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ICE SYMPOSIUM 1970
REYKJAVIK

WELCOMING ADDRESS
by

His Excellency J. Hafstein

Prime Minister of Iceland

It gives me great pleasure to have the opportunity to address this meeting
of distinctive écientists and engineers from the International Association
of Hydraulic Research-people from east and west, who have gathered here in
Iceland due to their common interest in studying and finding solutions to

the various forms of ice problems.

All those living in cold countries are confronted with similar problems of
survival, that constantly tax their ingenuity. One of the most important
of these problems is how to provide heating for homes and energy for

industry and transportation.

Here in Iceland we are blessed with the heat from geothermal sources and
this heat we use extensively for the heating of our homes. The provision

of electricity and secure transportation, however, presents the same problem
here as in all the other colder countries. Ocean drift-ice occasionally
blocks some of our harbours, and swelling of rivers and creeks due to ice
can create annoying problems around bridges and culverts. Ice may accumu-—
late on the bridge and mast of ships and on the wings of aeroplanes causing
serious hazards and accidents. In this and many other ways does ice and

ice problems influence our way of living.

The greatest ice problem we have encountered in Iceland is associated with
the development of our hydroelectric energy. Ice problems present them-
selves at'all our power plants. The most difficult of these are associated
with the Birfell Project on the Thjdérsd River. Our engineers tell me that
this river is one of the most efficient ice producing machines in the world.
True or not, scientific methods were used to study and analyse the ice
problems of the Thjérsa River, for which we have engaged engineers and

scientists from various countries to find the best solution.



It gives me great pleasure to welcome all of you to Iceland and I wish
this first Ice Symposium of the International Association of Hydraulic
Research greatest success. 1 hope that it will help you come up with
more and better ideas to solve the problems common to all of us living

in the colder areas of the world.




OPENING ADDRESS
by
B.MICHEL. DR.ENG
President of the Committee on Ice Problems
I.A.H.R.

Your Excellency mr. Hafstein, Prime Hinister; tir. Sneesar of the Depart-
ment of Industry, Chairman of the Organizing Committee, colleagues of
the International Association for Hydraulic Research, Ladies and Gentle-

men:

It is an honor and a pleasure to open this first International
Symposium on Ice Problems sponsored by the IAHR. /e are grateful, indeed,
for the splendid opportunity that is given to us to hold this meeting in
this wonderful country. Those of us who arrived early for the meeting have
already enjoyed some of the wonders of this land of ice and fire and I

am sure that everybody will have the pleasure to see them fully.

This is the first Symposium on Ice of the International Association
for Hydraulic Research. Our Association was founded before the last war,
in 1935, by a group of individual researchers with the objectives to
stimulate and promote Hydraulic research, both basic and applied, in all
its aspects. General congresses have been held ever since, every two
years, and the XIVth Congress is coming in Paris during the fall of

1971.

During the last lcw years there has been a broadening of interest
from the expanded membership and many groups have shown interest in a
variety of fields of importance in the general area of hydraulics and
fluid mechanics. To look after these particular fields Committees were
created within the Association and have started to hold their own

Symposia in their subjects.

Our Committee on Ice Problems was the first one created by the
Association at the Montreal Congress of 1960 after a very successful
seminar on Ice “roblems. As a first baby it had a rough going for the

first few years but the Committce was active in London in 1963 and after-~
wards seminars on Ice Problems were held at the General IAHR Congresses

of Leningrad in 1965 and Colorado in 1967.

Now, our field of research has taken a new life within the very
recent years with the increased development of difficult river sites
for hydroelectric exploitation during the winter months. A special

session of this Symposium will deal mainly with ice control at power
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plants. Much experience has been accumulated recently in northern
countries on this question and one of the most outstanding power plant
operating in the worst river ice conditions, anybody can imagine, is

certainly the Burfell Power Station, right here in Iceland.

Another aspect of this Symposium is the beginning of a new era
in research on interaction of floating ice with structures and ships.
Much interest is presently being devoted to develovment of resources in
the Arctic, where ice problems unheard of before, have to be dealt with
in the transportation area. For the first time it is symptomatic to see
that ice may not only be a nuisance as is always thought of, but may be
a useful tool for development as suggested by some of the papers presented
at this Symposium.

At this time I would like to express my thanks and those of the
officers of the Directing Committee and members of the IAHR to the
participants of the Symposium and to those who have worked so hard on the
program and arrangements. Time does not permit tharking each of you
induvidually now. Let me note that the names of the JCommittee members
are listed on your programs. In addition to those people listed, I note
that several others are helping with registration and some of the other
tasks, I express my thanks to all of you. The success of the meeting is
in your hands to a large extent.

We are particulary grateful to the chairman of the Organizing
Committee, Sigmundur Freysteinsson from #eykjavik. I know that he has
put a great deal of personal effort into this meeting and has had many
difficult problems that he solved. His chief assistants were Dr. Gunnar
Sigurdsson, ilr. Jonas ¥liasson and “r. Pall Theodorsson who helped in

the preparation of excellent arrangements.

I now take great pleasure in declaring this First Symposium on

Ice of the TAHR, in session.

BIRWARD MICHEL
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Brief minutes of the business meeting held during

the closing session on 10 September 1970

The chairman of the Ice committee opens the session and mentions
that according to the by-laws of the IAHR all participants to the
symposium are members of the FAE section and that all are free to
intervene, put questions or discuss any subject.

The program of the business section is as follows:

1- Proposal on glossary
2- Bibliography
3~ Report of the Nominating Committee

4- Report of the Organizing Committee on the Conference
and its financial status

5- Publication of the proceedings

6~ Announcement of the Second Ice Symposium




1 Proposal on glossary

Mr. Kivisild refers to his presentation of paper 1.o. and the discuss-
ions followed thereafter. All members are requested to study the proposal

at ease and to send their remarks directly to Dr. Kivisild before October
1st 1970, The working group will then revise the draft taking into account
the remarks received. The revised document will be sent to UNLESCO for use

within the scope of the '"Glossary of Lake and River Ice terms".

Mr. Balanin of Russia will take care of the Russian translation of
the glossary.
Mr. michel will,in consultation with French and Swiss colleages  take

care of the French translation.

The Islandic members offer to provide, in cooperation with Mr. Kanavin

of Norway and Mr. Yilliams of Canada, illustrations for the glossary.

The motion of the Chairman to act as outlined above with the glossary

is seconded by iHr. Ch.R. Neill and adopted by the meeting.

2 Bibliography

The secretary reports that after announcing the IAHR ice bibliography
in the IAHR Journal only a few (less than 10) subscribers have reacted.
It is obvious that the interest for a special IAHR bibliography is not
existing and that the activities of other agencies fulfill the needs.

The Chairman motions that further activities on the bibliography

should be omitted. The motion is seconded by Mr. Oudshoorn and adopted.

3 Report of the Nominating Committee

The nominating committee consisting of Mr. Rundgren, Mr. Assur and
Hr. Korzhavin reports through rir. Rundgren:
The team of the following members of the committee expires:
Mr. Jensen
Mr. Yamaoka
Mr. Balanin
dr, Palosuo
Mr. Michel
ir. Balanin.,Mr. Nichel and dr. Yamaoka have agreed to be reelectable,
As new members the nominating committee proposes lir. Freysteinsson of

Iceland and Mr. Kuuskoski of Finland.




The meeting adopts this proposal unanimously. Consequently the IAHR

Committee on Ice problems consists now of:

dr.. A. Assur USA
mr. V.V. Balanin USSR
dr. T. Carstens Norway

mr. S. Freysteinsson Iceland

dr. H.R. Kivisild Canada

dr. K.N, Korzhavin USSR

mr. M. Kuuskoski Finland

dr. B. lichel Canada

ir. H.M. Oudshoorn Netherlands (secr.)
dr. I. Yamaoka Japan

4 Report of the organizing committee

The organizing committee of the 1970 Reykjavik symposium reports

through Mr. Freysteinsson.
The number of participants of the symposium was 117, including 48

Islandic colleagues.

14 Ladies were registered for the ladies programma.

5 Publication of the proceedings.

The secretary announces that the IAHR general secretariat will take
care of the proceedings of this Reykjavik symposium. All authors will
receive at the closing of the session their papers, the questions raised
during the discussion and the remarks of the reviewing committee. They are
requested to send the revised papers together with the discussions to the
IAHR secretariat,P.0.Box 177,Delft before November 1st.

All efforts will be taken to publish within half a year after that

the proceedings of the symposiun.

6 Announcement of the second ice symposium

The chairman raises the point whether the interval between two sym-
posia should be 2 or 4 years, The general feeling is that an interval
of 2 years is most favourable,

Mir. Balanin of the USSR proposes according to a letter of Mr. Skladnev
of the USSR committee for the USSR participation in international power
conferences to have the second symposium at Leningrad during September

1972.



Mr. Balanins proposal is seconded by the chairman and accepted.

Closing remarks of the Bussiness

meeting by the Chairman.

This first symposium on Ice Problems of the IAHK has been a great success
from the statistics that were given to us by the Chairman of the Organizing
Committee if we consider, furthermore, that this is our first experience

in this field of basic and applied studies.

This is due in no small part to the talent and hard work of our Organizing
Committee and on behalf of us all T would like to express an unanimous
motion of thanks, gratitude and appreciation for all the fine efforts that
our Icelandic hosts have gone to in providing this meeting. Let us have

a good hand for them!

e have very much appreciated the warm and generous welcome of our hosts
and the honor of being welcomed by the Honorable Prime Minister of this

country, Mr, Johann Hafstein, to whom we want to express again our thanks,

I glso want to express the appreciation of the Directing Committee to
the General reporters and the Chairman of each session that made this
Symposium possible as well as successful. I would not like to forget also
the operators of projecting equipment which did a good job on keeping

pace with the heavy schedule of presentations.

We will surely remember forever the souvenir of this wonderful city and
its people. We are looking forward to the visit tomorrow of part of the

country.

One thing is sure at the end of this meeting. It was the best place,
half way between America and Zurope on the Arctic Circle, with the
contribution of wonderful weather, to hold a first International Sym-

posium on Ice Problems and to all its contributors, our heartfelt thanks.




ICE SYMPOSIUM 1970
REYKJAVIK

INAUGURATION LECTURE

Sigurjdn Rist Orkustofnun Reykjavik
Chief Hydrologist ( The National Energy Authority) Iceland

Participants and guests.
I hope this symposium will serve scientific progress.

I wish the foreign visitors a pleasant and profitable stay in Iceland. Although
the weather is very fine this morning, you may find Iceland as a wide outdoor

ice-laboratory:

1) 11% of the country is covered with glaciers.
2) Occasionally polar drift ice closes fishing-banks and harbours off north
and east Iceland.

3) Winter ice effects all streams and lakes.

The laboratory itself is not always so cold, Each generation can see the inter-
play of the dynamic forces of ice and fire. During this act we could just as
well change the name to Fireland. The history of the nation is a struggle

against ice and fire.

Let us take a look at the winter-ice. If you walk along a riverbank you will
find signs of the ice from last winter - scrapes in the soil, stones and heaps

of sand. - Farther above the water you may find signs of older ice events.

If we were now in the highland we might see slush moving downwards, as it
was clear sky last night, but we must wait until November to see extensive
freezing-up. However, it is not certain, we cannot be sure. Ice can come in

October and disappear in November, - so changable is the weather in Iceland.

Weather.

It is not only the ice and volcanic-fire which are fighting as mentioned, but
warm and cold airmasses are still fighting for the domination of the weather
in the country. Iceland is namely situated in the boundary zone between two

very different air masses. One of them of polar origin and the other of tropical

origin,



The weather is always changing. If you are not satisfied with the weather to-

day you may well be so to morrow.

The climate is also influenced by confluence of two different ocean currents,
the cold East Greenland Current moving southwest between Iceland and Green-
land, and a branch of the warm North-Atlantic Drift reaching southwest Iceland
and moving eastwards around the country. The amount of Atlantic water that
flows eastward north of Iceland varies from year to year and is likely to reflect

climatic trend.

River-ice-prosesses.

To gain clear view of river-ice-prosesses in Iceland we must first of all notice
the weather instability, high precioitation and duration of strong wind. Average
yearly run-off is 55 liters/sec pr. square kilometer. Storms are frequent

especially in winter.

Now we must notice the nakedness of the country, vegetation covers only one
quarter of the surface. Woods and shrubs make only one per cent, the rest,
three quarters, is glaciers, lakes and deserts, so the country is exposed to

great attack when cold spell sets in, with the result of enormous slush production

in the rivers.

It is just because of the slush production that instruments have been constructed
in Iceland to measure it and for warning system as will be discussed later
during this symposium.

The instability of the weather is so big that the ice lay-time can hardly be

determined in the coastal regions, but in mountain areas we have typical lay-

time.

PROBLEMS.
It is certain that the winter-ice causes more damage at hydro-electric plants

than any other man-made structure.

Problems related to river ice and hydro-electric power plants will be discussed
at this symposium in articles concerning Burfell. And then we learn the

characteristic of the three Icelandic river types: Glacial rivers, direct-run-

off rivers and spring-fed rivers. We know a good deal about a river when we

know what type itis

Glacial problems.

As I mentioned you may feel Iceland like an outdoor ice-laboratory. As a good
ice-laboratory it has ice in stock, we have approximately 5000 cubic kilometers

of ice.

The average thickness of Vatnajékull-glacier is 420 meters and maximum thick-

ness is 1040 meters. Its ice mass is 3500 cubic kilometers.
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The glacier-tongues in southern Vatnajokull creep by farms, so the people
observe easily daily and yearly variations and movements of these glaciers.
Therefore it cannot be regarded as anything extraordinary that these people
visualised that the excess-snow-accumulation in the highlands was transported
to lowlands by the glaciers and indeed this appears clearly in a writing of Rector
Th. Vidalin:

Abhandlung von den islandischen Eisbergen

in Magazin aus der Naturforschung

Hamburg and Leipzig 1754.

Inhabitation by glaciers leads to many problems. As mentioned in an article

presented at this symposium road is still lacking in a 30 km wide alluvial sand-

area south of Vatnajokull where jokulhlaup (glacier-bursts) transport ice blocks

from the glacier.

Another glacial phenomenon the catastrophic advance of the Briarjékull-glacier
in the north east part of Vatnajskull, which occurs every 60 years reaches all
the way down to a reservoir of a planned hydro-electric plant. I do not point
this out to devaluate the project of gigantic hydro-electric-power-plant in
eastern Iceland, but to make such project more secure and to encourage solution

of all problems in the beginning.

Problems of Polar Drift ice.

Ice problems of inland-ice are in fact negligible compared with the problems of

Polar Drift ice. This polar drift ice seriously influences the fate of the nation.

Polar drift ice did scarcely enter Icelandic waters during the period 1915-1965,
but in that year this '""old enemy' appeared and reached the coast and again in
1967 and 68. Last year a conference was held in Reykjavik about polar drift ice,
but only among Icelandic scientists. The results of this conference have been
published in a book of 550 pages. This conference did not deal with financial
losses and damages caused by drift ice on harbours and other human con-
structions, nor did it attack the problems of how these damages could be reduced.
I sincerely expect that the results of this symposium will direct us to these
problems and it is to be hoped that the nation will benefit from us. Scientific
experts in the field of agriculture provided indeed valuable advice to farmers
when facing the problem of fluor poisoning from the ash of the Hekla eruption

in May of this year. Instead of not knowing how to face the problems of ice

and fire, the nation has now enjoyed expertise to solve them and so it must

in the future.

Problems of winter ice in fjords.

Winter ice in fjords is insignificant, as I have mentioned in an article presented
at this symposium. Its formation is most extensive in Breidafjordur. Few

years ago such ice was drifted by strong southeast wind onto the coast and
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seriously damaged the new harbour by Reykir.

WHY ICELAND?

It has been believed that Iceland derived its name from polar drift ice and I

conformed with this belief when I wrote the article on River and Coastal Ice
Problems presented at this symposium. Upon critical reconsideration of this

belief, I find it likely that winter-ice in fjords in Breidafjérdur and western

Iceland is responsible for the name. Indeed the folklore explaining the country’s

name took place by Breidafjérdur.

EDUCATION.

Although we Icelanders live in a kind of an ice-laboratory we know very little
about the nature of ice. Only in isolated farming areas can we expect to find
people who have observed freezing-up and break-up prosesses for years.
However, catastrophic events tend to be on top in their mind, they believe that
dams and sluices in Iceland are much to weakly constructed. On the contrary
most Icelanders do not even know basic process of freezing-up. Indeed the
study of icing is hardly mentioned in schools, This is bad for engineers, who
need to work on icing after completing their general university courses. This
is, however, not only the situation in Iceland as is clearly stated by the
International Hydrological Decade, for example at the First International
Seminar for Hydrology Professors at the University of Illinois last year (1969),
where it was pointed out that students studying hydrology or any Water re-

sources development get curruculum too late in the hydrology.

The University of Iceland has adopted the direction to emphasize subjects which
are of importance for the national economy. A symposium such as this one is

encouraging for such a direction.
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REYKJAVIK

A PHILOSOPHY ON TACKLING ICE 2ROBLLMS

Banquet speech by L. Rundgren.

Ladies and Gentlemen,

Pressure has been brought to bear on me to say something about ice
problems on this solemn occasion. In fact I haven't had any serious
problems with ice for many years because since 1963 I have mainly been
working in countries uader the equator, where the main ice problem

has been to find enough ice to cool the drinks.

Nevertheless I have found it a good thing to think a little about a
general philosophy on tackling ice problems. As a result of some more
thought on the subject I have come to the conclusion that two fundamental

laws for dealing with ice can be established.

These two Ice Tackling Laws, I have found, are very similar to those
two rules, which have been governing my relations with the organizers of

this symposium. The first one is:

"Do not fight against people who ask you to speak on ice problems -

try to avoid them'".

The second rule to which I had to adhere when the first one did not

work is:

"Do not fight against the opportunity to speak on ice problems - make use

of it%s

Therefore, ladies and gentlemen, there is no longer a pressure on me
but rather a great pleasure to me to present to you on this special

occasion the two Fundamental Laws on Tackling Ice Problems. I cannot

think of any better place than the capital of Iceland nor any better
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occasion than that of the first separate Ice Symposium for this presen-

tation.

First of all I wish to draw your attention to the fact that the formation
of ice is a natural phenomenon which has only been simulated by man during

the last two centuries when trying to make ice cream.

Nature is always or almost always stronger than man. Therefore, I would
like to recommend any engineer facing ice problems to behave like a
field marshal.

First he shall count the numbers of the enemy, then he shall count the
numbers of his own men and then he may decide to fight a battle or not.
No clever ice field marshal should fight against the ice if there is no
chance to him to win the battle.

This is the meaning of "Ice Law No 1", which may be formulated as follows:

"Do not fight against the ice - avoid it".

I would like to give some examples on the application of this basic law.
If I were a German engineer I would of course have started by saying
"Buy Volkswagen and you won't run into the problems of getting ice in
your cooling system". Some Volkswagenowners have told me that this is
true. The air-cooled engine in a Volkswagen never gets frozen. Only the

passengers do.

