor ice. Figures 3.6(a) - (f) show the growth process of

anchor ice for this case and Figure 3.6(g) shows a sketch of the sequence of anchor ice

development around these five rocks. No obvious side growth was detected during these

tests. A plan view of the accumulated anchor ice on these rocks is shown in Figure 3.7;

note that this top view was obtained without polarized light making the low density

anchor ice difficult to detect.

3.2.3 Evolutio¡r of dnchor [ce on Six Rocks in Two Rows

Rocks were added across the flow direction after the tests of anchor ice evolution on a

row of rocks to study the evolution form of anchor ice from both across the flow direction

and along the flow direction. Six rocks (not contacting each other) were placed in two

rows 3 cm apart across the flow direction. The growth mechanism of anchor ice on the

two rows of rocks is basically the same as that of on the five rocks described above.

Anchor ice starts accumulating mostly in the front-face gaps with a little in the back-side

gaps. But since the rocks are ananged side by side across the flow direction, anchor ice

also gtows sideways around the rocks because of the effect of the flow around the
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neighbouring rocks. As the process continues, back-side anchor ice on the front row

connects with the front-face anchor ice on the second row and continuously grows

upward and sideward. Gradually, all anchor ice located around the rocks connects with

each other and form a solid anchor ice mesh around the rocks. As the anchor ice mesh

grows, flattening and releasing happens because of the hydro-dynamic forces due to the

flow. Eventually a complete anchor ice blanket is formed to cover the rocks. Figures

3.8(a) - (d) show the growth process of anchor ice on these six rocks; the plan view is

shown in Figure 3.9.

3.3 Evolution of Anchor lce on Gravel Beds

Eventually experiments of anchor ice evolution on uniformed gravel beds were carried

out. The preparation of the experiments was basically the same as introduced in Section

3-2. Once the water became supercooled, measurement of water temperafure and the

collection of anchor ice images were started. The forms of anchor ice observed in the

present tests, when considering the efFect of the Froude number, agree with Kerr et al.'s

experimental results (Kerr et a1.,2002)- Froude numbers used in the tests ranged from

0.22 to 0.64. Froude numbers lower thar;' 0.22 were hied, but because of the small

associated velocities, the flow did not generate enough turbulence so surface ice formed

first and there was barely any or no anchor ice formation.

3.3.1 Scale Type of Anchor lce

Just as Kerr et al. (2002) noted in his experiments, when the Froude number is between

0.22 and 0.50, a scale type of anchor ice is observed after the initial frazil attachment.
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Frazil ice first gets entrained in the gaps between the gravel and starts accumulating along

the front face of the gravel. With increasing frazll ice production associated with

additional supercooling, anchor ice grows quickly upward toward the free surface. When

it protrudes above the crown of the gravel, it grows toward the downstream direction in a

tail like shape due to the hydrodynamic drag of the flow. The short tail of this anchor ice

growth is frequently broken off by the flow, which prevents the formation of long tails.

This form of anchor ice is denoted by Kerr et al. (2002) as scales, as shown in Figure

3.i0(a) - (d). Figure 3.10(e) shows a sketch of the development of scale type anchor ice.

In addition to the growth in length, the scale shaped anchor ice also grows in width and

thickness and eventually all the scale shaped anchor ice pieces join together to form a

thin layer of anchor ice.

3"3.2 BaIl Type of ,A.nchor lce

When the Froude number is greater than 0.5, frazll ice accumulates on gravel beds in

almost round lumps and it is called ball shaped anchor ice (Kerr et al., 2002). The ball

shaped anchor ice grows not only in the downstream direction but also in the upstream

direction. After it overgrows the gravel, it spreads over the top of the gravel and

gradually connects with other anchor ice pieces to form a thin blanket of anchor ice.

Figures 3.11(a) - (d) show the growth process of ball shaped anchor ice in the present

tests while Figure 3.11(e) shows a sketch of the development of ball shaped anchor ice.
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3.4 Release of Anchor lce on Gravel Bed

Three sets of bed plates, each with different roughness, were used in the tests as

mentioned before and the effect of bed roughness on the release of anchor ice was

observed and described hereinafter.

Test results reveal that the gravel rougþness height does not have a significant effect on

the growth forms of anchor ice, but that it does have an obvious effect on the release of

anchor ice. It was found in experiments that when the gravel size is small (diameter of

bed gravel is about 0.34 cm in the test), anchor ice is more easily dislodged by the flow

than when the gravel roughness height is big (diameter of bed gravel is about 2 cm). It

appears that when the roughness height is small, the bonding force between the anchor

ice and the small sized bed gravel is not strong enough to hold the anchor ice to the

bottom. Therefore, small pieces of anchor ice are frequently dragged away by the

hydrodynamic action and big pieces of anchor ice are usually lifted up by the buoyant

force. Figures 3.12(a) - (d) show the release process of an anchor ice blanket by the

buoyant force during a test. Figure 3.13 shows a digital picture of anchor ice releasing

and Figure 3.14 shows the floating anchor ice slush after the release.

3.5 In-situ Thermo Growth

Thermal growth of the accumulated frazil ice was also observed in the present tests.

According to the temperature curves recorded in the tests, a thermodynamic process

exists and is explained as follows. When frazilice forms and grows, it releases the latent

heat of fusion. At first, the released heat is not sufficient to compensate for the heat loss

from the water to the surrounding air due to the small number of ice particles formed.
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Therefore, the water temperature continues to decrease. At the point where the latent

heat of fusion is equal to the rate of heat loss to the air, the water no longer has a net heat

loss and it reaches its minimum temperatu re. Largequantities of fraztlice form and grow

quickly during this period and then because of the increase in the latent heat from the

frazll íce growth, the water temperature slowly begins to increase, which defines the

point of the minimum temperature. Figure 3.15 shows the schematic heat balance in a

water body. For a unit volume of water the heat balance can be conceptualized as

Qu*: Q¡! Q*. (3-1)

where Qu* is heat exchange between cold air and water , Q¡ is heat release due to ice

formation, O* is heat exchange (release or absorption) due to water temperature

variation.

During each peak of frazll ice formation, some particles collide with each other and

agglomerate to form large flocs; some flocs float to the surface while others remain

entrained and attach to the flume bottom to form anchor ice. Surface frazll was regularly

skimmed off in order to keep the water surface clear of surface ice and slush, so that the

heat transfer process between water and the cold air could continue. Each time the

surface ice slush was skirnmed out, there was not enough frazil ice in the flume to release

heat to attain equilibrium, so the water temperature dropped and then with the production

of more frazíl ice, the water temperature increased again as shown in Figure 3. I 6. (For

more temperature curves, see Appendix C). With the steady growth of anchor ice on the

bottom, two hours after the beginning of the experiment, there was hardly any frazil ice

visible in the water while the water temperature wÍrs almost constant. This is believed to
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be due to the latent heat released from the accumulated anchor ice compensating for the

heat loss from the flume water to the surrounding cold air until eventually a new dynamic

equilibrium of heat transfer was reached. The heat transfer between the water and the

overlying cold air was equal to the latent heat of fusion from the frazil ice that leads to

the anchor ice. It is believed from these tests that in-situ thermal growth of anchor ice

does exist, though it is hard to observe in the digital images.
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Figure 3.1 (a)-(d) Attachment of frazil ice to the gravel bottom.
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(a) (b)

Figure 3.2(a) - (f) Anchor ice evolution around one rock when the bed
velocity is 0.38 m,/s, water depth is 10 cm and the air
temperature is -16"C.

Figure 3.2(g) A sketch of the sequence of anchor ice development
around one rock.

stoge(b)
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(a)20 minutes (b) 40 minutes

Figure 3.3(a)-(c) Anchor ice growth when the air temperature is -12 oC.

(a) 20 minutes (b) 40 minutes

Figure 3.a(a)-(c) Anchor ice growth when the air temperature is -16oC.

(c) 2 hours

(c) 2 hours
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(a) 20 minutes (b) 40 minutes

Figure 3.5(a)-(c) Anchor ice growth when the air temperature is -20 "C.

(c) 2 hours
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(a)

(d) (e)

Figure 3.6(a) - (f) Anchor ice evolution around five rocks in a row when the
velocity is 0.38 m,/s, water depth is 10 crn and the air temperature is
-160C.
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Figure 3.6(g) A sketch of the sequence of anchor ice development around
the five rocks.
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Figure 3.7 A top view of anchor ice grown on a row of rocks.
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Figure 3.8(a) - (d) Anchor ice evolution on six rocks when the velocity is
0.38 m/s, water depth is 10 cm and the air temperature is -16"C.
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Figure 3.9 A top view of anchor ice on six rocks.

A Mqthematicøl and Experimentøl Study of Anchor lce 54



An Experimental Study of Anchor lce Evolution Around Rocks and on Gravel Beds

(a)

Figure 3.10 (a) - (d) Evolution of scale shaped anchor ice when the velocity is
0.23 m/s, water depth is 10 cm, the air temperature is -16oC, and the
Froude number is 0.23.

Figure 3.10(e) A sketch of the development of scale shaped anchor ice.

A Mathematicøl and Experimental Study of Anchor lce 55



An Experimental Study of Anchor lce Evolution Around Rocks and on Gravel Beds

(a)

Figure 3.11(a) - (d) Evolution of ball shaped anchor ice when the velocity is
0.57 m/s, water depth is 8 cm, air temperature is -16oC, and Froude
number is 0.64.

Figure 3.11(e) A sketch of the development of ball shaped anchor ice.
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Figure 3.12(a) - (d) Release of anchor ice due to the buoyant force when
the velocity is 0.38 m./s, water depth is 8 cm, air temperature
is -16oC and the gravel Reynold number is 56.
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Figure 3.1,3 Release of a big pieced of anchor ice.

Figure 3.14 Floating anchor ice slush after releasing.

A Møthematicøl and Experimental Study of Anchor Ice 58



An Experimental Study of Anchor lce Evolution Around Rocks and on Gravel Beds

Water
Qu*: Heat exchange
between air and water

Q*: Heat exchange
(release/absorption) due to water
temperature variation

Figure 3.15 Schematic heat balance in a water body.
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Figure 3.16 The temperature curve when the velocity is 0.38 m/s, water
depth is 10 cm, and air temperature is -20oC.
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CHAPTER 4 Anchor lce Growth on
Gravel Beds

4.tr- Introduction

A series of laboratory studies of anchor ice growth on gravel beds under different hydro-

meteorological conditions was carried out. The procedure of the experiments is shown in

flow chart 4.1. The digital image processing program introduced in Chapter 2 was

employed to analyze anchor ice images and to obtain the thickness of anchor ice during

different growth periods. Anchor ice density, an important factor when studying anchor

ice growth, was also estimated. The relationships between flow parameters, such as the

Froude and Reynolds numbers are discussed. The thickness and growth rate of anchor

ice are also analyzed and discussed under different air temperatures and flow parameters.

In addition, the torque load signals retumed from the GV6 servo motor controller are

collected and analyzed to indicate the variation of the bed/ice surface roughness.
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4"2 Anchon lce Ðensity and Porosity

4.2.1, Measurernent of Anchor lce Density

The density of anchor ice was measured in the present tests as an important factor in

studying the mechanism of anchor ice growth. After each test was complete, newly

formed anchor ice was brushed offthe gravel bed and collected in a bucket and weighed.

A sample of brushed off anchor slush is shown inFigare 4-2. The final thickness of the

anchor ice at the end of each experiment can be determined through the anchor ice

images taken during each experiment. Figure a.3 (a) shows the original picture of anchor

ice before digital image processing. Figure 4.3 (b) shows the binary images of anchor ice

after digital image processing. The thickness of the anchor ice can then be calculated

from the binary images in units of pixels, which are converted to units of centimeter as

outlined in chapter 2.