Turning to the field of wmore powerful engines, I wish to say something
about the general layout of hydroelectric power plants. A very common
layout is that the river is cut off by a dam, from which a longer or
shorter headrace channel brings the water to a power station, where

the potential of the water is conversed into electrical energy. In cool
countries such as Iceland the reservoir upstream of the dam as well as
the water surface of the headrace channel will be covered by ice during
the winter. This is fair enough and doesn't cause any harm to anybody -
except to ice-jumping schoolboys.

The trouble arises first when the reservoir is being used for short
term regulation of the river flow. In this case the water level will
continuously rise and fall during the day both in the reservoir and in

the headrace channel.



In the reservoir the ice cover will normally be intact and follow the
rising and falling of the waterlevel without ahy difficulties. Only some
ice cracks along the shore-line of the reservoir will show up. In a
narrow waterway like a headrace channel, however, the ice cover very
often breaks down into pieces by the water level variations. Only the
schoolboys may be happy about this. The ice sheets float with the water
down to the ice racks of the power station, where they may completely
block the intake. Very often ice chutes have been arranged at the side

of the intake to take care of the floating ice but still a lot of trouble
is caused by the ice. In addition a lot of power is lost because the

ice and water passing through the ice chutes do not produce any power.

What then, is the solution?
Well, the trouble is caused by broken ice sheets. Thus when applying

the first ice law we recall:

"Do not fight against ice sheets --- avoid them".

How do we then avoid broken ice sheets? The answer must be: Simply by
avoiding headrace channels at power plants where short term regulation

ig envisaged and where the climate is such that ice problems may arise.

By making a proper layout of man made atructures it is possible to avoid
another serious problem, i.e. the formation of frazil ice in the rivers.
Frazil ice consists of a great number of ice crystals formed in super-
cooled turbulent water. On some occasions the whole body of water may
consist of frazil ice forming a real ice jam which may block any kind

of waterway including intakes for water supply and power plants.

The existence of frazil ice in a river will also promote the formation
of anchor ice on the river bottom or ice bridges at the surface. These
ice dams will have a considerable backwater effect, thus causing flooding

of land beside the normal river channel.

The generation of frazil ice is the result of supercooling of the water
on river reaches where the velocity is sufficiently high to prevent
formation of a continuous ice cover. Once a continuous ice cover is formed
the water flows under this cover without direct contact with the air and

there is no risk of supercooling the water.

Once again we may apply the first ice law by saying:

"Don't fight against frazil ice --- avoid it'.



How then, do we avoid the generation of frazil ice? The answer is:

Simply by bringing down the veloci}y of the water to such a low level

that a continuous ice cover will be formed.

This is archieved by complete regulation of the river profile by construct
ing a sufficient number of dams leaving no rapids left, where super-
cooling may take place. Another prerequisite is that the cioss sectional
area of any open waterway is made large enough to keep the velocity low.
As a rule of thumb in Sweden we used to say that the velocity should not
exceed 0.5 m/sec in order to allow for the formation of a protective

ice cover.

These two examples have shown how major ice problems may be avoided
simply by arranging a proper layout. On a somewhat smaller scale another

method of avoiding ice problems has been proved useful.

You may have been on a long skiing tour on a cool but pleasant day.

After some 50 miles or so you may feel a little thirsty. You make a break,
remove your rucksack from your back and after some fumbling you find

what you are looking for -- the coca cola you have brought for this
special occasion and about which you have been thinking for the last half
an hour. But - what a surprise! It is completely deep-frozen. Now you face
a real ice problem when trying to absorb the coke. The only good thing

is that you don't have to worry about the bottle-opener you left at home.
There is no bottle any longer, just a heap of glass pieces.

All your trouble is the result of the fact that ypu didn't consider the
first ice law when you started on your skiing trip. Simply by putting

the bottle into your pocket instead of the rucksack you would have avoided
all this trouble and you would have been able to enjoy a blood-warm coke

whenever you wanted.

I wouldn't dare to say that you may solve all ice problems by putting
things into your pocket. I just want to indicate the possibility of
avoiding some ice problems by a continuous adding of heat to a fluid
which is subject to heat losses. In order to reduce the heat to he added
it is often economically justified to improve the heat insulation of the

fluid and thereby reduce the heat losses.
As examples of the method described the following may be mentioned.

7. Slippery sidewalks may be avoided by putting heat slings under the

pavement.

2. The blocking of spouts by ice is avoided by putting the spouts inside

4 0.7



instead of outside the house walls.

3. The freezing of waterpipes is avoided by putting an electrically

heated wire in the pipe.

4, The blocking of gates at power station intakes and in spillway dams

is avoided by heating of gates and gate sealings.

S Jaterways and pools are locally kept free of ice bringing warm

bottom water up to the surface by means of air bubbles.

At this symposium we also have heard of the Russian method of pumping
warm ground water into the head race channels of power stations in order

to prevent ice problems.

The last method has been used extensively in Sweden where the waterways
to several cities are kept open for the entire winter by means of air

bubbles.

In spite of the fact that the two methods described which we may term
"the layout method" and '"the layin method" enable us to eliminate several
severe ice problems, there are in fact some cases where we cannot avoid
the formation of ice. For this particular case I have formulated the
Second Ice Law, which summes:

"Do not fight against the ice -- make use of it".

In fact we have already had an example on the application of this law.
That was when speaking of avoiding the generation of frazil ice by arrane
ing for the formation of a continuous ice cover. Obviously both the first
and the Second Ice Law are applied in this case which requires a special
formulation such as: "Avoid frazil ice by making use of solid ice'.

An example on pure application of the Second Ice Law was given in the
early Forties when the winters in Scandinavia were extremely cold. Also
in winters the ice-breakers do not manage to keep the waterways open for
the harbours on the northern part of the Baltic Sea but further south there
is normally no break in the shipping between Sweden and rinland. During
the extremely cold winters in the beginning of the Forties, however, the
Baltic was completely blocked by thick ice and no icebreakers were capable
of opening any navigation channel between the two countries. As a matter
of fact Finland needed vast imports from Sweden at the. time and the

situation was harassing. what was to be done? Obviously the First Ice Law

could not be applied because the ice was already there. Then the Second
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Ice Law had to be applied to the effect that:

"If you cannot break the ice -- make use of it"

This was done. One of the longest floating bridges ever used by automobiles
was brought into service across the Baltic Sea at a place where the short-
est distance between Sweden and Finland is some 80 km. The thickness of
the ice was very variable and had to be checked from time to time.

Weak parts were strengthened by pooring water on the surface. The ice

road had also to be kept free of snow by ploughing. On a smaller scale
this method of utilizing the ice cover on lakes and rivers for bransporta-
tion has a 10ng tradition in Sweden, where the rivers are many but the
number of bridges was very limited in earlier days. Nobody would have
dreamed fighting against the ice in Swedish rivers, just to make use of

it!

Also in these days the ice cover on lakes and rivers is extensively used.
Very often it serves as a platform for surveying river sections and for
drilling into the bottom as a preparation for underwater blasting and

winter fishing from the ice should not be forgotten.

Also in earlier days the ice cover was sometimes utilized for transporta-
tion on a larger scale. One for the more well known historical events
took place when King Charles X brought the whole Swedish army across the
Belts between the Danish islands in 1658. King Charles X was on his return
journey home after some fighting on the continent when he came to the
shore of the Great Belt with his army. He found the Great Belt covered by
ice which completely hampered his plans of "hiring' some ships to bring
the army across, He al&o experienced that the icebreaker service in
Denmark was not very well developed at that time so he decided to apply

The Second Ice Law i.e not to fight against the ice but to make use of it.

Thus he sent some men to judge the strenght of the ice cover and he
probably also consulted some people clever in weather forecasting and
afterwards went across with the whole army, a total of some 5 000 men.
In spite of the fact that the ice was fairly thin and in places covered
by half a metre of water King Charles X was very successful in his task

and managed to bring over the major part of his forces to Shaelland.

Thus this exciting adventure in the past came to a happy end and so I
think this little speech must do the same before we are geéting to far

into the future. As a matter of fact ice can be utilized in many other
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%ays than for walking and motoring. For instance you may play ice-hockey
on it. You can make artificial islands of it as they do in Alaska and
you can utilize the ice for temporary stabilization of soil. All these
uses come under the second ice law. Thinking of ice-hockey, ice-racing,
ice-skating, ice-cobble and ice-cream I feel inclined to introduce a
variant of the Second Ice Law wording: "Don't worry about ice -- make
fun of it"

I am quite aware of the fact that you camnot always avoid ice problems,
nor will you be able to use the ice. In some cases you will have to fight
against the ice and we learned yesterday from our Frankenstein how this

can be made in a very nize way by using explosives. So, why shouldn't

we introduce a third law for the tackling of ice problems wording:

"If you have to fight against the ice -- do it by means of explosives —--

and you will have a lot of fun"

Thank you!

LRun/EEt
4.9.1970
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RIVER AND COASTAL ICE PROBLEMS IN ICELAND

Sigurjén Rist Orkustofnun Reykjavik
Chief Hydrologist ( The National Energy Authority) Iceland
Synopsis

A general outline is given of the problems of ice in relation to human activities
and constructions including winter ice; polar drift ice and ice blocks derived
from glaciers. The major ice problems rise from ever-changing conditions
as a result of sudden and intense weather fluctuations. Formations of sludge
jams accompanied by winter storms do threaten inhabitated areas. Run-off
river power plants are influenced by operational disturbances especially by
chocking by sludge ice. During the next few years there will be a good
opportunity to study what operational disturbances will occur at such power
plants in the Thjorsa at Burfell where the intake is especially designed to

minimize ice disturbances.

Movement and collision of glacier-derived ice blocks in areas of jokulhlaup
(glacial bursts) in connection with road building is an unsolved problem.
Geographical engineering ice problems related to construction of reservoirs

in the highlands are pointed out.

Introduction.

In Iceland ice may have one of three different origins:

1) Accumulation of ice through precipitation. Glaciers cover 11% or 11300

km2 of the country. They are very prominent on maps of Iceland.

Jokulhlaups (glacial bursts) bring huge blocks of ice from glaciers onto the
braided river courses in southeastern Iceland. Jokulhlaups take place at semi-
irregular intervals but they raise serious problems in connection with con-
struction of roads in southern Iceland. Because of these jokulhlaups a
continuous road has not been built around Iceland through the coastal regions.
Road is still lacking in a strip of 30 km south of Vatnajokull in the main area

of jokulhlaups,
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2) Polar driftice. This type of ice drifts by wind and ocean current from the
East Greenland current especially to the north and east coast of Iceland. This
happens very occasionally. The drift ice appears in late winter and during the
spring. In Iceland it is customary to speak of "ice years' when drift ice
remains at the coast and in fjords for a few months and covers fishing banks
and blocks harbours on the north and east coasts. The name of the country,

Iceland, was derived from this drift ice.

3) Winter ice in rivers, lakes, and fjords. As can be expected the face of

winter ice is obvious in a country like Iceland, which is located between 63.5
and 66.5° northern latitude. The Artic Ocean is not far to the north and
Greenland is only 300 km away but these parts of the earth are well known for
cold climate. However, Iceland is crossed by many lows that move northeast
across the Atlantic Ocean in the same direction as the warm Gulf Stream.
These lows bring with them warm and moist airmasses that move across the
country. The persistance of the winter ice depends therefore on which dominate
the warm southern or the cool northern wind. Rapid and intense formation of
ice may take place for a few days, but thaw may set in before the stage of
ordinary lay-time has been reached, that is breaking-up of the ice may occur
unexpectedly and the river swell into heavy flood during the middle of winter.
Such happens every winter. If freezing-up, lay-time and breaking-up is

termed an 'ice-cycle', one can speak of many '"ice-cycles' during the winter
but these ice cycles are not all equally complete, Winter floods are particular-
ily confined to rivers near the coast. The number of ice cycles are fewer in the
highlands and at the same time the cycles are more complete. Usually there

is one ice cycle with stable ice cover and an ordinary lay-time of a few months

every winter,
Rivers in Iceland have been classified into three types:

1) glacial rivers "J", 2) run-off streams "D", and 3) spring-fed streams
"L"., The difference in ice formation between these three types of rivers has

been discussed elsewhere (l).

ICE PROBLEMS IN RIVERS AND LAKES.

Instability: The major problem of winter ice on rivers and lakes results from
its instability or low persistance. As a result of this instability, the same ice
disturbances take place repeatedly during the same winter at hydroelectric

power plants.

Because of the instability of the ice, travelling across rivers and lakes
becomes more difficult than otherwise. However, travelling on ice and the
crossing of frozen rivers are presently very insignificant sincebridges have now

been built across most rivers.
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Ice and inhabitated areas: When rivers freeze they often flood their banks.

However, the population of Iceland is very scanty and has been adopted to these
circumstances so flooding rarely causes damage in inhabitated areas. It is
known that occasionally tens of square kilometres of land are covered by water
and ice in winter time as a result of ice~-jams. Ice jams are known to have
formed in some rivers that raised the water level by more than 10 meters, the

maximum is 18 metres (2).

There have been no major constructions by rivers and lakes in Iceland until

during the last decades.

Recently inhabitation has become more dense by some rivers than it was before
such as the village Selfoss, in southern Iceland, located on the banks of Olfusa
river. Damage by flooding can be expected on the average roughly every 20
years, Danger of flooding is most serious when the following sequence of

events take place:

1) Heavy ice cover has been formed on the Olfusd for a few kilometres down-

stream from Selfoss and this ice has not been weakened by solar radiation.

2) Formation of an ice-jam that fills the riverbed by Selfoss has taken place

and ice blocks in the jam have frozen together.

3) A sudden storm with heavy rainfall and melting of snow sets in causing a
flood in the Olfusa and transport of ice blocks downstream from the icy banks

of the river.

Under these circumstances observations have shown that the ice cover and the
sludge jam will not be removed and that the flow through channels under the ice

on the bend by the village become blocked and the water floods the banks,

In Skagafjérdur in northern Iceland the river Héradsvétn becomes frequently
blocked when the lower stretches of the river are freezing with the result that
the lowlands of the valley of Skagafjordur come under water. Such winter ice

damming may last for up to two months,

Ice and Roads.

It is uncommon that bridges become damaged by ice transported by streams
and rivers. This results partly from the fact that bridges are frequently built
across rivers where damage by ice is unlikely, for example where the rivers
flow in gorges. This selection of bridge sites, which may make the roads
longer is possible because of scanty population and light traffic. In other
circumstances for example on gravel fans the bridges are built so they stand
high above the riverbed but the road on either side is lower. Therefore when
the water level is raised as a result of freezing the water flows over the road
and disturbs the traffic for a day or so, but does not damage the bridge or the

road,
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As mentioned before a road has not been built in the main area of jokulhlaups
(glacial bursts) - alluvial sands - in Iceland south of Vatnajskull, During a
jokulhlaup the largest ice blocks are not transported far from the edge of the
glacier but smaller ice blocks can be carried much farther by the glacial water.
These ice blocks which float up by the margin of the glacier and brake from it
have a cubic shape and therefore look very different from flat ice sheets that
form by freezing of river water. It appears logical to build roads as far from
the glaciers as possible because of the transport of these ice blocks., However,
it should be realised that the sediment of river beds and alluvial plains become
finer downstream. By the glacier it is boulder clay but gradﬁally changes into
fine clay. Therefore itis not certain where a bridge would be most favourably

located.

Ice and Hydroelectric Power Plants.

Operational Problems. Itis certain that the winter ice causes more damage

at hydroelectric plants than at any other man-made structure. Experience

has shown that operational disturbances are more severe the smaller and
shallower the intake pond is in relation to the flow of the river. This is clearly
shown in a table in an article in the Journal of the Engineering Society of Iceland
from 1959 (3). In fact most hydroelectric power plants suffer from disturances
which occur repeatedly during the whole winter because of the ever changing
weather conditions., These disturbances are particularily severe in the case of

run-of-river power plants.

The disturbances occur first and foremost during the period when the rivers
are freezing up and cause the well known blockage of intake channels by sludge
ice and also sudden reduction in flow because much of the water in the river
channel upstream accumulates above ice-jams, A few power plants are always
threatened by surge of pack ice from "step-bursts" (the Icelandic ferm

"brepahlaup'').

Disintergration of an ice cover presents rather serious problem if there is a
thick ice sheet on the intake pond, because ice floes accumulate in this pond,
This happens particularily during winter thaws and is most severe in the case
of run~off rivers, In order to avoid this problem it is essential to brake up the
ice-sheet on the pond so the ice floes will float away with the spillwater,

The breaking up of the ice-sheet must be carried out before ice-jams form in
the riverbed upstream to facilitate the flow of ice through the pond. In order to
brake up the ice-sheet on the pond it is necessary to be able to change the water

level suddenly; particularily to lower it.

The problems related to ice and hydroelectric power plants will not be discussed
further but the interested reader is referred to articles at this symposium

concerning Burfell power plant,
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Geographical Engineering Problems:

In connection with plans of exploitation of hydro-energyinlceland preliminary
plans have appeared which involve construction of large reservoirs in the high-
lands close to the glaciers, such as one reservoir of 240 km2 south of the
glacier Hofsjokull at an elevation of 600 m and another of some 60 km? north of
the same glacier at an elevation of 750 m in the so-~called Bugar. The water
from that reservoir would be directed southwards. However, Bugar are located
north of the water-divide of central Iceland where Hofsjokull is situated. There
are also preliminary plans of constr-u'cting reservoirs north of the glacier,
Vatnajokull, and to direct the water from these reservoirs to a proposed power
plant east of the glacier. In this connection it should be pointed out that the
reservoirs such as that in Bugar would be located in an area where the climate
is close to that of permafrost. The so-called mounds (Icelandic '"rdstir") which
are found there are the fossil remnants of a tundra climate (4). It is clear that
ice problems of geographical engineering will rise in connection with the con-
struction of reservoirs under such climatic conditions. The white ice and snow
cover on the reservoirs would reflect solar radiation effectively and it is known
how that could influence ablation in spring and early summer. Will it have the
effect of reducing thawing and turning the area into one of permafrost? Could

it be that ice would accumulate in the area from one year to the next? And if
there would be climatic trend to colder conditions, would large changes take
place in these areas that would turn them into permafrost and would accumula-
tion of snow and ice take place even if minor changes to colder conditions

occurred?

COASTAL ICE PROBLEMS.

Ice near the coast of Iceland may have one of two different origins:
1) Winter ice in the bottom of fjords, which appear every year, Itis, however,
insignificant. 2) Polar drift ice, which causes very serious difficulties when

it covers fishing grounds and reaches the coast.

Winter Ice in Fjords.

Every year at least some ice forms at the bottom of fjords in western, northern,
and eastern Iceland. It generally forms at the end of January and may persist

until April,

Fishermen on small boats must observe the ice because it may drift, A few
harbours may become blocked to these small boats due to ice every now and then
for a day or a few days during the winter. However, this ice does not interfere
with larger boats. Breidafjordur in western Iceland is famous for fast moving
long ice strips, and patches. The ice forms on the smaller fjords penetrating
into the country from the main fjord of Breidafjordur. The ice cover persists

longest in Thorskafjordur where it may remain for many months. There is often
a strong ice foot by the shore. ‘When the ice brakes up in these fjords, which
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generally happens during the spring tide, sheets of ice drift to Breidafjordur
itself. The ice drifts by wind to the islands of Breidafjordur or to the coast,
erodes and may damage small harbours and places where ships are drawn

ashore. The ice may block sailing routes between islands for a day or so but

never for long periods.

Drift ice is generally troublesome but the sheet ice itself may be so also, for
example during the '"frost winter' of 1918 when all of Siglufjérdur became cover=-
ed with land ice and it also formed between pillars of piers in the harbour.

During spring tide the ice lifted the piers and broke them into pieces.

In northwestern Iceland ice ledges form in many places. They are most
prominent when the wind is blowing from the sea during spring tide and may

disturb fishing and grazing of sheep in the tide zone.

There are four main reasons for the fact that formation of winter ice in fjords

is small in Iceland:

1) Warm and salty sea currents warm the coast of the country.

2) Heavy tide currents. The difference between tide and ebb is 1.5 ~ 4 m.

3) Continuous mixing of sea water by strong ocean waves that move into all
fjords at all times.

4) Most rivers do not flow into the sea in fjords but into the open ocean as can

be clearly seen on a map of Iceland.

It has not been observed nor do studies indicate that construction of hydro-
electric power plants increase formation of shore ice in fjord bottoms with the
exception of a proposed plant in Eyjafjérdur which would be accompanied by
directing rivers into the valley of Eyjafjérdur that presently flow into Skaga-
fjordur., The utilization of water in this way would increase shore ice in the

harbour of Akureyri which presently may be troublesome.

Polar Drift Ice Problems.

The polar drift ice causes many severe problems when it drifts to the coasts of
Iceland. Indeed it is called the country’s "'old enemy'. Basic writings about
polar drift ice near the coast of Iceland appeared in the Journal of the Icelandic
Glaciological Society last year (5). The interested reader is referred to that
Journal, However, damage of harbours by the drift ice are not dealt with in this
Journal nor are ways of minimizing damage discussed. This will be briefly

discussed here.

The most severe damage occurred in the harbour of Siglufjérdur on January 7th,
1968, when the ice drifted by easterly storms into the harbour and destroyed
many piers, The damage amounted to tens of millions in Icelandic kronur and
reconstructions have not yet been completed. In April 1967, drift ice moved

out of Skagafjérdur with the result that it broke 20 m off the concrete harbour
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wall in the seaside village Hofsés. Reconstructions cost 1.5 million Icelandic
kronur, On May 27th, 1965, drift ice bruised electric cable in Steingrims-
fjordur where it came to the shore on the south side of the fjord. On March
6th, 1969, the same damage occurred again, this time on the north side of
Steingrimsfjérdur. There are many more examples of minor damages of
harbours and landing places caused by polar drift ice. During the latest "ice
years' a steel cable has been placed across the entrance of harbours to prevent
drift ice from moving into the harbours. This has proved very successful,

It was first done in Raufarhéfn in March, 1965,

ACKNOWLEDGEMENTS.

The author is indebted to observators of water level recorders in the various
parts of Iceland for good cooperation and important information and advice.
The general director of the National Energy Authority, Jakob Gislason, and

members of his staff are acknowledged for their assistance.

Regarding drift ice and ice in fjords special thanks are offered to those laymen
from almost every corner of Iceland who have submitted letters and reports
including description of these phenomena. It has not been possible to include

but a small part of the information in these letters and reports.

REFERENCES.

(1) Rist, Sigurjén Icelandic fresh Waters 1 30-36
Hydrological Survey. The State Electricity
Authority, Reykjavik 1956,

(2) Rist, Sigurjén Winter ice in Thjorsa River System

Jokull 12, Reykjavik 1963,

(3) Tomasson, Haukur Istruflanir vi® rafstédvar,
Timarit VFI 1959 44. arg. 5. t&lubl, bls, 66
Reykjavik 1959 (Icelandic).

(4) Thorarinsson, S. Notes on Patterned Ground in Iceland, with
Particular Reference to the Icelandic "flds".

Geografiska Annaler H. 3-4, Stockholm 1951,

(5) Jokull 19 4&r, Journal of the Icelandic Glaciological
Society, Reykjavik 1969,



ICE SYMPOSIUM 1970
REYKJAVIK

RIVER AND LAKE ICE TERMINOLOGY

Hans R. Kivisild Foundation of Canada Engineering Toronto, Canada
Corporation Limited

Director
Research and Development

River and lake ice terms have been-evolved gradually in the last 40 years as
the processes of ice formation and breakup have become better understood.

The TAHR has considered it appropriate to contribute to a systematic river

and leke ice nomenclature. The preparation of a terminology was given to a
subcommittee headed by the author and a set of terms is presented herewith for
discussion and approval. The set is presented in English only, since a
multilingual glossary should be based on an agreed set of terms. The termin-
ology has been developed to be in harmony with the work by UNESCO on sea ice,
since a submission from us to UN on lake and river ice terms has been
requested.




RIVER AND LAKE ICE TERMINOLOGY

Following a proposal by the Committee on Ice Problems, the International
Association for Hydraulio Research decided at the Congress in Fort Collins

on 13 September 1967 to prepare a descriptive terminology of river and lake

ice. T was elected chairman of a sub-committee to carry out this work. Since
that time we have consulted various agencies of the United Nations, the members
of our committee on ice problems, the National Research Council of Canada and
various educational institutions. As a result of these consultations a glossary
was prepared reflecting the opinions of the members of our Ice Committee.

The presentation will be made in English and the terms will be arranged within
the logic of ice processes so that the necessity of each term and their proper
context can be established prior to translation to other languages.

The shown listing of terms by subjects is arbitrary by necessity because of the
conflicts of inter-related phenomena in ice formation on lakes and rivers,

In our earlier joint review with the National Research Council of Canada, we
folloved as closely as possible, the glossary of sea ice developed by the
United Nations Educational, Scientific and Cultural Organization. In the
present presentation the classification has been slightly modified to permit
the listing of terms under headings which more definitely describe the develop-
ment of ice covers and ice accumulations on lakes and rivers. It should be
considered, however, only as a working document for the purposes of gathering
illustrations and to permit a proper translation into other languages such

as the other working languages for the International Association for Hydraulic
Research, French and Russian. It mignt well be advisable to issue our final
recommendations in the same way as the submisgsion of the National Research
Council of Canada following very closely the sea ice glossary which has now
won international recognition.

HISTORY

It may be of interest to review the development on ice terminoclogy in the
last four decades.

In 1934 Dr. M.W. laszloffy described ice formations in rivers, in particular
the Danube, and gave definitions of various phenomena and of ice formations,
In some aspects this was built on earlier work by Dr. Devik (1930). In its
scope and many of the practical aspects, Dr. Laszloffy's work was the first
systematic presentation of ice terminology.

Dr. G.D. Ransford and Professor Giroud presented in 1951, in La Houille
Blanche, a series of articles establishing and discussing technical terms
related to frost, snow and ice.

Further work on this line was done by the author in a series of reports in
1952 and 1954, giving a systematic classification of ice phenomena on rivers.
A major part of the study was presented to the IAHR in a paper on Ice Floods
in 1959.

Wilson et al,(1954) have given a good account of lake ice classification from
which some of the terms have been adopted or modified. A more recent
classification for various ice types based on texture has been prepared by
Peschanskii (1967).

The U.S. Navy (1966) have included ice terms in their oceanography glossary.



UNESCO included ice terminology in their glossary on hydrology. This was,
however, an incomplete effort and many members were disappointed in the
description of ice terms. The inadequacy of this glossary was one of the
reasons for the TAHR to start the development of an ice terminology. In the
meantime, the World lMeteorological Organization organized an attempt to improve
the ice portion of the BSCO Hydrological Glossary. In 1968, a glossary of
lake and river ice terms was prepared by Wil consultant, NMr., S, Fremling, of
the Swedish lMeteorological and Hydrological Institute, Stockholm. This was
originally compiled in Swedish and subsequently translated into English, It is
a very ambitious document, and we consider that the coverage of the whole
system presented in this document is impractical at present until a more concise
system is adopted first.

Dr. ¥ichel prepared in 1969, a classification based on ice formation processes.
This paper was expanded in a joint article by Dr. iichel and Mr. Ramseier, in
the report on Classification of River and T.ake Ice Based on its Genesis,
Structure and Texture,

A guide to field description of lake and river ice was prepared in 196¢ by
Mr. G. Williams of the National Research Council of Canada.

A set of ice terms for field description has been established by the
iieteorological Division of the Devartment of Transport of Canada.

liessrs. B. lMichel, D, Carter, M. Drouin, R. Ramseier and R. Boisvert
prepared in 1969, a Clossary of Lake and River Ice Terms with added French
terms.

Parallel with the above described efforts on lake and river ice terminology,

sea ice was classified and terms were agreed by the VWorking Group on Sea Ice
for liaritime Meteorology of the World Netcorological Organization of the

United Nations. This group had some tentative sea ice terms developed for 1951.
An internationally agreed "Abridged Sea Ice Nomenclature'" was accepted in 1954.
A draft nomenclature was presented in 1967 and approved in 1968. The Yorking
CGroup states that the terms are equally valid for lake and river ice. This is
contrary to the statement made by UNESCO in their glossary on hydrology, and

we assumed that amendments should be introduced where advisable.

The associate committee of the N.R.C., Canada established a working group to
review the ice vortion of the UNESCO Hydrological Glossary. This working group
included Prof. Michel, Ir. Ramseier and the author from the IAHR subcommittee.
The glossary prepared by the N.R.C. working group with an input and submitted
by Mr. L.W. Gold to UNESCO provided the basis for the glossary now put before
the membership of the IAHR for their consideration.
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TERMS RELATED TO ICE FORMATION,
ACCUMULATION AND DECAY

A minimum number of terms has been chosen which would describe the processes
of ice formation and breakup without ambiguity.

FRESH WATER ICE

In fresh water bodies there are two quite distinct forms of ice formation.
LAKE ICE and RIVER ICE form by a static process on calm lakes and sections of
rivers with relatively still water. In the final open water stage there is a
supercooling of the water surface and ice crystals start to form and primary
ice would cover the surface. Winds and currents mey disturb this formation
and cause a change to dynamic processes.

In the static process, nucleation will lead to DINDRITES, ICHE NEEDLES and
TABULAR ICE and a SKI.. ICE is developed on the surface. Main continuing growth
will be of COLUMNAR IC¥, finally building covers of BLACK ICE. Under disturbed
conditions also GiliCLAR IC.! #ill form part of the growth.

Under a strong wind and in rivers with a substantial current, ice is formed in
ACTIVE ZONE in a dynamic manner., FRAZIL formed on supercooled surface is

carried by the current tc depth or on the surface and combines into floating
masses of FRAZIL SLUSH. The addition of snow can create a similar condition with
SNOW SLUSH carried by water.

Hater and slush appearing on top of ice covers may freeze, creating FROZEN
FRAZIL SLUSH, FROZEN 3i/O¥ SLUSH or AUFEIS.



DYNAMIC ICE COVER

Frazil slush can float to the surface to form circular discs of PANCAKE ICE.
Slush can also be compacted into SHUGA (Sludge) and by turbulence to SLUSH BALLS
which also include other elements of ice. Broken parts of static ice cover
forms such as SHALE ICE and ICE FLOES combine with original dynamic forms into
BRASH ICE.

MOTION CF ICE

FLOATING ICE and ice forms suspended by current may form ICE RUN dovmstream.
This could include SLUSH ICE RUNS and ANCHOR ICE RUN, ICE TWITCH may cause

a part of sheet ice to join the UNCONSOLIDATED ICE COVER in an ice run.
Depending on hydraulic conditions the ice cover may be COMPACTING or DIVERGING.
Freezing may form an AGGLOMERATE. CRITICAL VILOCITY governs transition of the
unconsolidated ice cover to other forms.

STATIC ICE COVER

Static formations could appear in landfast form as BORDZR ICS and ICE FOOT.
They could form a limited ICE BRIDGE or have an overall coverage as an ICE
SHZET. Dynamic ice forms could first be reformed by compaction and freezing,
finally covering the surface in a CONSOLIDATED ICEZ COVER.

ICE ACCUMULATION

Depending on flow conditions at the ICE EDGE upstream of the ice cover, a

BIGHT may form or a COMPACTED ICE EDGE may develop. The cover may grow and
cause an ICE PROGRESSION upstream. Floating ice or suspended ice may be

carried under by turbulent currents on the ice edge and will deposit on the
underside of ice covers to form HANGING DAM. Flow or wind conditions may cause
onshore ICE SHOVES. These formations are indicated on surface ICE MOUIDS.
Frazil may also be carried by river to underwater obstructions and form ANCHOR
ICE. Anchor ice, growing from the river bed could block the river substantially
in the form of ANCHOR ICE DAMS.

ICE JAMMING

DRIFTING ICE may be driven to shallow water or block a water course as
GROUNDED ICE. Such happening may cause ICE JAMS which may also result by
choking from floating formations.

DEFORMATION PROCESSES

An ICE PUSH or hydrodynamic conditions may also put ICE UNDER PRESSURE to
cause DEFORMED ICE or FRACTURING. Depending on the thickness and rheological
properties of ice could be deformed by RAFTING or RIDGING. Depending on ice
thickness and elasticity RAPTED ICE may take the characteristic form of FINGER
RAFTED ICE. These forms and RIDGED ICE with RIDGHES cause the appearance of
HUMMOCKS and HUMMOCKED ICE through HUMMOCKING.

FRACTURES are often concentrated in FRAVIURE ZOWES, often accompanied by
SHEARING motion.

OPENINGS IN ICE

Varying water levels, hydrodynamic forces and temperature variations may cause
THERMAL CRACKS, TIDAL CRACKS and SHEAR CRACKS. These CRACKS could be SURFACE
CRACKS and DRYCRACKS or further developed into THROUGH CRACKS or HINCE CRACKS.
Motion of ioe may create LEADS and hydraulic conditions may keep open a POLYNYA.



MELTING AND BREAKUP

In the BREAKUP PERIOD sheet ice usually disintegrates by internal MELTING,
resulting in ROTTEN ICE. Depending on crystal boundaries columnar ice becomes
CANDLE ICE and rotten granular ice becomes CORN SNOW ICE. Melting creates
PUDDLES which later develop into full THAW HOLES. ICE POT HOLES avpear and
disintegration causes FLOODED ICE,

A BREAKUP with intensive melting in place, without excessive wind or current
results in INSITU BREAKUP, The weakening of ice might also result in DETACHED
ICE which will move during ICE CLEARING leaving STRANDED ICE often in the form
of ICE LEDGE or massive accumulation in the form of ICE GORGE usually formed by
breaking ICE JAlLiS.

During all described phases, ICE CONCEITRATION varies, until the body of water
becomes ICE FREE.

TERMS ARRANGED BY SUBJECT

In the above description of ice formation, motion, accumulation and decay
processes, the terms were made to appear more or less in the sequence of

ice processes during a season. This is not necessarily the best way to present
an encyclopedic system of terms. For this purpose the terms should be arranged
under subjects which refer to obvious features and are clearly definable, The
same term could then be used in two genetic contexts.

The following presentation is suggested, which has the advantage that it follows
the already accepted sea ice nomenclature as much as it is considered fleasible.

1. Floating ice

floating ice
lake ice

2. Development of forms of ice

black ice

columnar ice grain
dendrites

frazil

floc

3. TForms of static ice

anchor ice

anchor ice dam

aufeis

border ice (shore ice)
brackish ice

columnar ice

drained frozen frazil slush
drained snow ioce
frozen frazil slush
granular ice

grounded ice

river ice
sea ice

granular ice grain
ice needle

ice rind

new ice

skim ice

hanging (ice) dam
ice bridge
ice cover
ice crossing
ice foot

ice gorge
ice jam

ice sheet
snow ice
stranded ice
tabular ice



Forms of dynamic ice

agglomerate

bight

brash ice

compacted ice edge
concentration
concentration boundary
consolidated ice cover
diffuse ice edge

Motion of ice

anchor ice run
compacting
diverging
drifting ice
ice jamming

Deformation processes

fracturing
hummocking
ice push

Openings in ice

channel lead
crack

dry crack
fracture
fracture zone
hinge crack
lead

Surface features

deformed ice
finger rafted ice
glare ice
hummocked ice
hummock

ice pot hole

ice mound

ice wrinkle

Stages of melting

breakuv
candle ice
corn snow ice
detached ice
flooded ice

frazil slush
ice edge

ice floe
pancake ice
shale ice
shuga (sludge)
slush ball
snow slush

ice progression
ice run

ice shove

ice twitch
shearing

slush ice run

ice under pressure
rafting
ridging

polynya

shear crack
shore lead
surface crack
thermal crack
through crack
tide crack

new ridge

rafted ice

ridge

ridged ice
ridged ice zone
rough ice
sastrugi

shore depression

ice free
insitu breakup
puddle

rotten ice
thaw holes




10. Terms relating to lake and river ice

active zone dynamic ice pressure
beginning of breakup (date) freeze up period
beginning of freeze up (date) frost smoke

breakup date ice boom

breakup period static ice pressure

critical wvelocity
duration of ice cover

The definition of all terms are presented in the attached list of terms in
alphabetical order.

The close relationship for the above arrangements to the sea ice glossary is
shown by the following comparison of subjects

Lake and river ice Sea ice

Floating ice Floating ice

Development forms of ice Development

Forms of static ice Forms of fast ice

Forms of dynamic ice Pack ice

Motion of ice Pack ice motion processes
Deformation processes Deformation processes
Openings in ice Openings in ice

Surface features Ice surface features
Stages of melting Stages of melting

Special terms relating to lake
and river ice

It should be noted, however, that there is no complete correspondence of terms.
Certain deviations were indicated by traditional usage, and other deviations by
different processes in fresh water.

RECOMMENDATIONS

When our Committee on Ice Nomenclature was formed it was thought that there )
would be no previously established nomenclature. Subsecuent investigation showed
that many institutions, notably the Office of Hvdrology of the United Nations
Education, Scientific and Cultural Organization and the Working Group on Sea Ice
for Maritime Meteorology of the World Meteorological Organization had done
substantial studies on ice nomenclature.

We established contact with these organizations. After a review of their work
we decided to work through the United Nations and instead of publishing our
own nomenclature, to prepare a submission to the United Nations as a con-
tribution towards the establishment of a representative ice terminology.

In 1968 we wrote to UNESCO with a reauest to have a chance for an official review
and submission on the glossary of river and lake ice terms. On December 18, 1968
we were requested by the Chief, Office of Hydrology, Department of Advancement of
Science, Mr. J.A. da Costa, to give our comments on river and lake ice terms.

It is hoped, following today's presentation, that a terminology can be accepted
by IAHR which could be submitted to UNESCO expressing our views.

1.0



Active Zone

Agglomerate

Anchor Ice

Anchor Ice Dam

Anchor Ice Run

Aufeis

Beginning of
Break-up (Date)

Beginning of

Freeze-up (Date)

Bight

Border Ice

Black Ice
Brackish Ice

Brash Ice

Break-up

Break-up
Date

Break-up
Period

Candle Ice

Channel Lead

Columnar Ice

Columnar Ice
Grain

Compacted Ice
Edge

Terms Arranged in Alphabetical Order

Stretch of river where frazil ice is forming.