As a result of the centrifugal force and the associated small residual secondary circulation

in the counter-rotating flume, most of the anchor ice blanket was observed to form from

the inward flume wall to two-thirds of the width across the flume. Therefore, it is

assumed that the anchor ice blanket distributes evenly across two-thirds of the width and

that the volume of anchor ice produced can be calculated from the area and the thickness

of anchor ice. From the weight and volume of the anchor ice, its density is easily

estimated. Table 4.1 summarizes the flow conditions and anchor ice densities of the

tests. 11 is the flow depth, k" is the roughness, Cp is the cooling rate, (the rate of water

temperature decrease toward 0 
oC), which is calculated by fitting a straight line through

all the temperature data points before the lowest temperature data point. .F, is the Froude
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number, ^R" is the Reynolds number, nj is the gravel Reynolds number expressed as

R)=u.d,/v, u* is the friction velocity, d, is the gravel diameter and v is the

kinematic viscosity of water. Wu is the weight of anchor ice and h" is the thickness of the

anchor ice. The densities found from the present tests range from 160 to 400 kd-',

which is slightly less than the observed unit mass of 300 to 400 kg/m3 for floating slush

ice clusters from anchor ice release reported by Devik and Kanavin (1965). The average

porosity of anchor ice in the present study was found to be about 73%o which is close to

the75.9o/o that Parkinson (1984) reported from his field observations in Lake St. Louis at

Montreal. However, based on the accuracy of the balance used to weigh the anchor ice

and the resolution of digital image processing method, it is conservatively estimated that

the error of the computed anchor ice densities are within +l}yu

Table 4.1 Summarization of flow parameters and anchor ice densities.

TestVHAtCn
No. Im/sl [m] fcl ["C/s]

R"*R"F,
W^ h^lml

tkel ¡xto-2)

Density
- porositv

[kglm'l

4-2r 0.23 0.08 -16

4-22 0.38 0.08 -r2

4-23 0.57 0.08 -i6

- 0.26 22493 296 2.14 2.69

- 0.43 3748s 492 1.80 2.02

- 0.64 56228 737 3.73 2.29

167 0.83

187 0.81

344 0.65

330 0.66

286 0.71

217 0.78

1 l8 0.88

335 0.66

237 O:.76

32t 0.67

180 0.82

252 0.74

401 0.59

306 0.69

4-25 0.38 0.1 -20 -0.0002 0.38 42171 476 4.18 2.67

4-26 0.38 0.1 -16 - 0.38 42171 476 3.27 2.41

4-27 0.38 0.1 -12 -0.00009 0.38 4217t 476 2.2s 2.r9

4-28 0.23 0.1 -16 - 0.23 25304 286 1.45 2.6

4-29 0.57 0.1 -16 -0.0001 0.57 63256 713 3.39 2.13

4-30 0.38 0.t2 -20 -0.0001 0.35 46004 465 2.59 2.31

5-02 0.38 0.t2 -16 -0.0001 0.35 46004 465 3.98 2.62

5-03 0.23 0.t2 -16 - 0.21 27605 279 2.05 2.39

5-04 0.38 0.12 -t2 -0.00005 0.35 46004 465 1.82 t.52

5-0s 0.s7 0.t2 -16 -0.0001 0.s2 69007 697 3.41 1.79

s-06 0.38 0.08 -16 - 0.43 37485 492 3.41 2.35

Note, - data not available due to intermittent submergence of the thermometer probe.
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4.2.2 Effect of Flow Parameters on Anchor lce Density

4.2.2.1 Effect of Froude Number. An analysis of the relationship between the Froude

number and anchor ice density reveals that anchor ice density increases with the Froude

number, as shown in Figure 4.4. The experimental results agree well with field

observations that indicate that anchor ice grows more densely and quickly in shallow

rapids where the Froude number is larger than in deep rivers where the Froude number is

smaller.

4.2.2.2 Effect of gravel Reynolds number on anchor ice porosity. From the anchor ice

images taken during the tests it was observed that anchor ice porosity, just like anchor ice

density, can be affected by air temperature and bottom roughness. It is hard to analyze

the statistical effect of the air temperature on anchor ice porosity since only three air

temperatures were used in the tests. Therefore, only the gravel Reynolds number is

employed here to indicate the effect of bed roughness and velocity on anchor ice

porosity. The anchor ice porosity, which is derived from anchor ice density, is listed in

Table 4.1. Figure 4.5 shows the relationship between anchor ice porosity and the gravel

Reynolds number when the air temperature is -16oC. It can be seen that anchor ice

porosity decreases with the increasing gravel Reynolds number, and while a straight line

is shown, there is no obvious reason to expect this relationship to be linear.

4.3 Variation of the Bed/Ice Surface Roughness

Experimental observations have shown that the bed/ice surface roughness can change

with the growth of anchor ice. As described previously, a GV6 motor controller system
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was used to retum torque load signals from the encoder over a RS232 cable. A program

was developed using Labview to collect the torque loads at a certain frequency. The

torque load collected was then analyzed to indicate the change of the bed/ice surface

roughness. The principle underlying this analysis is as follows: the drag force on the

flume bottom will change with the growth of anchor ice, which in turn will be reflected in

the variation of the torque load signals. Then by transferring torque load signals to

Manning's n value, the variation of bed/ice surface roughness can be determined.

4.3.l Analysis of the Torque Load Signals

The torque load signals were collected during two periods of each test. The first torque

loads, referred to as reference torque loads, were collected when the water temperature

was between 0.06"C and OoC and the water was still free of ice. The second set, known

as ice torque loads, were collected after the water temperature dropped below zero and

ftazil ice started to form. The ice torque loads were collected until the test period was

complete. Both the reference and ice torque load signals were analyzed for the present

tests and were found to match well with normal distributions. Figures a.6@) and (b)

show the original reference and ice torque load signal while Figures a.6@) and (d) show

the distributions of the reference and ice torque load signals, respectively, for an air

temperature of - I 6oC, velocity of 0.23 m/s, and bed roughness of 2 cm.

4.3.2 Derivation of the Manning's n

For each test, the water depth and the rotation rate of the counter-rotating flume were

maintained constant, therefore, the assumption of uniform flow is employed and related
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formula are used in the derivation of Manning's 'n'. The torque loads collected during

the tests are converted to a corresponding Manning's 'n' as follows. Manning's 'n' is

given by (Chow, 1959)

'=lo% Jt,' (4-1)

where Z is the velocity, A is the hydraulic radius, z is the Manning's n, and Sr is the

füction slope, which can be expressed by the hydraulic radius and the mean boundary

shear stress in the flow direction as

o -tr)¡ =_. (4_2)
'jR

e is the mean boundary shear stress aîd y is the specific weight of the fluid.

By substituting equation @-2) into equation (4-1), we have

The bed torque load is given by

T,ornu" = tAur .

,=L^% Ev \Yn

T,orou"
9-

Aur

(4-3)

(4-4)

(4-s)

The mean boundary shear stress can therefore be expressed as a function of the torque

load, i.e.,

where,l¿ is the area of the flume bed and r is the centerline radius of the flume bed.

Substituting equation (4-5) into equation (4-3), gives Manning's 'n' as a function of some

constants of the measured torque load,viz.,
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(4-6)

After simplification, we have

o/u F-r\ I - torøtrc
n - _ -l 'v'1 (4_7)v \ rAu'

Therefore, Manning's 'n' can be calculated from the collected torque load data.

4.3.3 Analysis of Manning's 'n'

It was observed during each test that the torque load signals returned were affected by the

air temperature, water depth and the bed velocity even without any ice production. For

example, when the other conditions are the sarne, the torque load signals collected when

the air temperature is -20oC are greater than those when the air temperature is -l2oC with

the water still free of ice. Therefore, during the process of analyzing torque load signals,

the reference torque loads (collected before ice formed) were subtracted from the ice

torque loads (collected after ice formed) in each test in order to eliminate the effects of

other factors on the torque loads other than anchor ice. Therefore, there are two kinds of

Manning's 'n' involved in the present paper. One is derived from the original ice torque

loads (without subtracting the reference torque load) directly and it is called the absolute

Manning's 'n'. The other is derived from the subtracted ice torque loads (after

subtracting of the reference torque load) and it is called the relative Manning's 'n', which

only indicates the change of the bed/ice surface roughness caused by the growth of

anchor ice. Figures a.7 @) and O) show the variations of the absolute and relative

Manning's 'n' profiles with the growth of anchor ice when the gravel bed roughness is 2

2/
R/3

V
F;

I ßt",
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cm, the cold room temperature is -16"C and the velocity is 0.23 m/s. Table 4.2 lists the

flow parameters and absolute Manning's 'n' of some tests.

Similar to what Kerr et al. (2002) observed from his tests, the variation of Manning's 'n'

is divided into three different stages as shown in Figure 4.7þ). Figures a.8(a) - (c) show

the actual anchor ice images corresponding to these three different stages. It can be seen

from Figures 4.7 and 4.8 that 'n' increases at the beginning of a test when anchor ice was

randomly spread over the gravel bed (stage a). As a test progressed, the roughness value

reached a peak; during this time the gaps between the gravel particles were gradually

being filled in by frazil ice accumulation (stage b). The actual gravel bed was then raised

and smoothed by continued frazll ice adhesion to the bottom and the roughness gradually

decreased as the test progressed (stage c). The duration ofthe above process varied from

test to test, depending on the actual test conditions. It was observed in the present

experiments that some of the roughness curves showed the complete process in the three

hour experimental period while others only captured the ascending portion or the

begiruring of the descending part of the curves because of the inadequate testing period.
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Table 4.2 Summary of flow parameters and Manning's 'n'

F,
Test

No.

Exo.'VH
Duration

. [n/s] [m]
Llrunsl

At 
cooling

Ratercl 
["c/s]

Mean Mean

absolute ¡elative
tÍr.t tnt

k,

Im]

.t aa

3-9

3-r2

3-1 8

3-t9

3-25

3-26

3-31

4-2

44

4-5

4-8

4-9

4-t2

4-14

4-21

4-26

4-28

4-29

2tt
t73

179

174

172

187

t69

156

1s5

161

t29

t07

157

145

r46

r82

t64

t74

t7t

0.38 0.1 0.01 -16

0.38 0.12 0.01 -t6

0.s7 0.t2 0.0i -16

0.38 0.08 0.01 -16

0.38 0.08 0.01 -20

0.23 0.08 0.01 -16

0.23 0.1 0.01 -t6

0.38 0.08 0.0034 -16

0.s7 0.08 0.0034 -16

0.23 0.08 0.0034 -16

0.38 0.1 0.0034 -20

0.23 0.1 0.0034 -16

0.38 0.1 0.0034 -r2

0.38 0.12 0.0034 -16

0.s7 0.r2 0.0034 -t6

0.23 0.08 0.02 -16

0.38 0.1 0.02 -16

0.23 0.1 0.02 -16

- 0.38 42171

-0.0001 0.3s 46004

-0.00008 0.52 69007

- 0.43 3748s

- 0.43 37485

- 0.26 22493

- 0.23 25304

- 0.43 37485

- 0.64 56228

- 0.26 22493

-0.000i 0.38 42171

- 0.23 25304

-0.00008 0.38 42171

-0.0001 0.35 46004

-0.00009 0.52 69007

- 0.26 22493

- 0.38 42171

- 0.23 25304

0.02t 0.0068

0.021 0.004s

0.014 0.0018

0.019 0.0045

0.020 0.0054

0.035 0.0095

0.034 0.0094

0.020 0.0033

0.013 0.0010

0.033 0.0074

0.021 0.004i

0.033 0.0084

0.019 0.0026

0.021 0.0030

0.014 0.0008

0.034 0.0063

0.021 0.0039

0.035 0.0065

0.013 0.00060.57 0.1 0.02 -16 -0.0001 0.57 632s6

Note, - data not available due to intermittent submergence of the therrnometer probe.

4.3.4 Effect of Air Temperature and Flow Parameters on Manning's 'n'

4.3.4.1 Effect of air temperature. Air temperature has a significant effect on the

variation of the bed/ice surface roughness. Three different air temperatures (-20"C,

-16oC and -12"C) were applied dwing the tests. The efFects of air temperature on the
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change in Maruring's 'n' due to the growth of anchor ice are discussed. Figures 4.9 and

4.10 below show the relative and absolute Manning's 'n' under different air temperatures.

It can be seen that only the ascending parts of the curves are shown in the figures because

the tests were not long enough to record the complete process. The figures also show that

the rate of change in roughness decreases gradually as the tests continue. ln Figure 4.10

the descending limbs of the curves and reduction in Manning's 'n' are obvious by the end

of the tests. It is also clear that the rate of change in Manning's 'n' increases with a

decrease in air temperature. When the air temperature is -20oC, the slope of the

roughness curve is steeper than when the air temperature is -12oC and the mean relative

Manning's 'n' is also greater when the air temperature is -20oC than that when the air

temperature is -12oC. This can be explained by the fact that when the air temperature is

lower, more frazil ice particles form in a shorter period of time and anchor ice forms on

the flume bed more quickly. Therefore, both the absolute and relative values and rate of

change of Manning's 'n' is greater when the air temperafure is colder.