An ice cover or floe formed by the freezing together
of various forms of ice.

Submerged ice attached or anchored to the bottom,
irrespective of the nature of its formation.

An accumulation of anchor ice which acts as a dam and
raises the water level.

Ice run of mainly anchor ice. The lumps are often of
darkish colour from sand or gravel.

Ice formed when brook water or underground water freezes
on previously formed ice.

Rivers - Date of definite breaking or movement of ice
due to melting, current or rise of water level.

Lakes - Date of visual evidence of initial deterioration
along shore-line ~ appearance of shore leads.

Date on which ice forming stable winter ice cover first
observed on the water surface.

An extensive crescent-shaped indentation in the ice edge
formed either by wind or current.

An ice sheet in the form of a long border attached to the
shore.

Transparent ice formed in rivers and lakes.
Ice formed from brackish water.

Accumulations of floating ice made up of fragments not
more than 2 m across; the wreckage of other forms of ice.

Disintegration of ice cover.

The date on which a body of water is first observed to
be entirely clear of ice, and remains clear thereafter.

Period of disintegration of an ice cover.

Rotten columnar-grained ice.

Elongated opening in the ice cover caused by a water
current.

Ice consisting of columnar shaped grain. The ordinary
black ice is usually columnar-grained.

Vertical ice column forming columnar ice.

Close, clear-cut ice edge compacted by wind or current,
usually on the windward side of an ice cover.
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Compacting

Concentration

Concentration
Boundary

Consolidated
Ice Cover

Corn Snow Ice
Crack
Critical
Velocity

Deformed Ice

Uendrites
Detached Ice
Diffuse Ice

Edge

Diverging

Drained
Frozen Frazil
Slush

Drained Snow
Ice

Drifting Ice

Dry Crack

Duration of
Ice Cover

Dynamic Ice
Pressure

Pieces of floating ice are said to be compacting when
they are subjected to a converging motion, which
increases ice concentration end/or produces stresses
which may result in ice deformation.

The ratio in eighths or tenths of the water surface
actually covered by ice to the total area of surface,
both ice covered and ice free, at a specific location
or over & defined aresa.

A line approximating the transition between two areas
of floating ice with distinctly different concentrations.

Ice cover formed by the packing and freezing toether
of floes, brash ice and other forms of floating ice.

Rotten granular ice.

A separation formed in an ice cover or floe that does
not divide it into two or more pieces.

Velocity above which a stable ice cover will not form
on a river except by progression of ice,

A general term for ice which has been squeezed together
and forced upwards in places (and downwards). Sub-
divisions are rated ice, ridged ice, hummocked ice and
other similar deformations.

Thin branch-like growth of ice on the water surface.
Floating ice free from shore.

Poorly defined ice edge limiting an area of dispersed
ice; wusually on the leeward side of an area of floating
ice.,

Floes in an area subject to diverging or dispersive
motion, thus reducing ice concentration and/or
relieving stresses in the ice.

An accumulation of frazil slush that has partially or
completely drained before freezing forming a porous
white ice.

Snow ice from which the water has been wholly or
partially drained prior to freezing.

Pieces of floating ice moving under the action of wind
and/or currents.

Crack visible at the surface but not going right through
the ice cover, and therefore dry.

The time from freeze-up to break-up of an ice cover.
Pressure due to a moving ice cover or drifting ice.

Pressure occurring at movement of first contact termed
Ice Impact Pressure.

10
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Finger Rafted
Ice

Floating Ice

Flooded Ice

Fracture

Fracture Zone

Fracturing

Frazil

Floc

Frazil Slush
Freeze-up Date
Freeze-up

Period

Frost Smoke

Frozen Frazil
Slush

Granular Ice

Granular Ice
Grain

Grounded Ice

Glare Ice

Hanging (ice)
Dam

Hinge Crack

Hummocked Ice

Hummock

Hummocking

Type of rafted ice in which floes thrust “fingers”
alternately over and under each other:

Any form of ice floating in water.

Ice which has been flooded by melt water or river
water and is heavily loaded by water and wet snow.

Any break or rupture formed in an ice cover or floe
due to deformation.

An area which has a great number of fractures.

Deformation process whereby ice is permanently deformed,
and fracture occurs.

Fine spicules, plates or discoids of ice suspended in
water. In rivers and lakes it is formed in supercooled
turbulent waters.

A cluster of frazil particles.

An agglomerate of loosely packed frazil which floats
or accumulates under the ice cover.

The date on which the water body was first observed
to be completely frozen over.

Period of initial formation of an ice cover.

Fog-like clouds due to contact of cold air with
relatively warm water, which can appear over openings
in the ice or leeward of the ice edge and may persist

while ice is forming.

Accumulation of slush that has completely frozen.

Ice made of granular ice grains.

Small ice crystal of irregular form but somewhat
rounded like a sand particle.

Ice which has run aground.

Ice cover with a highly reflective surface.

A mass of ice composed mainly of slush or broken
ice deposited under an ice cover in a region of low
flow velocity.

Crack caused by significant changes in water level.

Ice piled haphazardly one piece over another to form
an uneven surface.

A hillock of broken ice which has been forced upward by
pressure.

The pressure process by which ice is forced into
hummocks .,
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Ice Boom

Ice Bridge

Ice Clearing

Ice Cover

Ice Crossing

Ice Edge

Ice Floe

Ice Foot

Ice-Free
Ice Gorge

Ice Impact
Pressure

Ice Jam

Ice Jamming

Ice Ledge

Ice Needle

Ice Pot Hole

Ice

Progression

Ice Mound

Ice Push

Ice Rind

Ice Run

Ice Sheet

Floating structure designed to retain ice.

A continuous ice cover of limited size extending from
shore to shore like & bridge.

Bresk-up prior to full melting.

A significant expanse of ice of any possible form on
the surface of a body of water.

Man-made ice bridge.
The demarcation at any given time between the open
water and ice of any kind, whether static or dynamic.

It may be termed compacted or diffuse.

Free floating piece of ice greater than 1 meter in
extent.

A narrow fringe of thickened ice attached to the shore
unmoved by changes in water level.

No floating ice present.

The gorge or opening left in a jam after it has broken.
(see dynamic pressure).

An accumulation of ice at a given location which, in

a river, restricts the flow of water.

The process of accumulation of ice to form an ice jam.

Narrow fringe of ice that remains along the shores of
river after break-up.

A small needle-like ice crystal formed under certain
nucleation conditions.

A roundish hole formed in the ice by water motion
in a narrow crack or small hole or by the effect of
radiation. It may or may not extend through the ice

cover.

Upstream progression of ice cover when drifting
ice is stopped by a boom, ice barrier or ice jam.

A hump in an ice cover resulting from frazil ice
accumulations beneath the cover.

Compression of an ice cover particularly at the front
of a moving section of ice cover.

Sea ice term, similar to skim ice.
Flow of ice in a river. An ice run may be light or
heavy, and may consist of frazil, anchor, slush or

sheet ice.

A smooth continuous ice cover.
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Ice Shove

Ice Twitch

Ice Under
Pressure

Ice Wrinkle

Insitu Break-up

Lake Ice

Lead

New Ice

New Ridge

Pancake Ice

Polynya

Rafted Ice

Rafting

Ridge

Ridged Ice

Ridged Ice Zone

Ridging
River Ice
Rotten Ice

Rough Ice

On-shore ice push caused by wind, and currents, changes
in temperature, etc.

Downstream movement of a small section of an ice cover.
Ice twitches occur suddently and often appear

successively.

Ice in which deformation processes are actively
occurring.

An unevenness appearing in the surface of an ice cover
due to folding by horizontal pressure.

Melting in place.

Ice formed on a lake, regardless of observed location.
Long, narrow opening in the ice.

A general term for recently formed ice which includes

frazil ice, slush, shuga (sludge) and other types of
ice.

Ridge newly formed with sharp peaks; slope of sides
usually about L4Q°.

Circular flat pieces of ice with a raised rim; the
shape and rim are due to repeated collisions.

Any non-linear shaped opening enclosed by ice.
Polynyas may contain brash ice and/or be covered

with new ice.

An accumulation of melt water on ice, mainly due to
melting snow but in the more advanced stages also to
the melting of ice. Initial stage consists of patches
of melted snow.

Type of deformed ice formed by one piece of ice
overriding another.

Pressure processes whereby one piece of ice overrides
another. Most common in new ice.

A line or wall of broken ice forced up by pressure.
May be fresh or weathered.

Ice piled haphazardly one piece over another in the
form of ridges or walls.

An area in which much ridged ice with similar
characteristics has formed.

The pressure process by which ice is forced into ridges.
Ice formed on a river, regardless of observed location.
Ice in an advanced stage of disintegration.

General term for ice covers with rough surfaces.




Sastrugi
Sea Ice
Shale Ice
Shear Crack
Shearing
Shore Lead
Shore
Depression

Shuga (sludse)

Skim Ice

Slush Ball

Slush Ice ~uw

Snow Ice

Snow Slush

Stranded Ice

Static Ice
Pressure

Surface Crack

Tabular Ice

Thaw Holes

Thermal Crack

Through Crack

Tide Crack
Unconsolidated Ice

Sharp, irregular ridges formed on a snow surface by
wind erosion and deposition.

Any form of ice originating from the freezing of sea
water.

An accumulation of thin broken plates of ice formed
when skim ice breaks up.

Crack formed by movement parallel to the surface
of the crack.

Motion of an ice cover due to horizontal shear
stresses.

A water opening along the shore.

Depression in the ice cover along the shore often
caused by change in water level,

An accumulation of spongy ice lumps formed from
compressed frazil slush, snow slush, or anchor ice.

Initial thin layer of ice on a water surface.

I'he result of extremely compact accretion of snow,
frazil and ice particles. This is produced by either
wind and wave action along the shore of lakes or in
long stretches of turbulent flow in rivers.

Ice run composed mainly of slush ice.

Ice that forms when snow slush on an ice cover freezes.
It has a while appearance due to presence of air
bubbles.

Snow which is saturated with water on ice surfaces,
or as a viscous mass floating in water after a heavy

snowfall.

Ice that has been floating and has been deposited on
the shore by a lowering of the water level.

Pressure developed by a static ice cover.

Crack visible at the surface.

A particular type of ice whose grains have large
horizontal dimensions.

Vertical holes in ice formed when surface puddles melt
through to the underlying water.

Crack caused by contraction of ice due to change in
temperature.

Crack extending through the ice cover,

Crack caused by rise and fall of tides.

Cover - loose mass of floating ice.
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ICE SYMPOSIUM 1970
REYKJAVIK

ICE MONITORING EQUIPMENT

Bjorn Kristinsson, Dipl.Ing., Rafagnataeini, Reykjavik,
Managing Director, electronics, Iceland.
Synopsis,

Description of monitoring methods for ice phenomena in rivers. In som Icelandic
rivers ice problems exist in connection with operstion of Hydroelectric Power
Plants and three types of monitoring equipment were develoved, i.e. one for
frazil ice discharge, another for ice thickness and a third one for step-bursts,
The monitor for frazil ice is described in some detail and a short mention is made
of the other two types.

The frazil ice detector and the ice thickness detectors are based on measurements
of electrical conductivity changes, The step bursts detector is a vressure

sensitive detector,

Résumé.

Desoription de méthodes de surveillance de phénomenes ayant trait a la glace dans
les rivieres. Dans certaines rivieres islandaises le fonctionnement de centrales
hydroélectriques pose des problemes concernant la glace; pour faire face 3 la
situation trois types d’équipement de surveillance ont été congus: un pour la
décharge du fraisil de glace, un autre pour 1'épaisseur de la glace, un troisisme
enfin pour la rupture avalanche par écelons.

L' équipement de surveillance du fraisil de glace se trouve décrit d'une manisre
assez detaillée, et une breve mention est faite des deux autres types.

Le détecteur du fraisil de glace et ies détecteurs de 1' épaisseur de la glace sont
basés sur les mesurages des changements de la conductivité électrique. Le
détecteur des ruptures avalanches par échelons est un détecteur sensible a la

pression,



INTRODUCTTON,

At the Thjérsa River in the Southwest part of Iceland the new 105M4 Burfell Hydro
Electric Power Plant is located, which, when completed, will be 210MW. In winter
one of the points which has to be considered in connection with operation of the
Power Plant is ice formation. In order to watch and measure ice movements in the
river a special measuring technique was developed which will be further explained
in this report, The phenomena which are intended to be observed are frazil ice

movements, ice thickness and step-bursts. These will now be explained in a few

words,

Frazil ice constitutes the major part of the ice produced .in the Thjorsa River
and its tributaries. The frazil ice appears as accumulations of loose crystals,
about 4mm in diameter, sticking together in flocks. Sludge formed from blowing
snow, similar to the before named particles but containing smaller crystals, adds
to the ice discharge occasionally., Single ice floes and blocks also occur and
besides this sediments and weeds but the last named may disturb measurements
temporarily if drifting onto the measuring rod. Frazil ice tends to reduce
turbulence at the river surfacey it floats on the surface and seldom goes deep
down but forms ice clusters with clear water between them, Because of rapids,
waterfalls and swift currents, the clusters do not freeze together., The site
chosen for measurement of the frazil ice is at Sandafell about 9 km above the
Diversion Structure of the Power Plant, At this place the flow velocity is about
2 m/s. By measurement at this place warnings are obtained with 1 to 1 1/2 hours
notice so that ample time is glven to change position of the gates at the dam.

We now turn to what is called here ice thickness,

Ice thickness is in fact only the thickness of the frazil ice which lies close to
or moves along the walls of the Diversion Structure and should pass over into the
ice channel but not underneath it into the inlet pool of the Plant. Here it is &
most importance to measure how deep the frazil ice reaches down and whether it is
movings but by steering of the gates, the flow can be directed, This brings one
to the last point which is step-bursts,

Step-bursts is a floodwave of frazil ice and ice floes which builds up by breaking
one ice dam or obstruction after another and releasing water and anchor ice which
they have accumulated. The main characteristics of a step-bursts is a sudden in-
crease in water level and ice discharge, Instruments for sensing this increase
were positioned at a few places up to Sandafell but it is expected that devices
can be lost during step-bursts.

For each of the above mentioned points a special method of measuring was developed
and we call the instruments Ice Discharge Gauge, Ice Thickness Gauge and Step-
Bursts Indicator,



Principles of function. The Ice Discharge Gauge consists of a float sailing on

the river with a measuring rod fastened to the bottom of it pointing downwards
and cuts the frazil slush as 1t passes by, The ice is sensed as a change in

electrical conductivity.

The Ice Thickness Gauge is a vertical bar inserted in structural part with
electrodes evenly spaced along it in order to sens the depth of ice., The ice is

sensed in a similar way as before as a change in electrical conductivity.

Step-bursts are usually accompanied by change in water level and this gauge
consists of oressure sensitive cells which are placed on the bottom of the river

at a few spots upstreams from the Diversion Structure.

ICE DISCHARGE GAUGE.

The ice discharge gauge is made of a few main parts of which particularly to be
mentioned is the measuring rod itself, a float together with protecting gear for
the rod, mooring cable and heating transformer, electonic part and a recorder,

The measuring rod rod is about 60 cm long and about 12mm in diameter and around the

whole of it a double spiral of stainless steel wire 0,6mm in diameter is wound and
forms two measuring electodes, The rod itself is a steel pive with a heating wire
within and insulated on the outside by epoxy fiberglass., Spiral grooves are
ground in the rod keeving the steel wire in place. The rod is fastened to the
vottom side of a float so that it goes down through the frazil ice and cuts it
when passing by, The rod is too weak to withstand ice floes and, therefore, the
float is equipped to vrotect the rod ageinst too much load, As alresdy mentioned,
ice floes are especially common in stev-bursts ard usually the frazil ice is loose
and not frozen together on the surface,

The float, which carries the measuring rod is shaped like a boat and is equipped
with heating ribbons through which a low voltage current is sent. The heating
power is about 800W., The float is maintained sailing in the river with a mooring
cable which is again attached to a cableway across the river, Icing tends to form
on the float during frost and begins where the water splaches against the boat but
the ice melts and becomes loose from the heated surface when a certain thickness
is obtained, but this depends on the heating inside and the cooling conditions,
Hot lines are placed at a few strategic rarts on the float in order to make brea-
king off of the ice easier. The gear which protects the rod against too much
weight when ice blocks go under the float and pepess against the rod allows it

to turn backwards when the force passes a certain limit, The rod is steered by

a soring which is compressed to the limit that the torque is first raised but then
falls considerably, In order to reduce shocks when the rod springs forward again,

a shock absorber is also placed at the fastening point of the rod.



Mooring cable on the float includes, besides electrocal conductors, a steel wire
which has 700 kp ultimste stress. The electrical wires are for heating themselves,
the float and the measuring rod. Then there are measuring leads from the rod. In
the bow of the boat is a short pipe which prevents the wires to twist apart when
the float is thrown around or rolls.

At the top of the mooring cable at the cableway there is a somewhat weaker breaking
wire and it is presumed that the steel wire will break at that place if the stress
on the float is too heavy. From this weak spot on the same side as the float, is
an accessory wire connected to the land, loosely fastened to the cableway across
the river are transformers which change 220V line voltage into low %oltage for
heating and deicing on the float,

The measuring electodes are fed with A.C. current to reduce the effect of polari-

zation on the measurements, A transformer is in the input ciruit with two pri-
mary coils, one for the measuring ciruit and the other for a compensating circuit
which makes it possible to have an adjustable but reverse current sent through the
transformer to zero compensate the current which passes through the electrodes in
iceless water,

Electrodes in water always polarize somewhat and as a result they behmve to some
extent as a condenser,

To be able to perceive the resistive part of the signal but exclude the condenser
effects, the signal from the secondary coil of the compensating transformer is sent
through a phase detector and then a signal has been obtained which can be put on

a recorder, The zero reading of the signal, on the other hard, did not prove
stable because of increased conductivity of the river water during frost, probably
because the salts remain in the water but the ice that forms is pure. Besides
this, mixing of the water in the river is very limited so that the corductivity is
not uniform and, therefore, depending on the respective cross section of the river,
Furthermore, meltwater in the spring has also its effects as it contains limited
amount of salts, In order to always have a known zero reading two different time
constants are used for the records, That 1s, a very short time constant to find
the zero reading which always comes between the ice clusters, and a long time eon-
stant for obtaining a fairly good average record, The short time constant is in-
serted at 2 hours intervals and lasts for about 3 minutes,

Theory for ice discharge gauge. The fundamental principle for the discharge gauge
is the fact that, compared with river water, ice is an sbsolute insulator for
electricity,

The change in conductivity which takes place between the two spiral electrodes of

the measuring rod is established when ice crystals replace waber, This may be so
described that the ice thins out the water from the point of view of the conduc-
tivity.



Measurements were later based on the hypothesis that relative change in conduc-
tivity of river water containing frazil ice is equal to the ratio between ice
volume ard total volume of the ice water mixture or

Ac Ay
=g =7 (Density Equation) (1.1)

A 0% change in conductivity owing to ice (mho), v, : ice density (m3 ice/m3 total
volume), o: conductivity of water (mho), aV: ice volume (m3), V:_total volume
(mj).

This hypothesis is supported by laboratory exveriments (1) and appears sufficienfly
proven to be of practical use, This linear relationship between conductivity
change and amount of ice makes it possible, instead of measuring at many points at
different depths and finding the average, to use one pair of electrodes only,
which sense the average change in conductivity down to a depth which is more than

frazil ice usually reaches.

Other experiments were made which involved measuring the change of conductivity

as a function of depth in frazil ice clusters and this proved to give readings (2)
which were almost linear so that on a diagram it formed a triangle with the axis,
With this in mind, it was not considered necessary to use a long rod. Although on
a few occasions the measurements are cut off at the lowest level the discrepancies
become insignificant.

These conditions are fulfilled where the water velocity in the river is low and
consequently limited suspension of ice in the water. As an extreme example, it
can be mentioned that if the rod only reaches half of the full depth of the ice
clusters, only 25% of the ice has escaped measurement. If the rod reaches three
fourths of the full depth only 6.7% escape measurement., Then it may be mentioned
that the size of electrodes and space between them is wide as compared to the size
of the ice crystals but influence of size of electrodes and space between them has
not been further examined.

The quantity which is in fact measured and recorded is Qﬁw), the relative average
density of the frazil ice in a surface layer defined by the length of the rod,
which is 0 (or 0%) in iceless river water and 1 (or H0%) if the rod has frozen
fast. By mltiplying the density ratio with the velocity of the clusters on the
spot and intregating straight across the river the total ice discharge is fourd.

W
Qice = ni‘j Yl(w)v(w) dw (Discharge Equation) (1.2)

Qice: ice discharge (ton/sec), d: specific density of ice (ton/m3), r: rod length
(m),rL(w): ice density (m3 ice/m3 total volume), v (w): surface velocity (m/sec),
w: distance from river bank (m), W; river width (m).

This calculation is normally not carried out and only the density is observed and
as a monitor the gauge gives us a semiquantitative measuring method for the

discharge.
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ICE THICKNESS GAUGE,

Main parts of this instrument are sensing bars with electrodes, electronic part
and a mimic board, The ice sensing bars are U-formed profiles 1.5 m in lenght and
with 8 electrodes and the respenctive electrodes can distinguish whether or not A
ice is positioned against them., These bars are inserted in grooves at a few places
in the walls at the Diversion Structure and the purpose is to sense depth and
movements of the flow along the walls of the construction, In each groove there
are one, two or three instruments according to conditions., The theory behind

this instrument is similar as for frazil ice i.e, ice is an insulator as compared
with water and the change in conductivity is noted, The conductivity is indicated
on a mimic board with light bulbs which form a row corresponding to the electrodes
and the brightness depends on the corductivity of the electrodes and, therefore,
the quantity of ice in front of them.

STEP-BURSTS INDICATCR.

The instrument is a sensitive indicator for pressure which changes pressure into
electric signals, In the electronic part of the instrument this signal is
differentiated and then fast changes are noted tut not slow changes on the water
surface or alr pressure.

It is intended to place a few indicators along the river to note the flood wave of
step bursts, By having a number of instruments some will be left although some

are lost, when boarder ice breaks up.

READ-QUT DEVICES,

At Sandafell it is possible to observe frazil ice and three indicators are planned
theres here also are the required electronic parts for the frazil ice sensors.
Each gauge must be calibrated and set at 0% in icefree water and 100% for a fast
frozen rod but the equivalent is obtained by disconnecting the rod. Then the
information is sent by a telephone cable down to the Diversion Structure.
Diversion Structure. In a watch tower it is possible to make a continuous record
of frazil ice at Sandafell, At this place there are a few fast connected mimic
light rows for the ice thickness at the inlet construction and selector knob in

order to choose one particular mimic row of hte ice thickness irdicators, Then

there are warning lights for ice step-bursts.

In the Power House there are planned two panels mainly for ice monitoring. These

incorporate meters which show frazil ice at Sandafell and a recorder which records
density of frazil ice, A mimic board shows ice thickness at the Diversion

Structure and a record can be made of what equals one measuring row at ones desc-
retion and there are meters for ice step-bursts and their warning lights. On the
same panels there are also water level recorders for Sandafell and a temperature-

recorder for river water at the Diversion Structure,



OPERATTIONAL EXPERIENCE.

The frazil ice gauges have been in use during the winter 1969/1970 with recorder
in a watch tower at the Diversion Structure and the measuring method vroved as
hoped for.

The ice thickness instruments were tested at Sandafell during the winter 68/69
and they operated as hoped for,

At the inlet construction the eletronic part had not been started during the
69/70 but by measuring at individual eletroded on a few gauges at the middle of
winter, it was possible to note the frazil ice, its movements and depth. During
an examination in theé spring 1970 damages on construction and indicators were

observed where huge ice blocks, up to 100 tons, had hit the structure,
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Fig. 1
Sandafell site showing frazil ice in the river, double cableway,
cableway ferry, and a float on the river,

Fig, 2
The float enters free water after a frazil ice cluster has
sailed by,



Fig, 3
Internal mechanism of the float and the measuring rod.
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Fig. 6
Diversion Structure as seen from an upstream posision before the
dam was filled, River water to the intake pond passes under the
balcony and ice is skimmed off above it, The watch tower is on the
left,

Fig. 7
Tce thickness sensor bars inserted in the wall, Individual
electrodes can be distinguished,
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Fig, 8
Frazil ice on its way down the ice sluice (balcony) towards the
ice canal as seen from the watch tower, The ice enters on upper
right of the picture.

Fig. 9
Step-bursts cell and cable,

12 1.1



DISCUSSION BY G.TSANG.

The probe measuring the concentration of frazil ice is a slender cylindrical rod.
Due to the curvature of the rod, a centrifugal force will ke produced to a
particle of a continmiuum passing by. For a mixture of

Tee

water ard frazil ice, because the density of water is
higher than that of the ice, water particles will

the rod (simdlar to the separation of milk and cream).
The result of the above is that the concentration of
ice crystals at the neighbourhood of the probe is less than.in the undisturbed

deflect less and thus come closer to the surface of Water
Ice <:::>

flow., As this intertial force is proportional to v2/r where v = velocity,

r = radius of curvature, the error of the probe caused by this offset can be
quite pronounced for fast flows., The above consideration seems here not been
taken into account in the design and examination of the performanc of the orobe
by Mr. Kristinsson. It is my oninion that an eveluation of this effect should be

made,

Authors reply: Calculation of the nossible separation during the time of passing
by, which is very short indeed, reveales that this effect will be negligible at
normal flow velocities in rivers. Closer inspection also reveals that the lines
of flow around the rod show a negative curvature in front of the rod and 2
positive curvature at the sides, resulting in effects, that helo to countersct a

net separation of ice and water.

More pronounced effect owing to the water velocity, if the rod has access to free
surface, is, however, suction of air bubbles down along the rod at velocities
higher than say Bm/s especially if it is titled with the upner end against the
flow, This results in a velocity component directed down in the suction region at
the rear of the rod. The air bubbles will be sensed in the same way as ice.
Tilting with the lower end against the flow helps to avoid this ohenomenum,

The value of the gauge can, regardless of effects like that mentioned by Mr, Tsang,
be further established by direct calibration under different conditions.

Calibration of the gauge is possible by sampling and determination of the exact
amount of ice in the ice-water mixture by use of a calorimeter.

we used a sampler made of a sack of soft fabric with a rigid ovening of known
dimensions, In order not to disturb the flow during the veriod of sampling the
sack is put in the opening of the frame before the instrument is nushed ranidly
into the stream behind the measuring rod. The sack fills ouicklv and the time is
taken, This applies for horizontal sampling. Vertical samoling can also be made.
4fter draining most of the water out of the sample the ice is noured into a
calorimeter half filled with warm water and allowed to melt,

Using a calorimeter of low heat capacity, nolythene covered styvrofoam, and
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neglecting its effects we get.
Heat lost from water initially kept in calorimeter

Q=c, (Ti = Tf) m 1)
Heat gained by the ice-water mixture

Q=c, (Tp -T) M4 QMC (2)
Equating (1) and (2) we get the mass of ice

M, VLM=cw m(Ty - Tp) = M (Tp - T) (3)

C
m

Q: heat (kcal), e, specific heat of water (kcal/keg°C),

Cm: melting heat of ice (kcal/kg), m: mass of water initially in calorimeter (kg),
M: Mass of ice-water mixture (kg), Ti: initial temoerature (°C),

Tf: final temperature (OC), ’I‘o: Temnerature of the mixture, (OC), 7,: ice ratio

in sampled mixture (kg ice/kg mixture).

DISCUSSION BY OTHERS.

A mention should be made of a special contribution by Dr. B, Michel suggesting

the possibility of extending the use of this frazil measuring technique to sens
the onset of frazil formation in rivers at the intake to hydroelectric vower plants
in order to determine when to make special precaution such as to switch on
electrical heating on the intake grill.

Very small changes in conductivity can be detected or less than 1% if the rod does

not have access to free surface and suction of air bubbles is prevented.

In a personal discussion with Mr. R.S. Arden it apveared worth while testing the
vossibility of quantitative measuring of anchor ice by use of the frazil ice

detector after mounting it on a svecial sledge and towing it across a river,

Dr. J.F. Kennedg suggestion of changing length, diameter and orientation to

suit special laboratory condition is an open possibility.

14 1.1



ICE SYMPOSIUM 1970
REYKJAVIK

[]]
o 9,
‘\\!.','.07.':’--3
N e

THE TOWA LOW TEMPERATURE FLOW FACILITY

John F. Kennedy
Director

Iowe Institute of Hydreulic Research
The University of Iowa
Iowe City, Iowe, U.S.A.

SYNOPSIS

The Iowe Institute of Hydraulic Research has recently designed and constructed
e low temperature flow facility for conduct of research on verious aspects of the
formation, characteristics, and melting and breakup of river ice. The facility
consists of a 40-foot long, 2-foot wide, l-foot deep rectangular cross section re-
circulating flume mounted on a tiltable truss. The flume is housed in a tempera-
ture controlled room which can be chilled down to -20°F. The floor and walls of
the flume were constructed from specially fabricated heat transfer plates through
which a temperature controlled coolant is circulated. A water flow mey also be
heated, either directly or through the boundary panels. Experience to date with
the flow fecility is briefly recounted.

RESUME

L'Institut de Recherches Hydreuliques d'Iowa a récemment congu et réalisé une
chambre experimentale & basse température pour la conduite de recherches sur les
nombreux aspects de la formetion, des caracteristiques, de la fonte et de la
rupture de la glace recouvrant les riviéres. Le dispositif experimental consiste
en un canal & recirculation, de 40 pieds de long, de section rectangulaire 2 pieds
en largeur X 1 pied en profondeur et monté sur une structure inclinable. Le canal
est installé dans une piéce dont la température est controllée et peut étre
descendue Jusqu'é -20°F. Le fond et les parois laterales du canal ont été realises
avec des plaques conductrices de la chaleur specialement congues a l'interieur
desquelles circule un fluide réfrigérant dont le température est controllée. Un
courent d'eau peut aussi étre chauffé, soit directement, soit & travers les parois

du canal. Les expériences effectuées jJusqu'd ce jour sont brievement décrites.
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INTRODUCTORY REMARKS

The idea for the Iowa Low Temperature Flow Facility traces its origin, indi-
rectly at least, to a short paper published by Carey (1) in 1966 on the configura-
tion of the underside of river ice. The several similarities he reported between

the occurrence and behavior of "ice ripples"

and of sediment ripples and dunes
greatly intrigued the writer, who had for some years been active in research on
the mechanics of sediment bed forms, and he undertook to pursue his newly found
interest by reading more about river ice. It soon became evident that very few
experiments on ice processes in free surface flows had been conducted under con-
trolled, leboratory conditions, apparently because of the paucity of facilities
that had been constructed for such research, This deficiency prompted considera-
tion of design and construction of a small, simple apparatus for conduct of ex-
periments on the stability of the interface between turbulent flows and ice, and
on the related problem of ice ripples. As design of the proposed apparatus pro-
gressed and those who had become involved in the project became more familiar with
the state of knowledge sbout flows past ice boundaries, the need and potential for
research on other aspects of river ice became ever more apparent. Accordingly,
the equipment being plenned became progressively more sophisticated and versatile,
The low temperature flow facility thet finally emerged from the planning and de-
sign effort initiated by ideas springing from Carey's (1) paper is described in
the succeeding sections, and the experience geined to date in operating the facil-

ity is briefly summarized.

DESCRIPTION OF THE FACILITY

The low temperature flow facility is depicted schematically in figure 1,
which shows the flume, pumping systems and related piping, refrigeration and heat-
ing systems, and cold room. Additional details of the facility are shown in fig-

ures 2 and 3.

The working section of the facility consists of a rectangular cross section
flume, LO ft. long, 2 ft. wide, and 1 ft. deep. The flume is mounted on a tilting
truss supported on a pivot near the downstream end and on e motorigzed Jack near
the upstream end; the slope can be varied from zero to 2.2 percent. TFlow enters
the flume through a vaned inlet section and moves along the working section and in-
to a stationary outlet sump which is attached to the tilting flume by means of a
rubber connection. From the sump the flow passes to the intake of an eight-inch
axial flow pump (specific speed: 12,L400) which is driven by a variable speed (con-
tinuous from 352 rpm to 1760 rpm) five horsepower motor, and then through the
eight-inch diameter return line, calibrated Venturi meter, flexible hose connect-
ing the return line to the inlet section, and thence through the inlet and back
into the flume. The maximum discharge attainable is 3.1 cfs. The discharge can
be reduced to any desired value by means of the variable speed motor and removable
baffles in the sump outlet. The speed of the pump motor is remotely controlled
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Figure 3. Photograph of the flume end insulated room,
viewed from the downstream end of the flume.
Note surface ice cover on the flow.




from either inside or outside the cold room. The Venturi meter is equipped with
three rings of piezometer taps, which are used in various combinations to permit
use of the meter with a six-foot air-water manometer at the larger discharges

while still producing adequate resolution at smaller discharges.

The flume walls and floor were constructed from specially fabricated steel
heat transfer plates (see cross section in figure 2) obtained from Dean Products,
Inc. (Brooklyn, New York). The wall and floor sections were received in separste,
ten-foot long penels, which were welded together to form a monolithic trough. The
dimensional tolerance of the plates as received from the manufacturer was so great
that considerable effort had to be expended in straightening and aligning them.

In addition, the surfaces of the panels were so rough, as a consequence of the

welding process used in their fabrication, that extensive filling with auto-body
lead and grinding were required to achieve a hydraulically smooth surface in the
flume. Both the large dimensional tolerances and the surface roughness were ap-
parently unavoidable consequences of the manufacturing techniques used, and pose
no problems for the normal spplications of these plates. After considerable ef-
fort, wholly acceptable dimensional tolerance, alignment, and boundary smoothness
were achieved. In retrospect, however, it would have been better to have had the
plates made in the Institute shops, where better quality control could have been

maintained from the outset.

Each ten-foot long wall and floor panel is connected separately to the cool-
ant inlet and outlet manifolds. The six coolant passages in each wall cross sec-
tion consist of a pair of parallel passages which makes three traverses of the
panel length. Each wall panel is connected to its intake and outlet manifolds by
two inlet and two outlet hoses; these are valved such that either the upper, mid-
dle, or lower pair of passages, or any combination of these, may be turned off.
The twelve coolant passages in each ten-foot long floor panel are connected in
parallel. These are connected to the seme manifolds that supply coolant to the

wall panels, and are valved as shown in figure 2,

The outside of the plates are insulated with two inches of polyurethane in-
sulation board, which is covered with 3/lL-inch thick plywood. One-inch diameter
rails mounted on the flume walls support the motorized instrument carriage. Both
the flume and the rails are supported on leveling bolts, so that the vertical

alignment of each can be adjusted.

The inside, working surface of the flume is painted with Z.R.C., a 95 percent
zine coating manufactured by the Sealube Compeny {Quincy, Mess.). An ordinary
paint or an epoxy surfacing was not used because of its adverse effect on the heat
transfer rate between the flume boundaries and the flow. Hot dip galvanizing was
rejected because of t'he warping it produces. The only difficulty encountered to
date with this coating is that it has been pulled away by ice from some small
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spots over lead-filled areas. However, the underlying lead is also non-corroding
end is similar in appearance and texture to the zinc coating, and hence this minor

peeling has posed no problem,

The coolant circulated through the flume boundaries is a 50 percent solution
of WINTER-FLO, an ethylene glycol base, rust inhibiting anti-freeze manufactured
by Union Carbide Corporation (Consumer Products Division, Tarrytown, New York).
The coolant is distributed to the flume panels by means of three inlet manifolds,
one near the center and one near each end of the flume. After passing through the
panels the coolant is collected through the two outlet meanifolds, one located at
ten feet from each end of the flume. The piping connecting the wall and floor

panels, manifolds, coolant tank, and coolant chiller is shown in figures 1 and 2.

The coolant chiller is a ten horsepower packaged liquid cooling unit manufac-
tured by Dunham-Bush, Inc. (West Hartford, Conn.). The outlet temperature is
thermostatically controlled and can be maintained to within about 0.5°F at any de-
sired level from 10°F to 30°F; the corresponding heat transfer capacities of the
cooler are 52,000 BTU/hr to 96,000 BTU/hr, respectively. The liquid cooling unit
is equipped with a centrifugal pump which circulates the coolant through the chil-
ler and the 500 gal. coolant storage tank. A second centrifugal pump circulates
the coolant through the flume heat transfer panels. The pumps may be operated in-
dependently. The design discharge for coolant was 60 gpm, with either both pumps
running and coolant circulating through the plates, chiller, and tank, or with

Just the chiller unit pump circulating coolant through the chiller and tank.

The four gas-fired water heaters shown in figure 1 have a combined heat trans-
fer capacity of 300,000 BTU/hr. Their function is to neat either the flume water
or the coolant, to accelerate the melting or ablation during experiments concerned

with these aspects of ice behavior.

fn insulated tank located outside the cold room (see figure 1) provides stor-
age for chilled water. This tank makes it possible to drain the flume, in order
to measure ice accumulation or configuration, or when the flow is stopped over-
night, and later refill it with water whose temperature is only slightly above the

freezing point.

The insulsated room in which the flume is installed is SL ft. long, 12 ft.
wide, and 8,5 ft. high. The wells and roof of the room are insulated with eight
inches of polystyrene insulation board, and the floor with four inches of poly-
urethane board covered with a two inch concrete wearing surface. The refrigera-
tion system for the room consists of a 7.5 horsepower compressor (Copland, Inc.,
Sydney, Ohio), two 12,500 BTU/hr (at a temperature differential of 10°F) dual fan
evaporators (Krack Corp., Chicago, I11.), and a condensor (Larkin, Inc., Atlanta,
Ga.). Room temperature is thermostatically controlled; temperature variations do

not exceed #0.5°F from the thermostat setting. The two-stage thermostat activates
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either one or both evaporator units, depending on the difference between the room
temperature and thermostat setting. The fans of one evaporator unit operate con-
tinuously (except during defrost) to maintain uniform temperature throughout the
room. The design minimum temperature for the room was -20°F, and during a test
run with no water present in the flume a temperature of -22°F was attained. The
minimum temperature obtained for a given heat transfer rate is, of course, heav-
ily influenced by the amount of water present in the flume, its temperature and
state of freezing, and the rate of evaporation from the flume water and consequent
frosting of the evaporator coils. Room temperatures down to sbout -10°F can be
obtained under all operating conditions. Because of the high humidity in the room
the evaporator coils rapidly become ice covered. A defrost period (during which
the coils are electrically heated) of at least twenty minutes every six hours is

required to keep the coils acceptably ice free.