4.3.4.2 Effect of velocity. Three different velocities were employed during the tests and

the eflects of the velocities on the change in bed/ice surface roughness were also

explored. Figure 4.11 shows the curve of the relative Manning's 'n' when the gravel bed

roughness is 1 cm, the air temperature is -16oC and the water depth is 8 cm. Figure 4.12

shows the relative Manning's 'n' when the gravel bed roughness is 2 cm, the air

temperature is -16oC and the water depth is 10 cm. It can be seen from these figures that

both the rate of change in Manning's 'n' and the mean relative Manning's 'n' increase
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with a decrease in the velocity. In addition, it is also clear that it takes less time to reach

the peak roughness when the velocity is lower.

4.3.4.3 Effect of Froude and Reynolds numbers. The variations of the relative

Manning's 'n' with the growth of anchor ice under different Froude numb-ers are shown

in Figure 4.13. Figures 4.14 and 4.15 show the effects of Froude and Reynolds numbers

on the mean relative Manning's 'n' when the gravel bed roughness is 0.34 cm, I cm and

2 cm, respectively. It can be seen from these figures that an increase in the Froude and

Reynolds numbers leads to a decrease in the mean relative Manning's 'n'. This matches

well with the experimental images that indicate when the flow is more turbulent, frazil

ice fills in the gaps between the gravel particles more quickly and evenly, which causes a

smaller change in the bed/ice surface roughness than when the flow is less turbulent.

4"4 .dnchor [ce Growth R.ate

4"4.1.{nalysÍs of the Growth R.ate of Anchor lce

It was observed that anchor ice grew the quickest during the peak production of frazil ice

particles, which occurred usually during the first hour of the tests as shown in Figure

4.16. Therefore, the thickness and growth rate of anchor ice were analyzed every 5

minutes in the first hour of each test and after that, they were analyzed every 15 or 30

minutes by the image processing program.

Figures a.l7(a) and (b) show the thickness and corresponding growth rate curves of

anchor ice when the water depth is 10 cm, the roughness height is 0.34 cm, the flow
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velocity is 0.38 m/s and the air temperature is -16"C. It can be seen that at the initial

growth stage, anchor ice grew fast and that the growth rate reached its peak in about 18

minutes. After the peak, the growth rate decreased quickly; from Figure a.I7(a) we can

see that the slope of the anchor ice thickness curve is much flatter than that at the

beginning, and anchor ice grew slowly during this period. Figures a.18(a) and (b) show

the thickness and growth rate curves of anchor ice when the water depth is 8 cm, the

roughness height is 0.34 cm, the flow velocity is 0.23 m/s and the air temperature is

16oC. It is seen from Figure 4.18(a) that the thickness of anchor ice did not increase

constantly and there are setbacks shown in the growth process. As a result, the grow rate

curve of anchor ice shown in Figure 4.18(b) had more than one peak and it took 26

minutes to reach the first peak. From the observations of the corresponding test, it was

found that anchor ice release occurred frequently during the test period; this is believed to

be the main cause for the fluctuation of the anchor ice thickness and growth rate curves.

(See appendix C for more anchor ice thickness and growth rate curves). Table 4.3

summarizes the flow parameters and experimental results for the growth rate of anchor

ice on gravel beds.

During each test, the time it took from the first appearance of frazil ice to the peak

accumulation of anchor ice varied according to the actual experimental conditions and

their effect will be discussed in the following paragraphs.
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Table 4.3 Summary of flow parameters and experimental growth rate of anchor ice.

Test ,.3:.1:- r/ H k" At "]:l*No. "Ëï:i lrr/sl I-l tml r"c I Jåïl

h^ G-
lml [rrls]

(x10-2) x E(-6)
2-23 zIt
3-3 163

3-9 t73

3-12 179

3-18 174

3-22 173

3-25 t87

3-26 169

3-31 156

4-2 155

4-6 1s8

4-7 172

4-2t t82

4-23 162

4-26 t64

4-28 t74

4-29 r7t
5-2 t75

5-3 176

0.38 4217t

0.57 63257

0.35 46004

0.52 69007

0.43 37485

0.64 s6228

0.26 22493

0.23 25304

0.43 37485

0.64 56228

0.38 42171

0.s7 63257

0.26 22493

0.64 56228

0.38 42171

0.23 25304

0.57 63256

0.35 46004

0.2t 27605

2.24 t.77

I.7l r.75

2.r5 2.t

t.69 1,.7s

2.61 2.5

2.23 2.15

3.36 3

2.93 2.9

2.t2 2.27

1.88 2.02

2.08 2.18

1.91 1.85

2.78 2.55

2.12 2.12

2.29 2.33

2.49 238

2.16 2.t

2.57 2.45

2.42 2.3

Note, - data not available due to interrnittent submergence of the thermometer probe.

4.4.2 Effect of the air temperature and flow parameters

4.4.2.1Effect of the air temperature. As observed in the tests, air temperature has a

significant effect on the growth of anchor ice. Figure aJ9 @) and (b) show the thickness

and growth rate of anchor ice under different air temperatures (-20oC, -16oC and -12'C)

while the other conditions are held the same. It can be seen from the figures that when

the air temperature is lower, anchor ice grows quicker and it takes less time to reach the

0.38 0.1 0.01 -t6

0.s7 0.1 0.01 -16 -0.0001

0.38 0.r2 0.01 -16 -0.0001

0.57 0.12 0.01 -16 -0.00008

0.38 0.08 0.01 -t6

0.s7 0.08 0.0i -16

0.23 0.08 0.01 -16

0.23 0.1 0.01 -16

0.38 0.08 0.0034 -16

0.57 0.08 0.0034 -t6
0.38 0.1 0.0034 -16 -0.0001

0.s7 0.1 0.0034 -16 -0.0001

0.23 0.08 0.02 -t6

0.s7 0.08 0.02 -16

0.38 0.01 0.02 -16

0.23 0.01 0.02 -16

0.s7 0.01 0.02 -t6 -0.0001

0.38 0.12 0.02 -16 -0.0001

0.23 0.t2 0.02 -16 -0.00006
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peak growth rate. This can be explained by the fact that when the air temperature

decreases, the supercooling rate of the water increases and there are more frazil ice

particles produced in the supercooled water. As a result, more frazll icewill be entrained

and carried to the flume bed by turbulence to accumulate as anchor ice. The thickness of

anchor ice increases rapidly as more and more ftazil ice attaches to the flume bed and

soon the peak growth rate is reached. In contrast to the above, when the air temperature

is relatively watmer, there is not as much frazll ice produced as when the air ternperature

is colder, so anchor ice grows more slowly as there is not as much frazll ice entrained in

the flow and it takes more time (as shown in Figure 4-19(b) to reach the peak growth

rate.

4.4.2.2 Effect of gravel bed roughness height. Three sets of gravel beds with different

roughness heights (0.34 cm, I cm,2 cm) were used to test the effect of the bed roughness

on the thickness and growth rate of anchor ice. As shown in Figure 4.20(a), at the initial

growth stage, anchor ice on a gravel bed with relatively small roughness grew the

quickest. Figures a.2l(a) and (b) show the images of anchor ice thickness 30 minutes

after the first appearance of frazll tce when the roughness is 0.34 cm and 2 cm,

respectively, and all other conditions are the same. But as the process continued, the

anchor ice on the gravel bed with relatively large roughness eventually outgrew the

anchor ice with smaller roughness as shown in the later portion of the Figure a.20(a). It

can also be seen from Figure a.20þ) that with an increase in gravel bed roughness, the

time from the first appearance of frazil ice particles to the peak of the growth rate is

prolonged.
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4.4.2.3 Effect of Froude number. The effect of Froude number on the thickness and

gro"sth rate of anchor ice is shown in Figures a.22(a) and (b). Seven tests with different

Froude numbers are illustrated in these figures. There is not enough turbulence in the

water to entrain and carry frazil ice to the flume bed because of the low velocity

associated with a low Froude number, so anchor ice grows more slowly than when the

Froude number is high, as shown in Figure a.22(a). It can also be clearly seen that at a

later stage of the test, anchor ice formed with conditions that produce small Froude

numbers outgrows the anchor ice produced for greater Froude numbers. But from the

density analysis shown in Figure 4.4, it is clear that although the anchor ice is eventually

thicker under a small Froude number, its density is relatively low. Fraztl ice does not

attach to itself tightly and the bonding forces between anchor ice and the gravel bed is not

strong, therefore, release of anchor ice was observed often during the tests when the

Froude number was small. In addition, it is observed from Figure a.22(b) that it takes

less time to reach the peak growth rate of anchor ice with increasing Froude numbers.

The time when the peak growth rate occurred under each Froude number is shown in

Figare 4.23.
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Set air temperature at the designed value

Move flume bed and wall at specified velocity

Take reference images before frazllice forms

Record water temperature when it is around OoC

Take reference torque loads before frazil ice forms

Take ice images when anchor ice starts forming

Record ice torque load when anchor ice starts forming

Continue experiments until anchor ice growth is stable

Stop experiment and set the air
temperature back above OoC.

End

Figure 4.1 Procedure of the experiments.
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Figure 4.2 Removal of anchor ice "blanket".
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Figure as(a) Anchor ice image before digital image processing.

Figure 4.3(b) Anchor ice image after digital image processing.
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(b)

Figure 4.8(a)-(b) Actual anchor ice images coresponding to different
stages ofbed/ice surface roughness change.

A Mathematicøl ønd Experimentøl Study of Anchor ice 83



Anchor lce Grolvth on Gravel Beds

Figure a.8(c) Actual anchor ice images coresponding to different stages
of bed/ice surface roughness change.
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Figure 4.21(a) 30 minute after the appearance of frazil ice, the roughness
height is 2 cm, the velocity is 0.38 m/s and the water depth is
0.08 m.

Figure 4.21þ) 30 minute after the appearance of frazil ice, roughness
height is 0.34 cm, the velocity is 0.38 m/s and the water depth
is 0.08 m.
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CHAPTER 5 Turbulence, Frazil ice
Transport, and Deposition
Theory

Turbulence plays an important role in the process of frazil ice transport, anchor ice

formation and growth. Therefore, it is necessary to introduce some important turbulence

characteristics, turbulent structure and intensity, as well as the effect of roughness. In

addition, frazll ice transport and deposition theories, which are the basis of the

mathematical model formulated in chapter 6, are elaborated later in this chapter.

5.L Turbulent Characteristics

Turbulence is defined as irregular conditions of flow in which the various quantities show

a random variation in time and space, so that statistically distinct average values can be

observed. A central characteristic of turbulent motion is its ability to transport kinetic

energ.y and contaminants such as heat and particles. This characteristic ensures that

turbulence plays an important role in the formation and transport of frazil ice as well as in

the growth of anchor ice.
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Two important properties of turbulence, viz., shear velocity and eddy viscosity, which are

related closely to ftazll ice transport and deposition theory, are introduced hereinafter. In

addition, the marked differences between the characteristics of turbulence on rough and

smooth surfaces are discussed. The understanding of these difflerences is important, since

field observations show that anchor ice formation is strongly related to bottom

conditions.

5.1.1 Shear Velocity of Turbulent Flow

Shear velocity is considered to be the most fundamental velocity scale to normalize me¿ul

velocity and turbulence. Therefore, an accurate evaluation of the shear velocity is

critical. It can be expressed by a measure of the shear stress and the velocity gradient near

the boundary (Chanson, T999)

U*= (s-1)

where p is the fluid density and øo is the boundary shear stress, which can be written as

"o 
=)copu' . (s-2)

Cris the drag coefficient and U is the mean flow velocity. It is common practice to use

Darcy's friction factor,f, which is related to the drag coefficient by f = 4C¿. This yields

f
to = =!- p(Jz .

Substituting øo into equation (5-3), the shear velocity can be written as

(s-3)

To

p
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"fu.
8

According to the Colebrook-White equation (Colebrook,

-f , cart be estimated as

+ = -2,*1or,.[.-i'-. =+1.
"[7 

'"''o[l.zto" ' R"J7 )

vr=CpL =*.(H-Ð#,

1939), the Darcy friction factor

(s-4)

(s-5)

(s-6)

where Ë, is a representative roughness height, and.R" is the Reynolds number. Dn is the

hydraulic diameter, which for non-circular cross section channels can be defined as

AÁ
n-"^c
"P

where l" is cross sectional area of the flow and P is the wetted perimeter.