The water return line, coolent lines, refrigerant lines, drain-fill

lines, etc., are all insulated as required to prevent condensation and frosting.

OPERATING EXPERIENCE WITH THE FACILITY

The Low Temperature Flow Facility was placed in operation in mid-
February 1970. During the following several weeks a series of tests was con-
ducted to verify the performance of the various components and to evaluate the
overall performance of the facility. The individuel systems all met or exceeded
the design criteria, and were judged fully satisfactory. The integrated system
has, with one or two minor exceptions, been found to function equally as well.
With the system filled with water, the water temperature can be reduced from
about 60°F to the freezing point in about eight hours with coolant circulating
at 32°F and a room temperature of about 0°F. No measurable temperature gradients
have been found in the room. The coolant undergoes a temperature rise of 0° to
0.5°F, depending on the state of boundary icing and the coolant-water tempera-
ture difference, in passing through the heat transfer penels, and the water tem-
perature difference between the two ends of the flume has never been found to ex-

ceed 0.02°F. No problems have arisen from icing of the pump, Venturi meter, ete.

When the flume weter is being circulated and cooled, by either the
coolant or lowered room temperature, or both, the water temperature decreases at
an ever diminishing rete until a small amount of supercooling occurs. In general
supercooling does not exceed 0,05°F, A suspension of frazil ice then forms and
circulates through the system, and the water temperature rapidly recovers to
the ice point., The frazil ice significantly diminishes the discharge. The frazil
ice concentration decreases as frazil is replaced by surface ice, which forms
outward from the flume walls, or by boundary-fast ice, or by both, depending on

how the water is being cooled. During the early stages of surface ice



formation it accumulates slightly faster just downstream from the inlet sections,
a consequence no doubt of the increased heat transfer rate across the surface ac-
companying the higher turbulence intensity of the flow as it emerges from the re-
turn pipe and inlet section. The ice thickness also tends to be slightly greater
near the flume walls, because of the heat transfer from the water through the met-
al plates to the air. As the surface ice cover thickens, it tends to become quite
uniform along the length of the flume, and the increased thickness near the flume

walls extends no more then one or two inches into the flow.

When boundary-fast ice is being formed, by circulating low temperature cool-
ant through the wall and floor penels, the ice forms at a uniform rate along the
flume except for reaches extending two or three inches upstream and downstream
from the joints between adjacent ten-~foot long heat transfer panels. The coolant
passages do not extend over these joints, and hence the heat transfer rate between
the water and the coolant is locally diminished. This local suppression of bound-
ary ice formation is greatest during the initiel stages of formetion, and decreases
as the ice thickens., For example, when the ice thickness is approximately 0.5
inches at a point some distence away from a Joint, the ice accumulation over the
joint mey be only 0.3 inches. But when the general ice thickness has increased to
3 inches, the thickness over the boundary will be 2.8 inches or more. When sur-
face ice is being formed by meens of reduced eir temperasture, without coolant cir-
culating through the pipe, a small amount of boundary-fast ice may form in the vi-
cinity of the Joints because of the heat leak between the air and the flume bound-
aries through the coolent pipes (see cross section in figure 2). The amount of
boundary icde so formed is generally inconsequential, and has posed no problem in
the experiments conducted thus far, This effect caen be substantially reduced by
placing insulated covers over the valves eand ends of the pipe nipples attached to

the boundary penels.

A slight hydraulic difficulty arose from minor lateral surging in the down-
stream sump. The sump is ten inches wider then the flume; this provision was made
to accommodate the rubber coupling which attaches the stationary sump to the tilt-
gble flume, The rather large, vertical axis, separation eddies generated at the
abrupt expansion where the flow passes from the flume into the sump tended to be
unstable, and to concentrate first on one side and then the other of the sump.
This surging produced a small, periodic fluctuation in water surface elevation
which propagated upstream. The objectionable surging has been eliminated by means
of two partitions, one aligned with each flume wall, placed in the sump. The par-
titions are attached to the sump and extend approximately two inches below the
level of the flume floor at the downstream end. This arrangement permits the
slope of the flume to be changed even when the surface is covered with ice (the
ice in the vicinity of the rubber connection being relatively thin and easily

broken by the motion of the flume relative to the sump), end also provides a smoctl
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flow transition from the flume into the sump.

Several types of experiments have been conducted to date. Briefly, these are

as follows:

1. The formation of ice ripples. A layer of ice has been frozen on the flume
floor, and a turbulent flow then passed over it to investigate the conditions

leading to instability of the ice-water interface.

2. The stability of ice Jams. A lagyer of surface ice was formed over still
water. The surface ice was then broken into pieces of relatively uniform
size but random shape. The critical velocity at which the cover of broken
ice becomes unsteble has been determined for different flow depths, ice

thicknesses, etc.

3. The re-formation of ice after passage of an ice breaker. A layer of surface
ice is formed on still water. A uniform channel four to six inches wide is
then cut in the ice with a saber saw, and the ice cut from the channel is
either removed or fragmented and allowed to remain in place. The rate and
characteristics of re-formation of the surface ice, and the rate of thicken-

ing of the adjacent ice are measured.

4. Characteristics of ice during formation. Detailed observations have been
made on the patterns and other characteristics of surface ice as it forms

outward from the flume boundaries.

5. Development of analytical frameworks. The first three of the foregoing re-
search areas are being accompanied by efforts to develop analytical models to

explain the observed phencmena.
CONCLUSIONS

The Iowa Low Temperature Flow Facility, designed and constructed over the
pest two years and recently put into operation, has proven to be a useful and ver-
satile apparatus for conduct of research on a variety of problems related to river
ice. The only difficulties encountered to date with the unit are the slight non-
uniformity of boundary-fast ice formation over the Joints between the heat trans-
fer panels from which the flume boundaries were constructed, and minor peeling of

the zinc-base coating from some of the lead filled areas of the flume,

If the flume were being constructed again, the heat transfer plates would be
fabricated from stainless-clad steel, and the coolant passages would be made con-
tinuous over the whole length of the flume, alternate passages carrying flow in
opposite directions to minimize temperature nonuniformity along the length of the
flume. It is believed that these modifications would overcome the only difficul-

ties that have arisen.

10 1.2



ACKNOWLEDGMENTS

The cost of the Iowa Low Temperature Flow Facility was slightly in excess of

: $60,000-. Funds for its construction were provided by the National Science Founda-
tion under Grant (K-2873, the Graduate College of The University of Iowa, and the
Institute of Hydraulic Research.

In the design of the facility the author was ably assisted by Messrs. George
Ashton, Dale Harris, Sheng-Tien Hsu, An-Ching Lin, Jung-Tai Lin, and David W.
McDougell, all of the Institute staff. Design and installation of the refrigera-
tion systems was accomplished under the direction of Mr. Lloyd Kohl, of the Uni-
versity Physical Plant Office. Mr. H. J. Hannigan, Technical Manager for anti-
freeze products, Union Carbide Corporation, provided inveluable information in the
gelection of a coolant. In addition, Union Carbide donated 330 gallons of WINTER-
FLO Antifreeze for use in the facility.

The facility wes constructed by the Institute's shop staff, under the super-
vision of Mr. Dale Harris. The experiments briefly described were conducted by
Mr. George D. Ashton.

REFERENCES

1. Carey, K. L., "Observed Configuration and Computed Roughness of the Underside
of River Ice, St. Croix River, Wisconsin," U.S. Geological Survey Profes—
sional Paper 550-B, 1966.




Discussion of

THE IOWA LOW TEMPERATURE FLOW FACILITY

Q. (T. Carstens, Norway). The Iowa Ice Flume is a very sophisticated
piece of equipment, and a major step forward in experimental lab ice re-
search. I am speculating on the future of experimental ice facilities.
Will it duplicate the trend in open channel flow, especially with wave

problems, towards wider and larger flow areas?

A. (Kennedy). Future facilities of this type will, no doubt, be
increasingly larger. I suppose this reflects human nature; each investi-
gator wants his facility to be in some way better, or at least larger,

than those that went before it. In the present case the size was selected
in a very scientific manner: we built the largest facility we could with
the available funds! This was really not consistent with my general dislike
of large experimental facilities; I greatly prefer cleverly conceived, small,
"table-top" facilities. However, in the present case we foresaw many experi-
ments, including work on ice breaking, formation of surface ice at moderately

high Froude and Reynolds numbers, etc., which necessitate a large facility.

Q. (B. Michel, Canada). Could you describe more precisely the hydraulic
characteristics of the flume and the tests you are doing now on formation

of ice covers?

A. (Kennedy). The hydraulic characteristics of the facility are described
rather completely in the printed paper. As noted there, it has a maximum
discharge capacity of 3.1 cfs and slope variasble from zero to 2.2 percent.
The tests presently underway are also enumerated in the printed paper. In
addition, we plan soon to undertake tests on the forces exerted on a cylinder

moving through a continuous ice cover.

Q. (P. Tryde, Denmark). Have you used the IBM 1800 Computer both as a

data logging éystem and process controller?

A. (Kennedy). To date we have used the computer system primarily as a
data logging and/or analysis system. We are just at this moment installing

process interrupt features and a digital-to-analog converter which will
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enable us to use the facility as a process controller, which will feed

back information to experiments end alter the controllable variables as

data are received from the experiment end interpreted.
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INSTRUMENTATION FOR ICE INVESTIGATIONS

IN THE NIAGARA RIVER
R.S. Arden The Hydro-Electric Toronto, Ontario
Agsistant Hydraulic Powsr Commission of Canada
Investigations Enginseer Ontario

Ontario Hydro is investigating, as an International Hydrologic Decade proj-
ect, the formation and action of ice in the upper Niagara River with special
reference to anchor ice and other underwater ice forms. Such ice at times
causes a considerabls reduction in the flow of the river end a corrssponding
reduction in hydro-electric power production. The Meteorological Branch
(Department of Transport, Canada) is alsa investigating the enmergy balance af
the same reach of river and its relation to the production of surface ice in
particular. Instrumentation for both projects are essentially similar and the
two entities were able to co-ordinate their requirements. Only a note mention-
ing the location of meteorological instruments provided by the Meteorological
Branch is given here since a description of these has been given elseuwhers.
This paper chiefly concerns itself with a survey of the instruments used to
measure and record water temperature and equipment to facilitate the observation

of frazil and anchor ice in the naturel water environment.

Dans le cadre de la D&cennie Hydrologigue Internationale l'Hydro-Ontario
étudie la formation et l'effet de la glace dans les esaux du Niagara supérieur.
Cette glace cause 3 certains moments une réduction considérable du débit de la
rividre, réduisant par conséquent la production d'énergie hydroélectrique. La
Direction de la M&tSorologie canadisnne étudis également le bilan énergetigue
du Niagara ainsi que son rapport & la formation de la glace superficielle en
particulier. L'apparsillage pour ces deux projets étant du méme genre, les
deux organismes ont pu coordonner leurs commandes. Les appareils météorolo-
giques étaient fournis par la Direction de la Météorologie. L'exposé traite
principalement les instruments de mesure et d'enregistrement de la température
de 1'eau et l'appareillage utilisé pour l'observation du frazil et de la glace

de fond dans l'eau qui constitue leur milieu naturel.



1. INTRODUCTION

Coinciding with the establishment of the International Hydrologic Decade
(I.H.D.) sponsored by UNESCO, Ontario Hydro had an interest in a study to inves-
tigate the formation and action aof anchor and other underwater ice forms and
their influence on the hydraulic regime of the river. The Upper Niagara River
covering the reach from the outlet of Lake Erie to the International Control
Structure upstream of Niagara Falls was selected as the area for investigation.
Figure I is a map of the study area showing the main geographic features

important to the investigation.

The Meteorological Branch (Department of Transport, Canada) was also con-
sidering a study of the energy balance on a river during the winter period as an
I.H.D. project and the Niagara River satisfied their requirements. Accordingly,
a basis for co-ordination was agreed upon such that the Meteorological Branch
would supply and install instrumentation dealing with the atmospheric environment
and Ontario Hydro would provide and install instrumentation dealing with the
water environment and carry out the routine instrument maintenance and observa-

tional functions as well as the ice investigation and experimental programs.

Observations on frazil and bottom ice formation and programs involving water
temperature cross-section surveys, water velocities and many other investigations
were carried out from the ice breaker "Niagara Queen", (Photograph 1). The
vessel's normal function is to clear ice above the Control Dam, however, numer-
ous opportunities were afforded when the "Queen" could be used for ice investiga-

tion purposes.

2. METEOROLOGICAL INSTRUMENTATION

A description of the meteorological instruments, the type of installatiaon
and their location in 1966 is given in an I.H.D. report {(Cork and Chapil - 1966),
(1) by the Meteorological Branch. In subsequent years, further installations
were made to expand the network. A table (Figure 2) used in conjunction with the
map (Figure 1) indicates the location of instruments employed during the 1970 ice

season.

3. HYDROMETRIC INSTRUMENTATION

An important part of the study is the quantitative determination of the
retardation effects on river flow caused by the formation of ice on the bed of
the river channels. For this purpose, data on water levels and flows are neces-
sary to make these assessments. A discussion of the instrumentation involved is
beyond the scope of this paper except to point out that the location of water
level gauges in the Upper Niagara are shown in Figure 71 and the Buffalo and Fort

Erie gauges are used to determine the outflow of take Erie.
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Location

Buffalo
Fort Erie

Pumphouse

CGuess Boat Dock

Navy Island

Tower Island

River Control

O0ffice

Ice Breaker

(Niagara Queen)

METEOROLOGICAL INSTRUMENTATION

Parameter Measured

Type of Instrument

Wind
Air Temperature

Air Temperature
Humidity
Precipitation

Precipitation

Radiation

Air Temperature
Air Temperature

Humidity

Air Temperature
Air Temperature
Humidity
Precipitation
Wind

Air Temperature

Air Temperature
Humidity
Wind

Radiation

Radiation

Anemograph
Thermograph

Max-Min Thermameter
Hygrograph
Recarding Gauge

Standard Rain Gauge

Recording Net

Radiameter

Thermograph
Max-Min Thermometer

Hygrograph

Thermagraph

Max-Min Thermometer
Hygrograph
Recording Gauge

Anemograph
Thermograph

Max-Min Thermometer

Hygrograph

Anemometer: Centre of Dam

Anemograph R.C.0.
Sensar Pier 2

Recorder R.C.O.

Recording Net

Radiometer

Figure 2




4, WATER TEMPERATURE

A knowledge of water temperatures is fundamental to an understanding aof the
mechanism of ice formation be it surface, frazil or bottam (anchar) ice and the
calculation of energy exchanges. The precision of measurement must be of a high

order especially at the freezing point to obtain meaningful data.

Open Scale Electric Water Thermomsters

Two instruments have been employed as a standard for calibrating thermographs
and other thermometers as well as faor measuring point temperatures beneath the

ice in Lake Erie and at other locations (Photograph 2)s

The design, developed by the Research Division of Ontario Hydro, uses a therm-
istor sensing probe in conjunction .with a wheatstone bridge manually balanced by
aperating three resistance decade switches using an integrated amplifier and 1 ma
meter as a null detector. The instruments are fully portable and interchangeable
as between sensors and require a 9-volt amplifier battery and two D size, 1%-volt

cells for the bridge.

Two styles of probe have been made. 0One, for general use, is composed of
four thermistors connected in series with a nominal total resistance of 23,000
ohms at 0°C. The other probe designed specifically for use in frazil ice studies
is quite fragile and consists of a single 22,606 ahm at 09C thermister mounted in
a polycarbonate housing with the thermister bead covered with a very thin coating

of polyvinyl chloride.

The instruments are capable of measuring water temperatures with an accuracy
of about ¥ 0.005°C or better at the freezing point. The speed of response to
temperature change is quite rapid for both sensors, however, care must be taken
when using the four-bsad probe to ensure that the water velocity is adequate to

remave the heat from the rather large head.

Water Temperature Recorders

Permanent Installations. - Two water temperature recorders are installed at

- either end of the river reach in slectrically heated shelters. O0One is located at
the Niagara Queen Boat Dock upstream of the Control Structure, the output being
telemetered to the Control Dam. The other is at Guess Boat Dock in Fort Erie.
Photographs of the installation at Guess Boat Dock illustrate in Photograph 3,
the recorders for water temperature and net radiation and in Photograph 4 the

instrument shelter and radiometer mounting.

.The recorders are self-balancing direct current bridge instruments requir-
ing a GD hértz,.llS valt supply. The temperature sensors are 100 ohm at 0°C
platiﬁum resistance bulbs. Two temperature ranges are provided, -19C to + 2°C
"and U”C_tb.+ZU”C.‘ An automatic range change switch is incorporated to operate
at about 1.8°C, however, the range can be selected manually. Provision has been

made to check .the slectrical calibration by incorporating a switch and circuitry
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to give an indication at 0°C and l0°C.

The recording accuracy of the system is nominally % 0.01°C over the three-
degree range and 0.1°C over the 30-degree range. By careful calibration and
frequent checking, recordings of water temperature near the freezing point appear

to be well within the X 0.01°C tolerance.

Portable and Semi-Portable. - A Bristol two-point recorder of basically similar

design to the foregoing was acquired to record temperatures at two depths simulta-
neously, (Photograph 5). This instrument is used on board the "Queen" for many
investigations such as recording water temperatures while in motion for water
temperature surveys across sections of the river, or when anchored, for frazil

and bottom ice investigations. Fortunately the "Queen'" provides a well regulated
60 hertz, 115-volt powsr supply which is required by the recorder. Many useful
and interesting recordings of water temperature were obtained. It has alsoc been
used to record water temperature from a moving boat which did not have an alter-
nating current supply. Powsr was provided by 12-volt lead-acid batteries through
an inverter. Rather poor performance was experienced due to inverter frequency

stability problems.

The instrument employs 200 ohm platinum resistance elements in the probes
using a heavy duty 3-wire transmission cable. Three ranges are provided consist-
ing of -05° to 1.5°C, 0 to 20°C and 10 to 30°C. The instrument has an accuracy
of 2 0.01°C on the narrow range and 2 0.19C on the 20eC ranges. The recorder

prints a black or red dot every eight seconds, one for each sensor probe.

The drawing, Figure 3, below is an example of the results obtained from a
cross~section survey using the thermograph. The water temperature is recorded
during several traverses of the channel with the sensors mounted 4 feet (12C cm)
apart in the vertical. For each successive traverse, the sensor assembly is

lowered to a greater depth by 10 foot (300 cm) increments.
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FIGURE 3- WATER TEMPERATURE - GUESS BOAT DOCK -0535 HOURS - FEB. 27,1970
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A second completely portable recording thermomster was recently acquired.
The Research Division of Ontario Hydro carried out the design te modify an Ester-
line Angus Port-A-Graph Potentiometer recorder employing a thermistor for temper-
ature sensing. The recorder can operate from a 60 ‘Hertz, 115-volt supply, 1%-volt
dry cells, rechargeable nicKel-cadmium cells (built-in charger) or external 12-
volt automotive battery. The power consumptien is only 2.8 VA. Tuwelve chart
speeds from 20 to 360 mm per minute and 14 voltage spans from 2 mV to 50 V can be
selected by front panel controls. Four temperature ranges are provided from range

-0.1°C to 0.9°C to rangs -1°C to 9°C.

The instrument (Photograph 6), was installed at the Buffalc Water Intake to
record temperature of water leaving Lake Erie from beneath the ice sheet at the
Ice Boom. It was alsoc used in a number of experiments involving the detection

and formation of frazil ice.

5. UNDERWATER ICE OBSERVATION EQUIPMENT

Underwater Lighting

An underwater lamp (Photograph 7) was obtained to provide nighttime illumina-
tion for observing and photographing frazil and ancher ice foermaticns. The lamp
is mounted on the "GQuesn" by an assembly permitting four degrees of freedom of
movemsent (Photograph 8). It is provided with Fairings and is sufficiently robust
that it can be used while the "Queen" is in motion up to a speed of about 3 feet

(ene meter) per second.

Bottom Ice Collector Trays

Wire screen trays were placed on the bottom of the river to detect the
presence of anchor ice. Three or four were placed across a section which were
lifted early in the morning for examination. Figure 4 is a schematic drawing
illustrating deployment of the ice collecter tray in the water. A photograph of

the component parts of the assembly is included with the drawing.

Frazil Ice Strainer and Sampler

A number of experiments were carried out to detect the presence of frazil ice
crystals in the flowing water. A frazil ice strainer (Photograph 9), was employed
which could be lowered to a selected depth and the door on the upstream face
opened for a short periecd in order to strain out ice on the screen. The assembly

was raised out of the water and the screen removed and examined.

A frazil ice sampler (Photograph 10) was used in experiments attempting to
quantify the amount of ice in a fixed (1 litre) volume of water. The device was
lowered to a selected depth, the sample of ice and water obtained and the sampler,

after retrieval examined. Internal temperature was recorded during the process.
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6. LCONCLUSION

In addition to the more important instruments described above, a number of

pieces of equipment were produced and used for various experiments which for lack

of space cannot be included here.

REFERENCES
1. Cork H.F. and Chapil R.C.
Instrumentation for Study of Ice Formation on the Niagara River Can. Dept.

Transport, cir. 4496, Tec. 627, pp. 11, 1966.

Wigle T.E.

Investigations Into Frazil, Bottom Ice, and Surface Ice Formation in the
Niagara River

Proc. I.A.H.R. Symp. Ice and Its Action on Hydraulic Structures, September
1970.
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Photograph 1 - Ice Breaker "Niagara Queen"
Length - 45 feet (13.7 m), beam - 15 feet (460 cm),
draught - 3 feet (1 m)

Photograph 2 - Open Scale Electric Water Thermometer.
Two thermister probes are shown: one conteining 4

thermisters, the other a single thermister.
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Photograph 3 - Water Temperature and Radiation Recorders.
Housed instrument shelter at Guess Boat Dock, Fort Erie.

Shelter heated by 115 volt, 60 Hertz heater.

Photograph 4 ~ Instrument Shelter and Net Radiometer Mounting.
At Guess Boat Dock.
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Photograph 5 - Two Point Water Temperature Recorder.

Photograph 6 - Portable Water Temparature Recorder.

Housed in plywood box. Heat provided by tharmostatically
controlled, sealed combustion chamber, propane heater. Elec-

tric power supplied by 4, 12 volt Lead-acid batteries; total
capacity 280 ampere hours yealding 35-40 days operation.
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Photaograph 77— Underwater Lamp.
Four 115 Volt sealed flood Lamps of 300 watts each mounted
on % inch (13 mm) plexiglass sheet enclosed by plywocod

housing. Note fairings to provide streamlining.

Photograph 8 - Underwater Lamp.

Lamp shown as mounted on "Queen'". Used in water depths up

to 6 to 8 feet (2 to 3 meters).
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Photograph 9

frazil Ice Strainer

Sheet metal box, 12 inches

(30 cm) cube with hinged door
at upstream end and removable
screen (1lmm mesh) at downstream
end. MNote largs tail fim and
weight to stabilize unit in

current.

Photograph 10
frazil Ice Sampler
Plexiglass container, cantents
1 litre. Port at top opened

by cam arrangement actuated by

. lanyard from ice breaksr deck.
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Discussion by MR. G.D. ASHTON

In the field measurement program recently conducted in Ioua,sub zero water

temperatures were measured but in all cases the corresponding ice points made
using river water samples were at slightly lower temperatures. There was little,
if any frazil ice in the flow at these times.

In leboratary experiments the water temperature generally decreased to
-0.02 to -0.03°C before the initial formation of frazil ice in the flow. Upon
the formation of the frazil the temperature increased to a value very near 0°C,
in a manner similar to the behavior described in detail by Carstens in reporting
experiments conducted at Trondheim. 1In one case the temperature decreased to
-0.5°C at which time there was a sudden massive formation of frazil. The con-
ditions under which this unusual super cooling occurred have since been repeated
but the large super cooling has not again been observed.

AUTHOR'S REPLY

It is true that the ice point of natural waters is somewhat below Q°C but
it is probably not lower than -0.005°C for Niagara River water.

Observations in the Niagara River indicate that frazil ice appears in the
surface layer of water when its temperature became super-cooled to about -0.01°C.
Water temperatures as low as -0.07°C which is I believe a theoretical lower limit

have been recorded at 2.5 m. depth in very cold weather.




Discussion by MR. T.M. DICK

Mr. Arden asked in his presentation if other investigators had obtained
temperature readings a few hundredths of a degree below the freezing point of
water.

In the course of a survey taken on behalf of the Hydraulic Section at the
National Research Council, a thermistor calibrated to 0.01°F was installed in a
fast flowing outlet from the Lake of Two Mountains in the Ottawa River. The
velocities were too high to allow the formation of an ice cover at the thermistor

location but immediately upstream, the flow emerged from under a continuous ice

cover. The air temperature was low e.g. -20 to -30°F, Water temperatures

slightly below zero were detected. The equipment was checked and found to be in
order.

The condition did occur more than once but not sufficiently often to relieve
doubts as to the correctness of the measuremsnts. At the time it was thought
that slight super cooling could have besn present but it was just as likely to be
a slight malfunction of the equipment. In summary, at the time, the super cooling
effect was considered not proven.

AUTHOR'S REPLY

Near the close of my presentation, I was explaining that ice crystals
forming on the sensor tip causes the indicated temperature to be higher than the
true water temperature with a tendency to indicate 0°C after a period of time.
The question then posed was whether we can be absolutely sure of the correctness
of our temperature measurements and how can the problem of icing be overcome.

I suggested that this would be investigated further in the Niagara River.

Mr. Dick's comment I believe reinforces my position in this regard.
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FLOW MEASUREMENTS OF ICE-COVERED RIVERS ON HOKKAIDO

LE JAUGEAGE DES COURS D'EAU GELES EN HOKKAIDO

Koji Ohashi, Mansging Director Hokkaido Electric Power Co. Sapporo

Tadashi Hamada, Civil Engineer Civil Engineering Department Japan

The authors describe the methods and results of the ice-covered river flow
measurements carried out in the streams with comparatively small catchment area
on Hokkaido, Japan. They study the interrelationship among velocity distri-
bution, irregularily seen in the cross-sectional form and roughness coefficient
of stream flow under the ice cover, &nd assume that roughness of the underside of
the ice cover depends upon the hydraulic and climatic conditions as well as the
form effect of the river section. The necessity of conducting further field
measurements is emphasized to establish the correlation prescribing roughness
factor under the ice cover.

Les auteurs exposent la méthode et les résultais des jaugeages des cours
d'eau recouverts de glace pour des ruissesux dont les basgins versants sont
relativement petite dens la région du Hokkaido, Japon. Ils étudient la relation
qui existe entre la repartition de 1a vitesse, les variations de la forme de la
section iransversalle de la couche de glace du torrent et le coefficient de

rugosité de la face inférieure de la couche de glace. Ils supposent que la
rugosité de la face inférieure dépend des conditions hydraulicue et climatique
aussi bien que de 1'effet de la forme de la section du torrent. Et ils insistent

sur la nécessité de continuer & recueillir d'asutres domndes sur le terrain afin

d'evaluer l'importance gue joue le facteur de rugosité de la face inférieure de
la couche de glace.




1. Ice-Covered Rivers on Hokkaido

Hokkaido lies at the northern extremity of Japen, and is situated between
41° N and 46“N. In wintertime from December to March, cold Siberian high atmos-
pheric pressure rules the islend, and the resulting coldness causes most of the
rivers to be frozen.

Of 34 rivers and streams of which flow measuréments are periodically carried
out by the Hokkaido Electric Power Co., the state of ice-cover formation is as
shown in Fig. 1. As seen in Fig. 1, ice is not always formed over all rivers on
Hokkaido, and this may be explained by v-:rious reasons such as air temperature,
snow fall, Froude number, the inflow of volcanic underground water, the peak
regulation of up-stream hydro-power stations with daily discharge of water, and
so forth.

2. Flow Measurements of Ice-Covered Rivers

In the instance of large rivers with complete ice cover, certzin researchers
state that the ice cover moves up and down with the change of flow discharge,
that the underside of the ice cover is smooth, and that the underside of the
ice cover shows a good correlation with flow discharge. However, in the instance
of rivers and streams, medium or minor in size, as we have found on Hokkaido, the
ice level does not show a good correlation with flow discharge, Since the ice
forms a bridge or an arch over the water surface and a space is formed between
ice and water. Sometimes water runs down over the ice, and in most cases the
underside surface of the ice cover is extremely rough and irregular because of
the variety in form=tive processes of the ice.

In order to make accurate streamflow messurements in the ice covered rivers,
therefore, it is not suitable to rely upon the water level, but to carry out
minute velocity measurements at suitable intervals. For this reason, it is our
established practice to make a series of streamflow measurements by using current
meters through holes in the ice st adequate intervals, quite the same way as in

the stream without ice cover (see Fig. 2).

3. Velocity Distribution in Ice-Covered Streams

When ice covers a stream, the stream becomes a closed conduit with lower

velocity/discharge for the same cross-sectional area of the stream flow in the

non-freezing seasons.

We conducted measurements at several gauging stations during last winter
(1969-70), and compared the results with those that had been measured in non-
freezing seasons at the same place on the rivers, and furthermore, with almost

equal flow section. Some typical examples are shown in Table 1.




For almost equal cross-sectional area, the discharge decrease in the ice-
covered streams ranges 3-29 % as compared with the non-freezing seasons, as seen
in Teble 1. Furthermore, the velocity distribution curves of the ice-covered
streams are considerably different from those of non-freezing free flow, as shown
in Figs. 3 and 4, and the change in the velocity distribution curves seems to

become appreciably greater as the stream becomes smaller.

Table 1. Comparison of Measured Data

Measured during Measured during Rate of difference inw
a the non-freezing the ice-covered discharge between
= @ season S€asgn non-freezing and
Hal () .
= B A, v, Q. A, v, Q, |ice-covered seasons
£ — [ — ©
“ = m“} 2 [} o > b0
ol s2 | & |,5 |85 | § [.5 |85 | & *
= o5 4 ha ) T @ -ri @ O < Ayav
o b (9 0+ o ~ O (93 n+ g H O [ _—
55 | 5 |23i|fe | 2 |ssg|f¥ | A %
g g‘o O O 0G| > A D0 d |G > (=]
o @ ©) @ | G ® | @ ©®| ©®
(unit) km? m* |m/sec | o¥/sec m? |m/sec | nfsec %
1| Chitoh 2,505 | 85.69| .498 |42.7 | 93.32| .360 | 33.6 ~29
2 | Setose 876 | 16.97| .374 | 6.37| 16.54| .326| 5.55 -10
3 | Sahoro 237 | 7.62| .465 | 3.55| 6.74| .420| 2.82 -10
4 | Ishikari 294 | 7.46| .529 | 3.95| 8.01| .516| 4.13 ]

* Tigures in this column were computed by the following formula, because the
water stages and sectional areas were not strictly the same in the measure-
ments:

Aav _ aQ _ Vv, a A

Q| Q' Ql

4. A Consideration on Roughness Factor

As stated above, the discharge in the ice-covered stream considerably
decreases as compared with the non-freezing, open surface flow. We find an
extreme example of the discharge decrease amounting to nearly 30 %.

In order to explain such remsrkable decrease of flow discharge, we counted

the roughness factor (Hanning's n ) of the underside of the ice cover.

1
Water flow under ice-cover is represented as follows by Pavrovski :

33

( nn/nz)“
H 1+ ( n/n,)
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where H is the full depth, h; is the depth
from the river bed to the Vpay point, n, is
Manning's roughness coefficient of the CY 777777728
river bed, and n, is that of the underside =

of the ice cover.

Formula (1) will be transformed:

_ . I
nz=nl(ﬂﬁu)l."ﬂ

N
N N\ ZAN /AN ZRS

Accepting Pavrovski's formula, we can obtain n, by using n, that ere com-
puted from the observations in the non-freezing seasons, and the values T, thus
obtained are as shown in Table 2.

Table 2. Comparison of 1y and ny

Gauging nz(x 107™*) measured
atation

. ( ~
o |acu G GHEHENED (DR D

@] - 19 @] an| )] z5)](29)] (23)
np 39 35| 45| 62| 42 | 57| 32

Setose

Sahoro

(L) (12)] (14)] (16)] (18)] (20)| (22) | (24)]| (26)
T, 19| 25| 17| 18| 20 | 29 | 14 | 18

Tahtkart %g (g)jig) (fg) (22) (ig) (g) (ig) (30)

13 17

- « . Manning's roughness coefficient of river-bed, measured
in non-freezing seasons.
Ny v oo v e Manning's roughness coefficient of underside of ice-cover,
computed from Pavrovski's formula.
L .. ... Distance in meters between measured point and origin.

Scrutinizing Table 2 will show us several interesting facts:

The values n, are very variable even in the same section of the gauging
station. Thus, n, = 0.020 ~~ 0.041 around the average 0.029 for Chitoh G.S.,
n, = 0.032 ~ 0.062 around 0.045 for Setose G.S., n, = 0.014 ~ 0.029 sround
0.020 for Sahoro G.S., and n, = 0.012 ~ 0.021 around 0.016 for Ishikari G.S.
The underside roughness of ice cover varies widely in value, 0.016 ~  0.045,
while the roughness of river bed is almost the same, 0.034~. 0.046.

In spite of the apparent irregular form of the underside ice cover, n2/n1 %=
0.5~ 1 and ny ¢ ny- It should be noted that in some cases n, = np.
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As seen in Figs. 3 and 4, the flow section under the ice cover is appreciably

irregular, which suggests that certain form irregularity effect may be included

into the value noe But, ex::rining the meusvred d.la at Ishikari and Chitoh

gauging stations as shown in Figg.3 and 4 as well as in Table 2, we find that n
at Ishikari is smaller than that at Chitoh, though the sectional form at
Ishikari is far more irregular than that at Chitoh. It upsets our expectation

2

of finding a direct correlatiion between forr. irregularity and roughness factor of
the underside of the ice cover.

In order to explain the problem more clearly, we must take into account the
more abundant, accurate observation results of the hydraulic and climatic con-
ditions which may affect the roughness factor of the underside of the ice cover.
Such observation is, to our regret, insufficient so far. It is necessary for us
to carry out further field measurements on various gauging stations under
different conditions in order to establish a correlation to prescribe the rough-

ness factor under the ice cover.

References
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On paper by Ohashi, K. and Hamada, T. :
DISCUSSION by Coley, Ron W.
The authors conclude that the depth at which the maximum velocity occurs

(hl) depends on the flow turbulence due to the irregular form of the underside of

the ice-cover in addition to the roughness coefficient of both the river bed and
the underside of the ice.

I wish to suggest that the point of maximum velocity is also influenced by
the effect of secondary currents in a manner similar to the effect of secondary
currents in open channel flow.

The variation of the roughness coefficient for ice, np, across the channel
is not surprising as it is reasonable to assume that the roughness can vary
across the underside of the ice in & manner similar to the variation of roughness

across a channel bed.

DISCUSSION by Yamaoks, I.
I agree with Mr. Coley's comments that suggested the effect of secondary

currents and pointed out the similarity of the transverse variation of two
roughness coefficients for ice cover and channel bed. And I suppose the authors
misused or mistranslated the term of turbulent flow instead of the secondary
flow with transverse velocity components in the original paper of the preprints.

(The authors have corrected some contradictions in their original paper and
have made better changes to make their idea clear after careful reconsideration.
They are grateful for the useful discussion and suggestion by the reviewer and
Mr. Coley.)




ICE SYMPOSIUM 1970
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CALCULATION OF FRAZIL ICE PRODUCTION

Sigmundur Freysteinsson, Thoroddsen and Reykjavik, Iceland
Civil Engineer Partners,
Consulting Engineers

SYNOPSIS

In certain important reaches of some Icelandic rivers the ice
production is predominantly frazil ice that is incessantly
carried downstream. Calculations of the frazil ice discharge
are of importance in connection with design and energy
production studies and ice forecasts for planning operations.
Methods for such calculations have been developed and good
agreement between calculated and observed ice discharge

has been obtained at the Burfell dam site on the Thjorsa River.
This paper contains a description and discussion of the
various factors that form the basis for such calculations
with special reference to the Burfell dam site.



INTRODUCTION

The most serious ice problems at some potential power plant
sites in the Thjorsa River System, Southern Iceland, and

some other Icelandic rivers as well, are because of enormous
quantities of frazil ice produced in reaches which remain

open throughout the winter. These problems will be most
pronounced at run-of-the-river power plants where accumulations
of frazil ice might block the intakes for longer or shorter
periods. The Burfell Power Plant, the first and, as yet,

the only power plant on the Thjorsa River System is an
excellent example of this type. A part of the river discharge
is here used to flush the frazil ice over a specially constructed
diversion dam (described in a paper by G. Sigurdsson (1) ).

Calculations of the ice production at such sites are of
considerable importance, e.g. for predictions to plan the
operation from day to day, and not less in energy production
studies as the water used for flushing ice is lost for power.
During the last few years we have been trying to develop methods
for such calculations and compared to the complexity of the
problem the results are very good. A description of our
approach to these calculations for the Burfell dam site are
given below. For general description of the rivers and their
ice conditions the reader is referred to a paper by S. Rist (2).

BASIS FOR ICE PRODUCTION CALCULATIONS WITH SPECIAL REFERENCE
TO THE BURFELL DAMSITE

Calculations of the amount of ice that reaches this site
are practicable because overwhelming part of the ice
produced upstream is frazil ice that is carried downstream
incessantly.

The main factors that must be known in order to carry out
these calculations are the following:
The heat exchanges between the river and the atmosphere.
The size of the open water area upstream from the site.