5.1.2 Eddy ÐiffusÍvity of TurbuXence

In most cases, for practical applications, it is useful to introduce an effective viscosity

aimed at simulating the small scale dynamics of large scale flows. The eddy viscosity

accounts for this affect and expresses the transfer of momenfum from points where the

momentum per unit volume is high to points where it is low. The eddy viscosity is given

by

(s-7)

where r is the Karman constant, C, is constant, e is the turbulence dissipation rate, k

is the turbulent kinetic energy, y is the vertical distance measured from the river bed and

I/is the water depth.
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The expression above leads to vr =0 at the free surfäce. However, due to surface

renewal, one could reason that a non-zero downward mixing should exist at the free

surface. According to Coleman (1970), eddy viscosity is better estimated by a semi-

parabolic profile. When ylH <0.5, the eddy viscosity is expressed as,

It is important to consider the difference between the fluid eddy viscosity and the particle

eddy viscosity, which would account for the effect of particle inertia. This effect is very

pronounced for relatively large particles in close proximity to the wall. The particle eddy

viscosity, v p, caÍr be determined from the fluid eddy viscosity and the particle Schmidt

vr=Ktt*(H-Ð+.

When ylH >0.5 , v, = 0.01 .

number

v_
t, _ j

" p _ 
S"p

where S", is the Schmidt number, which can be written as (Im and Chung, 1983)

expç!l-+ 1) - 1

(s-8)

(s-e)

(s-10)s"o-'-1*-l;-

''L[;)'-']
t, isthe turbulence time scale defined as
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24v

' 0.4uÍ

ø, is the relaxation time introduced when the particle is not small

immediately rcact to flow field fluctuations, i.e.,

p,d:
1-J

l\p )

where y is the fluid kinematic viscosity, ¡t is the fluid dynamic viscosity,

the density and diameter of the particle, respectively.

i) viscous sublayer:

ii) turbulent zone:

U*l- <)
v

3o to 7o <u*! and
v

-Jl. O.t to 0.15
õb

(s-1 1)

and does not

(s-12)

d oare

(s-13)

(5-14)

(5-1s)

P, and

5.1.3 Problems \ryith Rough Surface

For a turbulent flow along a smooth boundary, the velocity distribution follows

(Schlichting, 1979):

u

'1..t*

H)*o,,
v)

u 1-_-_ln
U*K

=-*'[ä),
u*

U+!

-:v

Urro* -U -L, O.tto 0.15
õb

iii) outer region:

where ø is the velocity at a distance y measured normal to the boundary, â, is the

boundary layer thickness, Ltmax is the maximum velocity at the outer edge of the boundary
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layer, r is the von Karman constant ( r:0.4) and D1 is a constant (D1:5.5; Schlichting,

r97e).

In the case of rough beds, however, the turbulent structure is quite different and there are

two questions that need to be addressed: one is the equivalent sand roughness frs and the

other is the theoretical wall level, i.e., where is the effective location ofy:O?

Starting with the question of the equivalent sand roughness, for a rough bed composed of

uniform sand grains attached densely to the wall, it is found that the sand diameter itself

can be used as an equivalent sand roughness Ë". For most rougþness, the equivalent sand

roughness k can be determined from the friction law derived from the log-law of

velocity. For other roughness elements, the value of k" can be determined from the mean

velocity distribution in the region where it coincides with the log-law of the wall region.

The effects of roughness elements are usually classified in three categories (Nezu, 1993):

a) hydraulicallysmoothbed (k"* < 5),

b) incompletely rough bed (5 ( fr"* S 70), and

c) completely rough bed ( k"* > 70),

where

ki = k,l(vlu.) . (s-16)

If the bed is hydraulically smooth, the roughness effects will be insignificant because of

the viscous sublayer. In contrast, on a completely rough bed, the viscous effects will

disappear because the roughness elements penetrate the fully turbulent logarithmic layer
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and the effect of roughness is significant. An incompletely rough bed will be affected by

both viscosity and roughness.

As for the second question about the theoretical wall level, there is no widely accepted

standard yet. The theoretical wall level can be set at a ä -position that is below the top of

the roughness elements (see Figure 5.1). In physical applications, the value of ä should

be at some intermediate point in the range of 0< õ<d,. The experimental data

pertaining to õ ld" leads to slightly different results depending on the researchers. For

example, õ /d" :0.18 (Grass, 1971), õ ld, :0.27 (Blinco and Partheniades, 1971),

6 / d":0.25 (Nakagawa et al., 1975) and õ / d,:0.45 (Wood, 1981), Therefore, the range

of 6 / d"is about 0.15-0.45, which is a gross standard for sand-grain roughness.

5.1.4 Effect of R.oughness on Turbulent [ntensity

There are limited data of turbulence intensity for rough beds compared to that for smooth

beds. Grass (1971) measured the effect of roughness on the turbulence intensities using a

hydrogen-bubble technique, and the results show that when ylH > 0.3, the roughness

has almost no effect on turbulence intensities. Near the bottom where y / H < 0.3, the

effect of roughness is clearly discernible. Raupach (1981) indicated that the effect of

rougþness elements on turbulence occurs primarily near the wall for boundary-layer

flows and he called this region the 'roughness layer'. It is concluded that the value of

u'lu* decreases gradually with increasing roughness, while v' lu*increases a bit as the

roughness size increases although the tendency is not so sfrong. u', v' aÍLd w' are the
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universal expressions of

commonly normalized by

the

the

three components of turbulence intensities, which

friction velocity (i.e., u'1u., v'/u* and w'/u*) and

expressed as a function of y* . Note that y* is a function of y / H .

5"2 Frazil Ice Transport and Deposition Theory

Transport and deposition theories are the most useful tools in dealing with frazil and

anchor ice problems. As with many cases of sediment transport, which have been sfudied

widel¡ frazil ice transport and deposition are closely connected to turbulence.

5.2.1Basic Principle

It is well-known that turbulence is generated at the boundaries, either at the free surface

or the bottom or both. An important property of turbulence is it can be diffused. As it

diffuses from the boundaries, energy is dissipated in overcoming viscosity according to

the theory of turbulent diffusion.

For a river, if surface wind drag is negligible, turbulence is only produced at the bottom.

As the turbulence diffrrses upward towards the surface, it is dissipated. For a deep river,

a vertical velocity fluctuation v'could be reduced to a negligible value before reaching

the surface. In such a case, the supercooled water will not be brought down to the lower

layers and the ice formed will only be that of a surface ice. On the other hand, if the river

is sufficiently shallow so that the value of v' is still appreciable at the river's surface,

then eddies at the surface will bring supercooled water down and so the whole river is

capable of producing frazil ice. Frazil particles tend to float to the surface because of

buoyancy, but turbulence can entrain them near the bottom. Thus a certain frazil
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distribution will be established at equilibrium with the concentration of frazil ice

decreasing in the downward direction. Furthermore, the highly adhesive frazil ice near

the bottom may also stick to the bed material and form anchor ice.

5.2.2 Introduction of Transport Equation

The transport equation in turbulent flows is of fundamental importance in many

disciplines. The transport of frazll ice suspended or entrained in supercooled water is

similar to the transport of sediment in alluvial rivers except that the density of frazil ice is

less than that of water. Hence, frazll ice particles have a significant rise velocity,

although they can also be transported to a considerable depth in the river because of the

effects of eddy mixing associated with turbulence. The transport mechanism is explained

hereinafter.

Consider a small control volume as shown in Figure 5.2. The three sides have lengths dr,

dy and dz, respectively. The area of the face normal to the x-axis is dydz; the area of the

face normal to the z-axis is dxdy; and the area of the face normal to the y-ax is is dxdz.

According to Fick's law, the flux Q across a membrane of unit area, of a component of

concentration C, is proportional to the concentration differential across that plane and is

expressed as

^acQ=-vp ^ -

dx
(s-l 7)

In a period of time, dt, the convection and diffusion flux into the control volume along

the x-axis and are written, respectively, as
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Cudydzdt,

and

-, ^{¿r¿r¿, .ra
dx

The convection and diffusion flux out of the control volume can be expressed as

( ,u *ð!" a*\r¿,¿, ,

Id')
and

-{""#.*["" #þ]*0,0, (s-2r)

The net accumulation in the control volume due to movement parallel to the x-axis is

equal to the difference of the inflow and the outflow, expressed as

!( ,"-v,Y\*¿y¿,¿t
ð"[ 'ò* )

(s-22)

Since there are flow components along all three axes, similar terms can be determined for

the other two directions, i.e.,

+[* -'"ffþøo'n', (s-23)

(5-1 8)

(5-1e)

(s-20)

(s-24)

(s-2s)

and

!( ,,-,,Y\*¿y¿"¿, .

dz\ dz )

Then the change of concentration C during a period dt canbe written as

(#Y.**'
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Let the increment due to physical and chemical change in the controi volume be

expressed by a source term Il.

From conservation, the concentration change in the control volume is equal to the sum of

the difFerence between the inflow and outflow and any incremental effect due to physical

and chemical change. So the transport equation can be written (in tensor form) as

Substituting a general physical item f with concentration C, the general from of the

transport equation is expressed as

(s-27)

5.2"3 R.ise Velocity of Frazil lce

The rise velocity of frazll ice is an important parameter that has to be considered in frazll

ice transport and deposition processes. In water at rest, a suspended frazil ice particle

will rise because of its lighter density. The terminal rise velocity is the particle velocity

at equilibrium, i.e., the sum of the gravity, buoyancy and fluid drag forces equals zero.

+* lQù=v,!4+t" where i:r,2,3.
dt dx, dx,-

The buoyant force,F6 of afrazíl disc can be expressed as

Í¿.2
Fn=P*gV,=P,TLÃ

4 
@e)

and the gravity force on the disc is

(s-26)

(s-28)
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,21ø"
P¡gV¡ = P,&--l-d"'

4

If it is assumed that the

plane normal to the flow),

f¿ =0.5C¿p-úAo,

where V¡ is the volume of frazll disc, d¡ is the frazil

thickness, and Ao is the projected area of a frazil disc.

the gravity and drag forces, we get

0.5C d pvú Ao * p,gV, = ÆV¡.

(s-2e)

frazil discs have a preferred orientation in the flow (i.e., in a

the drag force can be described as

(5-30)

disc diameter, d" is the frazil disc

By equating the buoyancy force to

If the Reynolds number is above 103 , the drag coefficient will reach a limiting

about 1.1. Rearranging equation (5-31), taking into account the assumption

aspect ratios (ratio of diameter and thickness) for frazll discs is about 1:10,

velocity can be written as

2g(T-L)0" ge-e-¡a,
-'2- p p
.Y^ 

--" cd 5co

d, is the mean face diameter of frazll particles and r is the thickness of ice disc.

(s-3 1)

value of

that the

the rise

(s-33)

(s-32)

In addition, laboratory tests have been conducted to examine the rise velocity of frazil ice

particles. On the basis of a force balance, Gosink and Osterkamp (1982) gave the

terminal velocity, wb, as

-, =l?Ê-4']''' ,
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where g'= g(T- P,/ p) , g is acceleration due to gravity, and C¿ is the drag coefficient.

The data they presented included both quiescent laboratory water columns and agitated

water columns in the field. All of these data are comparable.

Andreasson (1998) gave the rise velocity for a spherical ice particle of diameter d¡ as

, l.l8

wt = o.2s(r- p, / Ð'' T. ( s-34)

Daly (1984) reviewed the rise velocity of frazil ice discs and noted the following:

In the Stoke's range of flow, r, < 0.03 cm

w¡ = 0.08( g'u-'r¡') ,

whereas for intermediate range, 0.03 < rÍ < 0.14 cm

wr = 0.16(rto'7ts uu'*trrt''o) ,

In fully turbulent flow, r, > 0.14 cm,

wt = 0.707(g'rr)t'' ,

(s-37)

(5-38)

(s-38)

where r¡is the radius of afrazil ice particle, and g' is the reduced gravity taken as 133.7

cm/s2. The rise velocity was estimated by assuming that a frazil disk rises steadily with

its axis perpendicular to the vertical. This may be an overestimation of the rise velocity.

5.2.4 Deposition Theory

Understanding the mechanisms by which dispersed particles in a turbulent sheam of fluid

are transported towards the solid walls forming the flow passage, and predicting the rate
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of deposition are both scientifically interesting and of engineering importance. When a

turbulent flow with solid particles takes place near a solid wall, turbulence is the most

important mechanism of particle deposition. Of course, there are also some additional

mechanisms involved in the deposition process, such as Brownian diffr¡sion (in the case

of submicron particles) and gravitational settling (in the case of heavy particles deposited

on horizontal surfaces). Furthermore, when the boundary is rough, the rough elements

provide an additional mechanism for removal of particles from the turbulent stream.

There are two main approaches to the problem of particle deposition onto a rough

surface. One approach is based on the derivation of the 'efÊective stopping distance',

defined by Friedlander and Johnstone (1957) as the distance a particle travels in free

flight through a fluid due to its initial velocity until stopping. The other approach is

defined as a two-stage process for particle deposition, which consists of turbulent

diffusion from the turbulent core to the roughness layer and that of deposition inside it;

this will be used in the present model, and will be introduced later in chapter 6.

110A Mqthematica and Experimental Study ofAnchor ice



Turbulence, Frazil lce Transport and Deposition Theory

Figure 5.1 Schematic description of turbulent flow on roughness surface.

-1u"5*3 v,{^)¿Àùùù

Figure 5.2 The control volume of water body.

AC:-ù
-

z
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CHAPTER 6 Numerical Simulation

A mathematical model using the two-stage method (mentioned in Chapter 5) was

developed to simulate the process of frazll ice transport and deposition to form anchor

ice. As we observed in the experiments, anchor ice is mainly formed by frazil ice

attachment. Heat transfer between supercooled water and ice crystals also exits

according to the analysis of the measured water temperature curves. Therefore, both

frazll ice attachment and heat transfer were considered in the model. Four governing

equations were formulated and solved by a fourth-order Runge-Kuffa numerical method.

The vertical distribution of frazil ice and the growth rate of anchor ice under different

hydro-meteorological conditions can be obtained by solving the governing equations. In

addition, the different release mechanisms of anchor ice are inhoduced at the end of this

chapter.

6.1 Heat Exchange Between fce and Supercooled \ilater

It is important to consider the thermal growth of frazil ice and anchor ice in the numerical

simulation of frazil ice transport and deposition. Under the conditions that anchor ice
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forms, there are two types of heat exchange between the ice crystals and the surrounding

supercooled water: one is between the suspended frazil ice and the surrounding

supercooled water and the other is between the anchor ice and the supercooled water.

6.1.1 Heat Transfer between Frazil Ice and Supercooled Water

In this section, expressions regarding the heat transfer between suspended ice crystals and

the surrounding supercooled water will be formulated. The heat transfer between river

water and suspended frazil ice depends on the water temperature and flow conditions, it

can be written as (Omstedt, 1985)

q = h(7, -T-), (6-1)

where Zi is the ice surface temperature, taken as the freezing temperature, T* is the water

temperature, h is the average convection heat transfer coefficient, which is defined as

,=+, (6-2)

where / is a characteristic length. The ice particle thickness d" is assumed to be the

characteristic length, because ice particles grow mainly along the axial direction and thus

forms discs. Ë. is the thermal conductivity of water, Nu is the Nusselt number, which is

defined by the turbulent Nusselt number, N,,., multiplied by the term m' - rf r¡ , i.e.,

Nu = Nurm- (Daly, 1984), where í is the major linear dimension of frazil crystals, taken

as the average radius, 4 is the dissipation length scale which is described as

q=1v3f e)''0, (6-3)

e is the dissipation rate. The depth-averaged value is taken and expressed as (Mercier,

r984)

A Mathemqtical and Expeimental Study of Anchor ice 113



Numerical Simulation

(6-4\

where Í1is the water depth and r is the von - Karman constant. Daly (19S4) summarized

e =È(nl.H -il.øl[ v I

the following relationships

Nur =l+ì. o.t\P,t/,l*)
and

N,,r =f+Lo.rrlå1"
\*) \*)

where { is the Prandtl number.

N ur ="[[#). o roi*,(41" 
],

^*1tor m ( ----i-;,
P,""

for 
þ. 

m* <to ,

for m* > 1 and with a low intensiy Ør**o't < 1000,

and

N,r =t t[[4ì. o.Boal24qP,)"'-l,
L\M) J

for m* > 1 and with a high intensity u,m*o't > 1000,

(6-s)

(6-6)

(6-7)

(6-8)

where o, =^!@ltl\ is the turbulence intensity (Hammer and Shen, 1995). U is the

mean flow velocity and È is the turbulent kinetic energy, which is taken as the depth-

averaged value here and is determined in a way similar to that of ã

1H-
o =; 

lk(y)dy 
=1.67u?. (6-e)

Eventually the convection heat transfer per unit ice area can be finally written as
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ø=ffrr, -r-). (6-10)

(6-1 l)

6.1.2 Heat Exchange Between Anchor Ice and Supercooled Water

The heat exchange between anchor ice and supercooled water is different from that of

frazil ice. The heat flux from anchor ice to channel flow is expressed as qo (Wang, 1993)

Çlo = hon¡(T, -T-),

where T, and Tn are the parameters as introduced in equation (6-1). For fully-developed

turbulent flow,

R"=uDo >zzoa.
v

The heat transfer coefficient for flow in non-circular (cross-section) channels

on the hydraulic diameter, expressed as (Wang, 1993)

0.8

ho*¡ =11 1s*n,, for T, < o" c ,D::D

and

0.8

ho*i =l44sb *, for T, > o" C .

(6-12)

are based

(6-13)

(6-r4)

6.2 Model Formulation

According to the two-stage theory mentioned in Chapter 5, a numerical model of frazil

ice transport and deposition on a rough bottom is developed in this section. The velocity

dishibution and frazil ice transport and deposition inside and outside the roughness layer

can be simulated using the model. To obtain meaningful results it is very important to set
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up appropriate assumptions when building a mathematical model. The assumptions used

in the present model are as follows:

Ð the concentration of the ftazllice is low enough so as not to affect the flow field;

ii) the interaction between frazllparticles is negligible; and

iii) the roughness elements penetrate the fully turbulent logarithmic layer, so that the

viscous sublayer is negligible.

6.2.1 Velocity Distribution Outside the Roughness Layer

According to the results of Jackson (1981) the mean velocity distribution in the region

outside the roughness layer is given by

where ø is the velocity at a distance y from the boundary, d is the displacement height,

yo is the roughness length, and r is the von Karman constant. The displacement height

d and the roughness length lo tra related to the geometry of the bed roughness (Jackson

1e81) by

d = k,U- (1- e-'"¡ /2a1

and

(6-r6)

u 1- v-d_-_ln- ,u+Klo

/o = fr"[(1 - "-'"¡ 
l2a"/"1

in which d is an attenuation coefficient.

(6-1s)

(6-17)
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velocity, and v e is the turbulent difftrsivity of the particles. S" is the source term due to

the thermal growth of frazil ice, which is derived by considering a unit volume with a

mixfure of water and frazil ice

6.2.2 Frazil fce Transport Outside the Roughness Layer

According to the general transport equation derived in chapter 5, the

transport equation of frazil ice in the vertical direction can be written as

àc à ( acl 
- *.òc *,s =0.a,*ù["' ð, f 
"b òy 

ruc -w'

where c is the mean volumetric concentration of frazíl particles, w,

S" = 4Cq(d ¡p,L)- ,

where dris the mean face diameter and Z is the latent heat of ice.
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one-dimensional

(6-1 8)

is the buoyant

(6-1e)

In an area where anchor ice forms, there is no surface ice cover so the water remains

supercooled. Eventually, a dynamic equilibrium condition will be reached. Experimental

observations show that anchor ice is mainly formed during the dynamic equitibrium

period. Therefore, an assumption that the concentration transport of frazil ice is time

independent is made and so the time dependent term in the above equation vanishes. The

transport equation of frazil ice outside the roughness layer can then be rewritten as

d( dc\ d9+s,=0. 
rc-20)orl" d, f*u ¿, 

t uc-v'
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6"2.3 Velocity Distribution Inside the Roughness Layer

The commonly used logarithmic velocity profile inside the roughness layer is limited to

the conditions where the bed roughness height is relatively small compared with the flow

depth. However, for conditions where anchor ice forms, the flow depth is usually

shallow with large roughness elements, so the logarithmic profile can not be simply used.

Assuming homogeneity in the x and z directions in the flow field, the one-dimensional

time-averaged Navier-Stokes equation for the z component can be expressed as

(6-2t)

where y is the vertical space coordinate positive upwards, F is the average pressure, 7 is

the time-averaged velocity components of ø , arrd u' and v' are the turbulent fluctuations.

p. is the fluid density.

The left-hand side of the above equation can be identified u, * and the right-hand side
ðy

as the total drag force per unit volume of the water f o, where ø is the local shear stress.

Hence, the equation can be written as

à' -! nr- ,,2 /1,
Ar=t?tou'/k,, (6'22)

where k" is roughness height and Co is the drag coefficient.

òt ,\ ò2u l AF
- \-¿l v" )*V ^ =--
ðy ' ' ðy' p* ð*'

The shear stress t canbe expressed in terms of an eddy viscosity namely,

( ¿" du\t = Ol V-+v^- l.'I dY '¿Y) (6-23)
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For large roughness elements õ, < k,, the viscous sublayer is considered to be pierced

through by the roughness elements and so the effect of the viscous sublayer is negligible.

Under the conditions for which anchor ice forms, the roughness elements are t1pically

much higher than the viscous layeE so the viscous term can be ignored in equation (6-23)

and the shear stress ? may be considered to be composed only of the Reynold stress

term, i.e.,

From boundary layer theory, the thickness of the viscous sublayer is

4 =tt-dL-
u+

duî=PVr , .
ay

So, equation (6-22) can be rewritten as

*(,,#)=|c*' rr,,

The boundary conditions are as follows:

when ! = kr, u=uk", andwhen ! =0, u=0.

(6-24)

(6-25',)

(6-26)

uo" is the velocity at the edge of the roughness layer and can be determined by the

logarithmic velocity distribution outside the roughness layer.

6.2.4 Transport and Deposition Inside the Roughness Layer

Anchor ice grows as a result of the deposition of frazil ice inside the roughness layer and

the growth of deposited ice particles due to heat exchange. So inside the roughness layer
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the situation is more complicated. The deposition item and the heat exchange item have

to be taken into account in a traditional transport equation.

The transport equation inside the roughness layer is thus transformed to

d( dc\ dc--lv,=l-wr:, +,S.-S,=0. (6-27)
dyl dy ) dy

Assuming the removal rate of frazil ice particles by the roughness elements is

proportional to the local particle concentration, then the deposition term S, is written as

S, = K(t)u(y)|D,, (6-28)

where D, is the bed gravel diameter in the stream-wise direction. Substituting ,S, and

,S" into equation (6-27), we have

d( dcl dc.( 4q

orl'' ,, f *u 
o, 

.lt flr- fu\=0.
o.) (6-2e)

The deposition coefficíent B is related to the size, density and removal efficiency of the

roughness elements. It also varies with the growth and release of anchor ice. Currently,

no theoretical method exists to accurately evaluate B. It is quantified by well-planned

laboratory experiments in the present model.

6.2.5 Boundary Conditions

The boundary conditions for the fuazil ice concentration transport equations outside and

inside the roughness layer are as follows. The frazil ice concentration is zero at the river
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bottom (Hammar et al., 1996), and at the surface the frazll ice concentration is a function

of Reynolds number (Ye et a1.,2004). Mathematically this is represented by

C=0 aty-0and C=C(R") aty:H.

6.2.6 Average Growth Rate of Anchor fce

The frazil ice concentration inside the roughness layer actually governs the deposition

rate. The total deposition rate over the depth of the roughness layer is written as

È. k"

.s* = Jr, = J Þcfø"ft)dy / D,.
0.55¿" 0.55k,

dh"_ t ,r.+Q, 1.dt 1- "o- p,L"

Considering both the deposition of frazll ice and the turbulent heat exchange between the

supercooled water and the existing anchor ice, the growth rate of anchor ice thickness can

be expressed as

(6-30)

(6-3 1)

where dh" f dt is the growth rate of anchor ice, and e, is the porosity of anchor ice which

has already been determined by experimental data. qo is the heat flux from the ice to

channel flow (see Section 6.1.2), and, L is the latent heat of ice.

All of the goveming equations were solved by a fourth-order Runge-Kutta numerical

method (see appendix A for details). Difflerent numbers of elements were fried to divide

the flow depth. In order to get the most accurate results while using the least nodes

possible, 19 elements (20 nodes) were chosen to divide the flow depth. The flow chart of

the process is shown in Figure 6.1.
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6.3 Result Discussion

Table 6.1 summarizes the flow conditions and the average growth rate of anchor ice from

physical tests and numerical models. Here, Gr" is the experimental results of the average

anchor ice growth rate, G6 is the theoretical results of anchor ice growth rate and the

other symbols are the same as introduced previously.

Table 6.1 Summary of the flow conditions and anchor ice growth rate.

Test V H
No. [n/s] [m]

Cooling
rate F,

['Clsl

Gn
.R" lrrls]

x E(-6)
i.J¿i %,Diff

k,

Im]

At

['c ]
2-23 0.38 0.1 0.0i -16 - 0.38 4217r r.77

3-3 0.s7 0.1 0.01 -i6 -0.0001 0.57 632s7 1.75

3-9 0.38 0.t2 0.01 -1,6 -0.0001 0.35 46004 2.1

3-12 0.s7 0.t2 0.01 -t6 -0.00008 0.52 69007 r.75

3-18 0.38 0.08 0.01 -t6 -0.0001 0.43 37485 2.5

3-22 0.s7 0.08 0.01 -16 - 0.64 s6228 2.t5

3-2s 0.23 0.08 0.01 -t6 - 0.26 22493 3

3-26 0.23 0.1 0.01 -16 - 0.23 25304 2.9

3-31 0.38 0.08 0.0034 -16 - 0.43 37485 2.27

4-2 0.57 0.08 0.0034 -16 - 0.64 56228 2.02

4-6 0.38 0.1 0.0034 -t6 -0.0001 0.38 42t71 2.t8

4-7 0.57 0.1 0.0034 -16 -0.0001 0.57 63257 1.85

4-2t 0.23 0.08 0.02 -t6 - 0.26 22493 2.55

4-23 0.57 0.08 0.02 -16 - 0.64 s6228 2.12

4-26 0.38 0.1 0.02 -t6 - 0.38 42t7t 233

4-28 0.23 0.1 0.02 -16 - 0.23 25304 2.38

4-29 0.57 0.1 0.02 -16 -0.0001 0.57 63256 2.1

5-2 0.38 0.1.2 0.02 -16 -0.0001 0.35 46004 2.45

5-3 0.23 0.12 0.02 -16 -0.00006 0.21 27605 2.3

2.t7 23

1.43 18

r.44 31

0.88 50

3.06 22

2.34 9

2.45 i8

1.67 42

2.r5 5

1.97 2

t.4t 35

1.23 34

2.88 1,3

2.r 1

2.r8 6

2.0t t6

t.23 4L

1.49 39

1.44 37

Note, - data not available due to intermittent submergence of the thermometer probe.
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Table 6.2 lists the parameters and numerical results from Hammar and Shen's numerical

model (1994). The air temperature and flow parameters were not explicitly given in their

model, therefore, it is difficult to compare the present numerical results with Hammar and

Shen's (1994) results. But it can still be seen that the growth rates of anchor ice from both

numerical models are of the same order of magnitude for comparable Froude numbers.

Table 6.2 Paranteters and numerical results of Hammar and Shen's (1994) model

Flow
depth

lml

Roughness

Im]

Mean
velocity

[rrls]

Surface
eddy

diffusivity

Mean
concentration

lce growth rate

[rrls] (E-6)
(Hammar)

0.1

0.1

0.1

0.1

0.1

0.1

1.3

t.3

1.3

t.3

0.69

0.69

0.01

0.0r

0.0 r

0.01

0.01

0.01

5.4

5.4

5.4

4.7

1.56

0.83

0.15

0.015

0.0015

0.15

0.15

0.15

6.3.1 Deposition CoeffTcient

The deposition coefficient is a complicated factor and can only be determined by well

designed experiments. It has long been determined that the deposition coefficient has a

close connection with flow parameters and the bottom roughness (Hammar and Shen,

1994). Since there were not enough data to statistically reflect the effect of bottom

roughness on the deposition coefficient, only the relationship between the deposition

coefficient and the flow Reynolds number is explored at different bottom roughness by
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analping numerical results with corresponding experimental results. Figures 6.2(a) and

(b) show the regression between the deposition coefficient and the flow Reynolds number

when the bottom roughness is 1 cm and 2 cm, respectively. A linear fit with regression

coefficients (R2) of 0.83 and 0.78 for bottom roughnesses of I cm and2 cm, respectively.

6.3.2 Comparison of the experimental and theoretical results

Once the anchor ice porosity (see chapter 4) and frazil ice deposition coefficient are

determined, they were employed herein into the numerical model. Figures 6.3 and 6.4

show a simulated velocity and frazll ice concentration distribution, respectively, along the

flow depth obtained from the numerical simulation.

The simulated average growth rates of anchor ice under different conditions are shown in

Table 6.1 along with experimental results. The percent differences were calculated as

well and listed in Table 6.1. The numerical and experimental results are shown according

to the bottom roughness because the frazil ice deposition coefficient was determined for a

different bottom roughness. Figure 6.5(a) shows the numerical and experimental results

when the bottom roughness is I cm. Through statistical analysis, the coefficient of

determination between the numerical and experimental results is about 0.61. The solid

line in this figure indicates the 45 degree line where the numerical and experimental

results would be coincident. For a roughness of 2 c:rn, the results are shown in Figure

6.5(b) and the coefficient of determination is about 0.73. It can be seen from the figures

that the majority of results are under the 45 degree line, which means that for most of the

tests, the numerical model slightly underestimates the average growth rate of anchor ice.
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This might be explained by the following two reasons: first, the removal of surface ice

during the physical tests could stimulate the formation of fra217 ice, therefore, more frazil

ice would be deposited to the flume bottom to increase the growth rate of anchor ice;

second, the mathem atical model developed was only a one-dimensional and time

independent model and can only simulate the growth rate in one direction during the

dynamic equilibrium period.

6.4 Release Theory of Anchor Ice

Anchor ice relèase is a common phenomenon in nature. During a "warm" day or in a

river with coarse sandy bottom, anchor ice is often seen floating on the surface. The

release of anchor ice can be caused by several reasons as described in chapter 1 and

different release mechanism have different numerical formulations.

6.4.1 Melting Release of Anchor lce

When anchor ice is initially formed, the bond between the anchor ice and the river bed

material is quite strong because of the negative heat gain of the water. However, the

bond is easily afFected by the heat balance in the water. When it is sunny and the water is

warmed above OoC, the bond will be weakened by the positive heat gain to the water such

that anchor ice can be easily dislodged.

It is assumed that the melting of the bond between the anchor ice and the bed material

occurs when the water temperature rises above 0oC. The melting rate at the bottom

surface of anchor ice can be expressed as (Wang, 1993)
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dh,,t, 
-

dt (r- e,) P,L
fh"r(T* - 4) +Õ^ ], (6-32)

where h^,,is the melting thickness, and Õ^ is the short wave radiation at the bottom.

Under acleat sky @" =a-b(Q-50), where aand å are constants and Q isthe latitude

in degrees. 'When the water temperature is above 0"C, the heat transfer h"* beßueen

water and anchor ice is defined by equation (6-14)-

It is also assumed when h^n ) ô", anchor ice will be released; 4 is the critical height at

which anchor ice will be released.

6.4.2 Buoyancy Release of Anchor lce

Some anchor ice is released continuously even during the night time when the water is

still supercooled. Released pieces often carrS'sediments because the buoyant force of the

anchor ice overcomes the submerged weight of the bed particles and the anchor ice itself.

This mostly happens in areas where the bed material is sand or light gravel. But it also

has long been observed that large boulders can be easily floated by big pieces ofreleased

anchor ice.

According to the force balance, the expression of anchor ice released by buoyancy is

written as

V"(p 
" - p) = (T - e 

")(p 
- p,)V",, (6-33)

where V, and p, Ne the volume and density of bed materials respectively, and Vo, and

p¡ üe the volume and density of anchor ice.
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Assuming that the river bed is covered with a layer of round sediment particles of

diameter dr, and the particles are assumed to be non-cohesive, the valid area (shown by

the shaded area in Figure 6.6) for anchor ice can be calculated as d! . Then the

expression above can be rewritten as

¡" aL¡4:-!ij:,-- ,o P-P¡ l-êo

where h"is the thickness of anchor ice.

(6-34)
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Input data:
Flow conditions

Meteorolosical conditions

Divide whole water depth into roughness layer and outer layer

lnput velocity boundary conditions

Input frazil ice concentration boundary conditions
Bottom: C:0; Surface: C = C(R")

Assume the bottom second boundary condition: 
drC 

= 6.1
dy

Divide water depth into small elements and nodes

Apply fourth-order Runge-Kutta method and calculate

C arrd4on each node from bottom to the surface
dy

Compare calculated C and the actual

boundary condition C(R") , ild
determine whether the difference is less
than allowable tolerances

Draw the concentration distribution and calculate the growth rate of anchor ice
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Figure 6.1 The flow chart of the process of solving the governing equations.
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Figure 6.3 Velocity distribution along the flow depth from the numerical model.
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Figure 6.6 Determination of valid area.
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CHAPTER 7 Summary and Future Work

7.tr Introduction

Anchor ice is a form of ice that attaches to the bed of a river, stream, or ocean. It has

been observed in all types of rivers and in nearly all countries where surface river ice is

formed. The formation of anchor ice can have serious physical as well as biologicai

implications. It can cause significant discharge and water level changes, since it raises

the effective bed elevation and alters the bed roughness. A local growth can choke off a

large part of a discharge and resulting in financial losses for a hydro-power industry

dependent on the flow. Anchor ice can also have serious ef[ects on invertebrates and

fish, since it can block the supply of oxygen into the sediments and dislodge fish eggs

from spawning beds by scouring action during its release.

In spite of these significant effects, our knowledge of anchor ice processes is still quite

limited; consequently, more study is needed. For the present study of anchor ice,

laboratory experiments were conducted and a numerical model was developed to

elucidate the mechanism of anchor ice formation and model its growth, respectively.

A Mathematical and Experimental Study of Anchor ice 134



Summary and Future Work

This study will help to develop better management strategies to mitigate anchor ice

related complications that affect the operation of hydraulic structures in cold regions.

7 "2 Summary

A series óf experiments to investigate the mechanisms of anchor ice growth were carried

out for different hydro-meteorological conditions. Different Írrangements of rocks were

setup on the bed of a counter-rotating flume to investigate the evolution of anchor ice

growth around individual rocks before experiments of anchor ice growth on gravel beds

were conducted. Experiments of anchor ice evolution around one rock (simplest case)

were conducted first. Additional rocks were then added in the flow direction and across

the flow direction to examine the evolution of anchor ice around these different

arrangements. Eventually, and an essential part of this study, experiments of anchor ice

evolution on uniformly distributed gravel beds were conducted. Three sets of uniformly

distributed gravel beds of different roughness heights were used to investigate the growth

mechanism of anchor ice on a gravel bed. Two digital cameras were used to monitor the

evolution forms of anchor ice around the rocks and on gravel beds under difÊerent

conditions. It was observed during the tests that anchor ice growth occurred mainly by

frazil ice attachment.

A program coded in Matlab@ was developed and employed to analyze the digital images

of anchor ice collected during the tests. The digital image processing program used edge

detection and morphological image processing techniques. The thickness of anchor ice

was calculated as part of the image processing program.
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The observed growth phenomenon of anchor ice around rocks was as follows. Starting

with a single rock, there were two locations around a rock where frazll ice accumulation

started. One was the front-face gap between the rock and flume bed and the other was

the back-side gap. It was found that frazll ice accumulates faster in the front-face gap

than in the back-side gap, and that virtually no growth occurred at the left and right sides

of the rock. Once frazil ice attachment was initiated, it grew upward towards the free

surface and extended in the upstream (front-face) and downstream (back-side) directions.

Eventually with further frazil ice accumulation, the two growths of anchor ice grew up

around the rock from both the front and back sides and joined each other to cover the top

of the rock.

For a row of rocks along the axis of the flume, anchor ice first initiated in the front-face

gap between the front rock and the flume bed. Almost simultaneously it started

accumulating in the other four front-face gaps as well. Back-side accumulation was also

observed, but it was not as significant as front-face accumulation. With the production of

large amounts of frazll ice particles during the supercooling process, anchor ice

accumulated and filled in the gaps between the rocks quickly. Once the anchor ice grew

over the tops of the rocks, it was flattened by the drag force of the flow as it continued to

accumulate. With continued accumulation, the anchor ice crept towards and eventually

connected with the adjacent ice to form a narrow layer of anchor ice.
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The growth mechanism of anchor ice on two rows of rocks across the flow direction (not

contacting each other) was basically the same as that of the five rocks described above,

namely, anchor ice started accumulating mostly in the front-face gaps but with a little

accumulation in the back-side gaps. However, since the rocks were arranged side by side

across the flow direction, anchor ice also grew sideways around the rocks because of the

effect of the rock configuration on the flow field around the neighboring rocks. Thermal

growth was also detected through the analysis of temperature curves recorded during the

experiments, although it was not readily discerned from the digital images.

Anchor ice growth on uniformly distributed gravel beds was tested under different

Froude numbers ranging from 0.22 to 0.64. The evolution forms were found to agree

well with the study of Kerr et al. (2002). When the Froude number was between0.22 and

0.5, a 'scale' type of anchor ice was observed after the initial frazil attachment. When

anchor ice protruded above the crown of the gravel, it grew towards the downstream

direction in a tail like shape due to the hydrodlmamic drag of the flow. The short tail of

this anchor ice growth was frequently broken off by the flow, which prevented the

formation of long tails. When the Froude number was over 0.5, frazil ice accumulated on

gravel beds in round lumps and is called ball shaped anchor ice. The ball shaped anchor

ice grew not only in the downstream direction but also in the upstream direction. After it

overgrew the gravel, it spread over the top of the gravel and gradually connected with

other anchor ice pieces to form a thin blanket of anchor ice.
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The effects of the gravel Reynolds number on the release and growth of anchor ice were

also explored during the tests. It was observed that the gravel Reynolds number did not

have a significant effect on the growth forms of anchor ice, but that it did have an

obvious effect on the release of anchor ice. For experiments where the gravel Reynolds

number was small, anchor ice was more easily dislodged by the flow than when the

gravel Re¡molds number was big. It appears that when the gravel Reynolds number was

small, the bonding force between the anchor ice and the small sized bed gravel was not

strong enough to hold the anchor ice to the bottom. Therefore, small pieces of anchor ice

were frequently dragged away by the hydrodl'namic action while big pieces of anchor ice

were usually lifted up by the buoyant force.

Anchor ice density, an important parameter when studying anchor ice growtl¡ was

estimated by measuring the weight and volume of anchor ice during the tests. The

densities found from the present tests ranged from 160 to 400 kg/m3 and the average

porosity of anchor ice was found to be about 73%o, which is close to the 75.9%o that

Parkinson (1984) reported from his field observations in Lake St. Louis at Montreal. The

relationship between the gravel Reynolds number and anchor ice porosity was explored

and a best-fit linear regression was obtained with a regression coefficient (Ã2) of 0.81.

As expected from experimental observation, the results show that anchor ice porosity

decreases with increasing gravel Reynolds number. An analysis of the relationship

between the Froude number and anchor ice density reveals that anchor ice density

increases with increasing Froude number. The experimental results agree well with field

observations, which indicate that anchor ice grows more densely and quickly in shallow
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rapids where the Froude number is larger than in deep rivers where the Froude number is

smaller.

It was observed that anchor ice grew the quickest during the peak production of frazil ice

particles, which usually occurred during the first hour of each test. Therefore, in addition

to the final thickness and growth rate of anchor ice, the periodical growth rate and the

corresponding thickness of anchor ice were also calculated through the digital image

processing program. The effects of air temperature, roughness height, and flow

parameters on the growth of anchor ice were examined herein. The observations indicate

that air temperature has a significant effect on the growth of anchor ice. When the air

temperature was colder, anchor ice grew quicker and it took less time to reach the peak of

the growth rate. This is consistent with the fact that when the air temperature decreases,

the supercooling rate of the water increases and there are more frazil ice particles

produced in supercooled water. As a result, more frazil ice will be entrained and carried

to the flume bed by turbulence to accumulate as anchor ice. The thickness of anchor ice

increased rapidly as more and more frazll ice attached to the flume bed and the peak

growth rate was reached.

Three sets of gravel beds with different roughness heights (i.e.,0.34 cm, 1 cm, and 2 cm)

were used to test the effect of the bed roughness on the thickness and growth rate of

anchor ice during the tests. It was observed that anchor ice on a gravel bed with small

roughness grew the quickest at the initial growth stage. But as the process continued, the

anchor ice on a gravel bed with larger roughness would eventually outgrow the anchor
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ice with smaller roughness. It was aiso observed that with an increase in gravel bed

roughness, the time from the first appearance of ftazll ice particles to the peak of the

growth rate was prolonged. In addition, different Froude numbers were used during the

tests to explore the effect of Froude number on the growth of anchor ice. The results

revealed that anchor ice grew more slowly when the Froude number was low than when

the Froude number was higher, presumably because there is not enough turbulence in the

water to entrain and carry frazil ice to the flume bed due to the low velocity associated

with a low Froude number. It was also observed that at alater stage of a test, anchor ice

subjected to a small Froude number environment outgrew that subjected to greater

Froude numbers.

The effect of anchor ice growth on the gravel bed/ice surface roughness under different

hydro-meteorological conditions was explored by using a pair of servo-motor systems

that were capable of returning the torque load signals as a percentage of a fuIl-scale

torque load. The torque load signals collected during the tests were analyzed in the

present tests and were found to match well with normal distributions. The Manning's 'n'

was derived from the ice torque loads to indicate the change of bed/ice surface roughness.

Similar to what Kerr et al. (2002) observed during his tests, the variation of Manning's

'n' was divided into three different stages. It was observed that 'n' increases at the

beginning of a test when anchor ice was randomly spread over the gravel bed (the first

stage). As the test progressed, the roughness value reached a peak; during this time the

gaps between the gravel particles \ryere gradually being filled in by frazil ice

accumulation (the second stage). The actual gravel bed was then raised and smoothed by
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continued frazll ice adhesion to the bottom, resulting in a gradual decrease in the

roughness as the test progressed (the third stage).

The effects of air temperature, flow velocity, Froude number and Reynolds number on

-the bed/ice surface roughness were also examined. Three different air temperatures (-

20"C, -16oC and -12"C) were applied during the tests. It was clear that the rate of change

in Manning's 'n' increased with a decrease in air temperature. When the air temperature

was -20"C, the slope of the roughness curve was steeper than when the air temperature

was -12"C; the mean relative Manning's 'n' was also greater when the air temperafure

was -20"C than when the air temperature was -12"C.

Three different velocities were employed during the tests to explore the effect of flow

velocities. It was observed that both the rate of change of Manning's 'n' and the mean

relative Manning's 'n' increased for a decrease in the flow velocity. It was also clear that

it took less time to reach the peak roughness when the velocity was lower. The variations

of the relative Manning's 'n' with the growth of anchor ice under different Froude and

Reynolds numbers were also examined in this study. It can be seen that with an increase

in the Froude and Reynolds numbers, the mean relative Manning's 'n' decreases. This is

consistent with the experimental images that indicate when the flow is more turbulent,

frazil ice fills in the gaps between the gravel particles more quickly and evenl5 which

causes a smaller change in the bed/ice surface roughness..
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A numerical model, based on mass conservation and a two-stage deposition theory, was

developed to predict the growth rate of anchor ice. The model considered the growth of

anchor ice as a combined process of frazil ice attachment to gravel beds as well as heat

transfer between existing anchor ice and the surrounding supercooled water. Four

governing equations related to the distribution of velocity and ftazil ice transport and

deposition inside and outside the roughness layers were built. A fourth-order Runge-

Kutta numerical method was used and programmed in Matlab to solve the governing

equations. The velocity and frazil ice concentration distributions inside and outside

roughness layers were obtained by solving the governing equations. The average growth

rates of anchor ice under different hydro-meteorological conditions were simulated by

integration along the roughness layer. The numerical results of Hammer and Shen's

model (1994) were introduced as a reference to the current model. The results showed

that the growth rates of anchor ice from both models are of the same order of magnitude

for comparable Froude numbers. A comparison of the experimental observations and

numerical predictions yields coefficients of determination of 0.61 and 0.73 for bottom

roughnesses of I and 2 cm, respectively.

An empirical formula for the deposition coefficient of frazll ice was developed during the

tests. The (regression) relationship between the deposition coefficient and the flow

Reynolds number for different bed roughnesses w¿rs examined by comparing the

numerical and experimental results of anchor ice growth rates. A best-fit linear

regression with an ,R2 of 0.83 and 0.78 was obtained for bed roughnesses of 1 and 2 cm,

respectively.
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7.3 Conclusions

The following conclusions can be drawn from this study.

Ð Anchor ice attachment to a single rock occurs (predominantly) in the front-

and back-face gaps; front and back-face growth continues until the anchor

joins on the top of the rock.

iÐ Anchor ice growth around a row of rocks (in the along or cross flow

directions) occurs by attachment in the between rock gaps and proceeds up

the front and back faces of the rocks until it joins on the top of the rocks.

Further growth leads to a flattening of the anchor ice in the direction of flow.

iiÐ Anchor ice growth over a uniform gravel bed leads to "ball" and "scale"

formations. The type of formation depends on the Froude number of the

flow.

The gravel Reynolds number is related to the release of anchor ice from a

gravel bed. The larger the gravel Reynolds number the more difficult it is

for anchor ice to release.

Anchor ice densities in the tests ranged from 160 to 400 kg/m3. Anchor ice

densities increase for an increase in Froude numbers.

Anchor ice porosity, which is shongly correlated with the gravel ReSmolds

number, decreases with increasing gravel Reynolds number. An average

anchor porosity of 73% was observed.

iv)

v)

vi)
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vii) Air temperature has a significant effect on the growth rate of anchor ice.

Anchor ice growth is quicker for colder temperatures and takes less time to

reach its peak growth rate.

viii) Anchor ice grows faster, initially, on a "smooth" gravel bed than a "rough"

gravel bed. Eventually the growth on the "rough" bed surpasses that of a

smoother bed. Larger Froude numbers produce larger average growth rates.

ix) The rate of change in Manning's 'n' increased with a decrease in air

temperature.

x) Both the rate of change of Manning's 'n' and the mean relative Manning's

'n' increased for a decrease in the flow velocity. The mean relative

Manning's 'n' decreases with an increase in the Froude and Reynolds

numbers.

xi) The numerical model developed was able to reasonably predict the average

growth rates of anchor ice under different hydro-meteorological conditions.

An empirical formula for the deposition coefficient of frazil ice was

developed from the experimental and theoretical results.

xii)

7.4 tr'ufure'Work

The study of frazil ice distribution and anchor ice growth is a fairly new and undeveloped

topic. Hereafter is some work that should be done for future research.

Ð The mathematical model is a one-dimensional model and only simulates the

growth rate in one direction (vertical). The development of a two or three-
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ii)

iii)

dimensional model is possible and would be important due to its ability to

simulate the growth of anchor ice in the other two dimensions as well.

The mathematical model was not time dependent and only simulated the

aveÍage growth rate during the dynamic equilibrium. The development of a

model that predicts the complete growth process and as a function of time

would be important for detailed anchor ice modeling.

A wider range of air temperature and bed roughness data (only three

difÊerent air temperatures and roughnesses were used) should be examined.
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Calibration Curves of the Counter-rotating Flume

Appendix A Calibration Curues of the
Cou nte r- rotati ng Fl ume

The data presented in this appendix shows the calibration curves for the bed and wall

velocities of the counter-rotating flume. Each experiment was designed to run at a

calibrated bed and wall velocity, so that the shear force on the water would be balanced

and the water would be stationary in an absolute frame of reference. Three water depths

8, 10, 12 cm and three bottom roughness 0.34, 1,2 cm, were used in the experiments and

the corresponding curves follow.
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Calibration Curves of the Counter-rotatinq Flume
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Figure A1 Velocity calibration curve when bed roughness is 0.34 cm and

water depth is I cm.
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Figure A2 Velocity calibration curve when bed roughness is 0.34 cm and
water depth is 12 cm.
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Calibration Curves of the Counter-rotat¡ng Flume
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Calibration Curves of the Counter-rotat¡ng Flume

16

14

12

3. 10

i8o.ctþ
4

2

o

Y=0.5464x-0.0176
FP = 0.9804

0510152025
wall RPS

Figure A5 Velocity calibration curve when bed roughness is 2 crn and
water depth is 12 crn.
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Water Tem perature Measurem ent

Appendix B Water Temperature
Measurements

The data presented in this appendix shows the water temperature curves for the

experiments carried out. The experiments were divided into three groups with three

water depths 8, 10, t2 cm. unfortunately, when the water depth was 8 cm, the

thermometer probe was too close to the surface and sometimes it was exposed to the air,

therefore, some of the temperature curves do not show the real water temperature. Only

water temperature curves for water depths of 10 and 12 cm are shown in this appendix.
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Water Temperature Measurem ent

0.01t _

6000 8000 10000 12000 1¿lO0O

Time (s)

Figure Bl Water temperature curve from Exp. 3-2 when the bed velocity
is 0.57 m./s, water depth is 0.1 m and air temperature is -20oC.
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Figure B2 Water temperature curve from Exp. 3-3 when the bed velocity
is 0.57 m./s, water depth is 0.1 m and air temperature is -16oC.
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Water Tem perature Measurem enl

Figure B3 'Water temperature curve from Exp. 3-4 when the bed velocity
is 0.75 m/s, water depth is 0.1 m and air temperature is -16"C.

Figure B4 Water temperature curve from Exp. 3-5 when the bed velocity
is 0.57 m.is, water depth is 0.1 m and air temperature is -l2oC.
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Water Tem perature Measurem enl
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Figure B5 V/ater temperature curve from Exp. 3-9 when the bed velocity
is 0.38 m/s, water depth is 0.12 m and air temperature is -16oC.
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Water Temperature Measuremenl
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Figure B7'Water temperature curve from Exp. 3-12 when the bed velocity
is 0.57 m/s, water depth is 0.12 m and air temperature is -16oC.
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Figure B8 Water temperature curve from Exp. 3-15 when the bed velocity
is 0.57 m,/s, water depth is 0.12 m and air temperature is -12"C.
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Water Tem perature Measurement
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Figure 810 Water temperature curve from Exp. 3-17 when the bed
velocity is 0.38 m/s, water depth is 0.08 m and air temperature is -
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Water Tem perature Measurem ent
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Figure BLL Water temperature curve from Exp. 4-5 when the bed velocity
is 0.38 m./s, water depth is 0.1 m and air temperature is -20oC.
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Figure 812 Water temperature curve from Exp. 4-6 when the bed velocity
is 0.38 m/s, water depth is 0.1 m and air temperature is -16oC.
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Water Tem perature Measurement
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Figure 813 Water temperature curve from Exp. 4-7 when the bed velocity
is 0.57 m,/s, water depth is 0.1 m a¡rd air temperature is -16oC.

Figure 8L4 Water temperature curve from Exp. 4-9 when the bed velocity
is 0.38 m,/s, water depth is 0.1 m and air temperature is -12"C.
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Water Tem perature Measurement
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Figure 815 Water temperature curve from Exp. 4-t2 when the bed
velocity is 0.38 m/s, water depth is 0.12 m and air temperature is
-160C.
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Figure 816 Water temperature curye from Exp. 4-14 when the bed
velocity is 0.57 m/s, water depth is 0.12 m and air temperature is
-160C.
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Water Tem perature Measurement
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Water Tem perature Measurement
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Figure 819 Water temperature curve from Exp. 4-29 when the bed
velocity is 0.57 m./s, water depth is 0.1 m and air temperature is -
16"C.
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Figure 820 Water temperature curve from Exp. 4-30 when the bed
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Water Tem perature Measurement
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Figure 821 V/ater temperature curve from Exp. 5-2 when the bed velocity
is 0.38 m,/s, water depth is 0.12 m and air temperature is -16oC.
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Figure B.22Water temperature curye from Exp. 5-4 when the bed velocity
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Water Tem perature Measurem ent
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Figure 823 Water temperature curve from Exp. 5-5 when the bed velocity
is 0.57 m,/s, water depth is 0.12 m and air temperature is -16"C.
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Anchor lce Thickness and Growth Rate Measurements

Appendix C Anchor lce Thickness and
G rowth Rate Measurements

The data presented in this appendix shows the anchor ice thickness and growth rate

measurements for experiments under different air temperafure and flow conditions. It

was observed that anchor ice grew the quickest during the peak production of frazil ice

particles, which occurred usually during the first hour of the tests as shown in the anchor

ice growth rate figures. Therefore, the thickness and growth rate of anchor ice were

analyzed every 5 minutes in the first hour of each test and after that, they were analyzed

every l5 or 30 minutes by the image processing program.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C1 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
2-23 when the bed velocity is 0.38 m./s, water depth is 0.1 m and

air temperature is -16"C.
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Anchor lce Th¡ckness and Growth Rate Measurements
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Figure CZ (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
2-24 when the bed velocity is 0.38 m./s, water depth is 0.1 m and
air temperature is -12oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C3 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-4 when the bed velocity is 0.75 m,/s, water depth is 0.1 m and air
temperature is -16"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C  @) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-8 when the bed velocity is 0.38 m/s, water depth is 0.12 m and
air temperature is -20oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C5 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-9 when the bed velocity is 0.38 m/s, water depth is 0.12 m and
air temperature is -16oC.

A Mathematical and Experimental Study of Anchor lce 174



Anchor lce Thickness and Growth Rate Measurements
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Figure C6 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-10 when the bed velocity is 0.57 m./s, water depth is 0.12 m and

air temperature is -20"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C7 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-18 when the bed velocity is 0.38 m./s, water depth is 0.08 m and

air temperature is -16oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C8 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-19 when the bed velocity is 0.38 m./s, water depth is 0.08 m and

air temperature is -20oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C9 (a) Anchor ice thickness (b) Anchor ice growth rate from Exp.
3-21 when the bed velocity is 0.57 m,/s, water depth is 0.08 m and
air temperature is -20oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C10 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp.3-22 when the bed velocity is 0.57 m,/s, water depth is 0.08 m
and air temperature is -16"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure Cll (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp.3-23 when the bed velocity is 0.57 m/s, water depth is 0.08 m
and air temperature is -12"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure Clz (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 3-30 when the bed velocity is 0.38 m./s, water depth is 0.08 m
and air temperature is -20oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C13 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 3-31 when the bed velocity is 0.38 m./s, water depth is 0.08 m
and air temperature is -16oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure Cla (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 4-1 when the bed velocity is 0.38 m./s, water depth is 0.08 m
and air temperature is -12oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C15 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 4-2 when the bed velocity is 0.57 m,/s, water depth is 0.08 m
and air temperature is -16"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C16 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 4-5 when the bed velocity is 0.38 m./s, water depth is 0.1 m
and air temperature is -20"C.
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Anchor lce Thickness and Grovúth Rate Measurements
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Figure C17 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 4-6 when the bed velocity is 0.38 m./s, water depth is 0.1 m
and air temperature is -16oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C18 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp.4-7 when the bed velocity is 0.57 m/s, water depth is 0.1 m
and air temperature is -16oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C19 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 4-9 when the bed velocity is 0.38 m/s, water depth is 0.1 m
and air temperature is -12"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C20 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp.4-12 when the bed velocity is 0.38 m./s, water depth is 0.12 m
and air temperature is -16oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C2l (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp.4-14 when the bed velocity is 0.57 m,/s, water depth is 0.12 m
and air temperature is -16"C.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C22 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 4-I9 when the bed velocity is 0.38 m/s, water depth is 0.08 m
and air temperature is -20oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C23 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp.4-20 when the bed velocity is 0.38 m.is, water depth is 0.08 m
and air temperature is -16oC.
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Anchor lce Thickness and Growth Rate Measurements
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Figure C2a @) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 5-4 when the bed velocity is 0.38 m/s, water depth is 0.12 m
and air temperature is -12oC.
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Anchor lce Thickness and Growth Rate Measurements

2.OO

1.80

1.60

1.40

1.20

1.00

o.80

0.60

0.40

o.20

0.00

0 50 100 150 200

Time (min)

(b)

Figure C25 (a) Anchor ice thickness (b) Anchor ice growth rate from
Exp. 5-5 when the bed velocity is 0.57 m./s, water depth is 0.12 m
and air temperature is -16oC.
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The Runqe-Kutta Method

Appendix D The Runge-Kutta Method

Runge-Kutta methods are designed to approximate Taylor series methods, but have the

advantage of not requiring explicit evaluations of the derivatives of f(t,y). The basic

idea is to use a linear combination of values of f(t,y)to approximate y(t). This linear

combination is matched up to a specific order with a Taylor series for y(t) to obtain

values of the highest possible order P.

The development of Runge-Kutta formula is illustrated by deriving a method using two

evaluations of f (t,y) per step; the technique employed in the derivation extends easily to

the development of all Runge-Kutta type formulas. Given values t¡,!i, choose values {,

i,ffid constants ør, a2so as to match

!¡+t = y, + hlarf (t,,!,)+ørf 1î,,f )],

with the Taylor expansion

y(t,*,) = ! ¡ *lf r,,, r,l + f a) (t,, y ) X+ 7Q) (t,, !,, + .),

(D-1)

(D-2)
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The Runge-Kutta Method

as closely as possible. In what follows all arguments of / and its derivatives will be

suppressed when they are evaluated at (t , , ! ,). It will also be convenient to express î , ,

l¡ as

î,=t,-thþ,,

and

9¡ = !¡ + Brhf (t,,y,).

So the object is to match

R=e.f +ezf!ì* þrh, y,+ þrhf)

(D-3)

(D-4)

(D-s)

(D-7)

(D-8)

= (a, * a,) f + dzh(Pzffy + þ,-f,). *rOt.f' fo + 2 þ,þ,.ff, + Pl f,,) + o(h3)

with the Taylor expansion

T = .f *L ¡r, +L ¡et + oØ3)

= .f +Xru, + r,>+((f'.f,, a2.ffa * .fu + f,f, + trþ+ o(h')

(D-6)

Z, it isEquating coefficients of similar powers of h in the above expressions for .R and

possible to obtain agreement in terms involving ho and hl

ho : d* ü, =1,

and

ht : Gzþz = drþ, =1.¿tL2

Setting dz = T an arbitrary parameter, these equations can be solved exactly to give
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The Runge-Kutta Method

dz=T

üt =I-T

I
þ,=þr==:_, Yto. (D-9)

)w

Combining all of this gives a one-step method of order P:2 if y * O andf is sufficiently

smooth.

Runge-Kuffa algorithm of order 2:

To obtain an approximate solution of order P:2, let h = (b - a) I n and generate the

sequences

.l-.- h h I
| ¡*t : y t + hl(l - Ð "f (t,, y,) * f (t, * 

ù, 1,, + 
fi f 

(t,, !,)) 
)

! ¡*t = ,, * !{0, 
+ zkz + 2k, + ko),

t,*, = t, * h, i = 0, 1,2,...,n-l ,

where T*0, to=d, lo=A

(D-10)

C las s ical Rung e-Kutta þrmulas :

To obtain an approximate solution of order P4 on lo,b],let h = (b - a) / n and generate

the sequences
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The Runge-Kutta Method

t,*r=t,*h, i=0,1,2,"',n-1, (D-11)

where

kl= hf (t,,,!,),

k2=hf(t,,**.,r,*!>,

k3=hf(t *L., , k2'
J 't 2'' , 

-t)'

k4=hf(t,+h,y,+k3), (D-12)

and to=d, lo=A.

In order to solve a second order ordinary differential equatioq it is converted to a systan

of two first order ODE's and then a Runge-Kutta method is applied to each first order

ODE to get the solution. For example, the equation

C"(y) = F(C,y), (D-13)

can be converted into two first order ODE's as follows,

v'(y) = F(c,y), (D-14)

and C"(y) =v(!) (D-15)

A Mqthematical and Experimental Study of Anchor Ice 198