3. The temperature and discharge of the rivers where they
enter the open water area and the temperature and
magnitude of groundwater inflow.

4. The heat from frictional heating and conduction from the
river bed.

5. The amount of ice that accumulates upstream as anchor
ice, ice jams etc.

These factors will now be discussed briefly separately.



Heat exchanges

In the first estimates of ice production on the Thjorsa River
the old formulas of Dr. Olaf Devik (3) for the heat loss

from the river surface were used. During investigations
1964-66 these formulas seemed to give too little heat loss
and revised formulas based on measurements in calorimeters
have been used for a few years (4).

In October 1968 direct measurements of the heat loss from a
small river near Reykjavik were undertaken, The water
temperature was continuously recorded at two places about

1 km distant. Meteorological observations with recording
instruments for air temperature, humidity, wind velocity and
wind direction were made at the river. The flow velocity
between the thermometers was determined with the salt velocity
method. The heat loss was calculated from the rate of change
in water temperature during cooling by simplified equations (4).
A comparison between measured and calculated heat loss

(1-2 hours means) is shown on fig. 1. The calculated values
should be expected to be higher than the measured because

parts of the measured reach of the river were more sheltered
than the meteorological station and other reasons, but
nevertheless the revised Devik formulas seem to give substanti-
ally too high values. A reasonable good agreement is obtained
by using Russian formulas (Rymsha-Donchenko) for the heat loss
by evaporation and convection. These formulas have been used
with encouraging results in U.S.A. (5) and we are now using
them, but further investigations into these matters are planned.
The set of equations for the heat loss from a water surface,
now in use by us, is given in an appendix. The influence of
snow on the ice discharge, especially blowing snow during
blizzards can be substantial. This is not taken into account
in the calculations. But as days with blowing snow are

usually few during the winter and the ice production because

of heat exchanges is often also great on these same days,

this does not seriously depreciate the calculations. It is,

of course, necessary to have meteorological observations at

the rivers where ice production is to be calculated. From
temporary meteorological observations at various places

along the Thjorsa and Tungnaa Rivers (6) it has been established
that there is a close correlation between air temperature and
wind velocity at these places and at the Burfell dam site.

Open water area

The open water area upstream from the Burfell Damsite can

vary between 2-3 km2 and 10-11 km2 through the winter, but in
autumn before the upper parts of the rivers become ice covered
it is far greater. The area has been determined a few

times by aerial surveys. We have tried to calculate this

area from meteorological and hydrological observations with
some success. An equation of the following form was obtained



with regression analysis (the statistical work was carried
out by Mr. Helgi Sigvaldason Lic. Techn., Orkustofnun):

DF - a-b-F  -c-8+d-Qq,

where DF is the change in area during one week, Fp the

area at the beginning of the week, S the mean

heat loss from 09 C water surface during the week, Q the
discharge of Thjorsa over the week and a, b, c and d positive
constants. The effect of warm weather and rain is reflected

in Q. A comparison between calculated area and observed points
is shown in fig. 2.

Discharge and water temperatures

The flow of the rivers in the open reaches upstream from
Burfell can be divided into three categories:

a) The water that enters the open reaches from beneath ice
covers at the upstream ends or from ice covered tributaries.
This is a major part of the flow and has a temperature close
to 0° C throughout the winter.

b) Water from some small, warm (spring fed) tributaries which
are usually open. The area of these tributaries is not
included in the area that is used in the calculations. The
temperature of these rivers at the confluences with the
main rivers is variable from 3-4 © C down to 0° C in extreme
cold.

¢) Groundwater and springs in the river channels. In the
Tungnaa River at least there are springs of considerable
magnitude (10-20 m3/sec).
These springs have a nearly constant temperature of
3-4° C. The heat from groundwater that seeps into the
river channels is not considered in the calculations as
nothing is known of its temperature and presumably it is
not high above 0° C in wintertime. Overland flow is
negligible during cold periods.

The heat from the warm tributaries and the springs must be
taken into account in calculations of ice production.

Together with frictional heating the reduction in ice
production is temporarily estimated 2.5-3 tons/sec in moderate
cold, decreasing to 1.5 tons/sec with increasing heat loss.

Frictional heating etc.

The heat gain by frictional heating is small compared to the
heat exchange with the air. But as the combined differences
in head in the open reaches can be up to 530 m it can not be
neglected. The discharge of the rivers is closely related to
the air temperature or heat loss and this justifies taking
this factor into account as a function of the heat loss.



Of course, the frictional heating could be calculated more
accurately by analysing a number of streamflow records.
Conduction from the river bed is certainly very small compared
to other terms and is neglected in the calculations.

Accumulation of Ice

Anchor ice and border ice is more or less continuously formed
during cold periods. But in our case these ice formations are
however small in magnitude compared to the frazil ice and besides
some of the anchor ice is always loosening and floating to the
surface. During extreme cold or blizzards ice jams may form at
certain locations and store a considerable part of the frazil ice
produced. In the calculations of ice production the ice stored
upstream from the damsite, is neglected and thus the calculated

ice discharge should be somewhat too high, but often the difference
is presumably smaller than the accuracy of the calculations.

CALCULATIONS AND OBSERVATIONS

Assuming stationary conditions the frazil ice discharge is
calculated by the formula:

I = 1 .S.F—DI H
80
tonn _ 1 Mcal km2 - tonn .
. . :
sec Mcal/tonn km2 sec sec

Where I is the ice discharge and DI the reduction because of warm
groundwater and frictional heating (1.5 to 3 tonn/sec).

Actual measurements of frazil ice have been made possible with

the ice discharge gauge constructed by B. Kristinsson (7).
Diagrams of measured and calculated ice discharge at Sandafell
about 9 km upstream from the Burfell Damsite for Febr. - April
1969 are shown on figs. 3, 4 and 5 together with meteorological
and hydrological data. The agreement between measurements and
calculations is encouraging but the measurements cover only short
periods and the ice production was small because of prolonged

cold and consequently reduced open water area. These are the

only continuous measurements made up to now. - During the winter
1969 - 70 rough estimates of the ice discharge were continuously
made at the Burfell damsite. On the whole the agreement between
these estimates and calculated ice discharge is good. The maximum
ice discharge was about 10 gons/sec and the greatest monthly
production was about 9 -~ 10° tons. - The period of one day

(24 hours) for calculations of ice production seems adequate in
Iceland during midwinter, but in March - April the solar radiation
is becoming so strong that usually no ice is formed in daytime

and 12 h periods are necessary for the calculations.
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Under unsteady conditions in midwinter shorter periods than
24 h would even give better results, as the response in ice
production to changes in weather is very quick indeed.

Up to now these calculations have mainly been used for hind-
casting frazil ice production in connection with power production
studies. Next winter (1970-71) regular forecasts based on
weather forecasts will be tried at the Burfell power plant to
plan the operation of that station and other interconnected

power plants.
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APPENDIX

(13.18:107%. T3 - (0.46-0.06- V&) G, - (1-a))- (1-0.012-N2)

£13,18:20°Y . fod - 74 ).

(k + 0.36 - yg) (Ty - Ty ).
(1.56 « k + 0.56 + Vg) (e, - e,).

k = 0.926 + 0.04 - (Ty - Ty).

heat loss by radiation, Mcal km'z ‘1,

H L " convection, t
" " " evaporation, o
air temperature, degrees Kelvin,
water " 5 "
Wapour pressure of the air, mb,

t " over water (saturation vapour pressure
of air at water temperature), mb,

global radiation with clear sky, Mcal km—2 s'l,
albedo of the water surface,

cloud cover, 0-8,

wind velocity at 6 m height, m s—1,

Mcal = 108 ca1,
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ICE SYMPOSIUM 1970
REYKJAVIK

ESTIMATION OF INCIPIENT ICE COVER FORMATION DATE
OF RESERVOIRS IN HOKKAIDO BY USE OF A TIME SERIES
OF DAILY ACCUMULATED AIR TEMPERATURE

Isao Yamaoka Faculty of Engineering Sapporo
Professor of Civil Engineering Hokkaido University Japan
SYNOPSIS

As a first step towards understanding the annual variation in date of
incipient ice cover formation in relatively large reservoirs in Hokkaido, the
author presents an estimation method of annual date above mentioned by use of
a discrete time series of daily accumulated air temperature Da and the linearly

correlated relation of surface water temperature Tw to Da.

The relation Tw = A Da +/3 , was derived in an elementary manner based
on the convection boundary condition of heat transfer problems. The constant
o was obtained as 0.031(hr_1) by using five years data in 1964-1968 observed
in two reservoirs in the middle part of Hokkaido. The constant ol represents

the quantity Ah/mgﬁ where h is the heat transfer coefficient.

RESUME

Pour commencer & comprendre la variation annuelle de la date de la
formation des champs de glace dans les réservoirs relativement larges en
Hokkaido, Japon, l'auteur présente une méthode pour 1l'estimation de la date
mentionée ci-dessus, employant la série du temps de la température atmos-

phérique accumulée dans un jour Da et la relation lindaire de la température

superficielle de 1'eau Tw & Da.

La relation Tw = olDa + B est dérivée de la manidre élémentaire qui se
base sur la condition & la frontidre pour la convection dans le probleme du
transfert de la chaleur. La valeur de la constante ol obtenue par 1l'observation
dans les deux réservoirs au milieux de Hokkaido, de 1964 3 1968, est 0.031 [hr_lj
et représente la quantité Ah/mqf oll h est la coefficient du transfert de la
chaleur.

1 2,2



INTRODUCTION

Hokkaido is the northern-most island of Japan and the northern limiting line
for unfreezing lakes passes through the island as shown in Fig. 1. The western
part of the island is relatively low land. '

Then, most reservoirs created by multipurpose dams have ice covers in every
wintef (see Fig. 6) and have rather large annual variations in incipient ice
cover formation date as an example of the Katsurszawa reservoir shown in Table 1.
As the storage water level of most reservoirs in Hokkaido is operated to fall
gradually in this season of water shortage, the understanding of annual variation
in incipient ice cover formation is needed for designing dams and utilizing
reservoirs. However, fully long-period data for the incipient ice cover formation
are not available in most cases at present.

As a first step towards statistic studies in this field, the author derived
an estimation method of the date in each winter by use of temperature data of the
air which are available in wost sites for sufficiently long periods. In this
study, observed data on the date of ice cover formation and surface air and water
temperatures in the Katsurazawa and Kanayama reservoirs (see Fig. 1) were very

helpful.

MECHANISM OF ICE COVER FORMATION 1]

After the reservoir water reaches an unstable isothermal condition a few
degrees below the 4°C temperature (about at the end of November in these two
reservoirs), the ice cover formation of a reservoir begins on a cold day or night,
freezing begins in the surface. And there are two factors in the formation of ice
cover. One is the freezing of the upper water layer itself and this produces a
smooth homogeneous sheet ice. The other is the fusion of individual ice masses
produced by the breakup and refreezing of an ice sheet in its early stage of
development or by the snow in the surface water. And in this conditions agglom-
eritic ice which is rough on the surface and nontransparent is formed.

In the Katsurzawa reservoir, the surface ice formation begins from near the
shore, then the complete ice cover surface is formed from seven to ten days later
without any ice-free surface. The term incipient ice cover formation in this
study means the date when the entire surface is covered with ice sheet or agglom-
eritic ice. And the last stage of ice cover formation is begun near the center of
reservoir. Now; a very complicated mechanism of cover formation by the combi-
nation of two factors is considered, however, in this study only an elementary
heat transfer model of sheet ice which is produced by rapid freezing of the

surface~water film is adopted.

HEAT BUDGET 1)
Apnalytical heat budget treats the rates of heat transfer of the several forms

of radiant and thermal energy. The equation for the storage of heat Qt in the
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reservoir for practical use becomes
Qp = Qp = Q5+ Q; - QE (1)
Wnere Qp is the net radiation surplus and Qg is conduction of heat from the
air when it is warmer than the water and transfer of heat from water to air, and
Q; is heat carried in by influent water, and Qg is energy used in the evaporation
process. The solution of an analytjcal heat budget requires data on the radi-
ation flux, sufficiently detailed temperature series within the reservoir and in
the air above the reservoir, and temperature of inflows and outflows in flow-
through is significant. However, only heat budget near the reservoir surface is
considered in this study and negligible terms are entirely neglected for
simplicity. Then Egq. (1) becomes
Q = Qs (2)
2)
HEAT TRANSFER FORMULATION
Heat energy is transfered between the air over the reservoir surface and the
surface water which are at different temperatures Ty and Ty, respectively. In
this case convection are considered as a mode of heat transfer and the convection
boundary condition is used for this study. The heat flux across the reservoir
surface may be taken as proportional to the difference between the surface water
temperature T, and the surface air temperature T,. Eq. (2) then takes the form
Qg = nA (T, - T,) (3)
where h is termed the (surface) heat transfer coefficient [Kcal/mzhr°0] E
On the other hand, when the thin layer portion of water (depth: d) near the
surface of reservoir is considered and the temperature of this water mass de-
creases from (Tw)1 to (Tw)2 after time t(hr}, the rate of change of heat energy is

to be

AaTy
It (4)

where m = Ad is mass [m3j, C is the specific heat of water: 1 [Kal/KgBCJ, P is the
density of the water: 1000 (Kg/ma] and t is time (hr). From BEq. (3) and Eq. (4)

ds = mcp

ar
mep —3¥ = Ah (Ta = Tu)

By integrating

24 24 24
mep [Tw(t)Ja = hA fTa(t)dt - ha | T,(t)dt (5)
Then Ty,= ok Da + .
where o= hA/mQF y Dy = J’Ta(t)dt, (6)
(4

a= (Tu(t) ]t=0 —o(ﬁw(t)dt

DETERMINATION OF o4 AND & BY OBSERVED DATA

To obtain the values of o and A in Eg. (6), records of surface water tempera-

ture (at the depth of 0.1 m) and water temperature of inflow and a discrete time
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series of daily accumulated surface air temperature (at the Dam Control Office)
were studied in each year (1964-1968). One example of them is shown in Fig. 2.
The daily accumulated temperature is an algebraic sum of hourly temperatures in
degrees obtained from self-recording continuous series of the surface air temper-
ature. Two results of the crosscorrelation analysis of Da(t) and Tw(t) are shown
in Fig. 3, representing that a couple of time series without shifting has better
correlation.

The results of computing o and @ in Eg. (6) by using data above-mentioned
were shown in Table 2 with sufficiently satisfactory correlation coefficients.
And oL was found to be almost a constant value in these two reservoirs and in each
year, including the similar h. @ was also found to have almost a constant value
for each year in the same reservoir. However, @ has a little different values
for two reservoirs, since A depends on decreasing features of the surface water
temperature and so on. The relation of Ty to D, in Eq. (6) in 1964 is shown in
Fig. 4 as an example. Data from July 1 to the incipient date of ice cover for-
mation are used. Thus, the linearity of Egq. (6) obtained by observed data gave
practical values to this simplest heat transfer model Eq. (6).

Dy AND T; REQUIRED FOR ICE COVER FORMATION

Considering the transfer of heat energy required to change the surface water
of T1°C of the depth d(0.1 m, for example) and unit area, to the water of 0°C of
the same volume and to convert a part of the water (di in depth) at the freezing
temperature into ice at the same temperature, the following equation is derived.
In this case 79.67 Kcal/Kg of latent heat of conversion must be deducted in Eq.
(6)

-mcp Ty - 80 m'p = ha(D, - f’rwdt) (7)

m=1x1xd(w’): mass of water,

m'=1x 1x dg (mj) : mass of water to be converted to ice,
c=1 LKcal/Kg°C] : specific heat,

p = 1000 (Kg/n?] : density,

Ty

el +
Il

5 24
-t eme)] s2m

24
Hence Dy j Tw(t)dt =
0

Then by Eq. (7)
e 80n' 10004 80d4
Dy = - 22F 1y 4 10m - BORF o (2D —12)T1-—hiﬁ (8)

From Table 2 and Eq. (6)

Ah
ol = ncp = 0.031

Hence h o.o31¥
In this case A=1(w2] , m=4ad=4d(a’), _p = 1000 (Keg/n3]

Hence h = 31d




For example h = 3.1 LKcal/m2 hr°CJ for d = 0.1 (m]
From Eq. (8) and Eq. (9)

-
Dy & - 20 T} - 25800 (10)

This relation of Dy and T1 is shown in Fig. 5 with five plots of incipient
ice cover formation data in the Katsurazawa reservoir (1964-1968). Ty - Dy
diagram in Fig. 5 indicates mutual conditions required for a complete ice cover
to be formed on the date. T, of the date when ice cover formation is expected if
only D, becomes lower than some standard value, namely, T; may also be estimated
by Fig. 5. Dy for Ty, is obtained as D, for Ty in Fig. 4.

The thickness of ice formation d; may be estimated as 0.003-0.009 (m} for
d = 0.1 [m) in the region which covers five observed data. As this thickmess
means the last part to be closed with ice cover, the thickmess of ice cover in

most parts of the surface is to be much more.

PROCEDURE OF ESTIMATION

An estimation of incipient ice cover formation in the Katsurazawa reservoir
in 1964 is shown for example (see Fig. 2). Pirst, an average decreasing curve
for D, series is drawn by use of moving average of ten days or by a free hand
method in order to kmow Dy value. And D becomes lower than -100 [*C hr) on Dec. 7
(Tl = 3°C). Daily Dg after the date in its series is checked and Dy becomes lower
then -140 (°C hr) on Dec. 9. And this date is estimated as the incipient formation
date. This result is coincided with the observed one. The results of estimation

for five years are relatively good with errors within four days.
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Table 1

Observed date on ice cover in two reservoirs
(After the Katsurazawa Dam Control Office,
Hokkaido Development Bureau)

Observed date on ice cover

Forwmation,
no ice-free surface

Breakup,
no ice cover

Significant data
for reservoirs

Katsura-
zawa

Dec. 28

Dec. 18

Dec. 18

Apr. 8
Apr. 26
Apr. 24
Apr. 16
Apr. 14
Apr. 15
May 8
26
23
1%
24

May 4

Drainage area: 299 sq. Km
4.99 sq. Ku

92.7

million m
515 m3/sec
187 m

Surface area:
Total capacity:

Planned inflow:
(Dec. 1-5)
Max. water level:

Dam height: 63.6 m
(concrete gravity)

Dam completed in 1957

Kanaya~-
| ma

Drainage area: 470 sg. Km
9.2 sq. Km

150.45

million m

Planned inflow: 8.72 m3/sec
(Dec. 1-5)

Max. water level:
Dam height:

Surface area:

Total capacity: 3

345 m
59.7 m

(Concrete.hollow gravity)
Dam completed in 1967

Table 2

Name

Eq.(6)

Used data
year

Correlation
coefficient

Katsurazawa
reservoir

1964
1965
1966
1967
1968

0.970
0.957
0.964
0.967
0.951

Including
1964-1968

0.962

Kanayama

reservoir

1968

0.938




145

o 1() Katsurazswa, 1964
45 % -~ Kanayama, 1968
& 08 T
(9] Ly .
3 06 Ry iz QT (t+2)eh
5 ' "
—
g 04
40 0
0 20 40 60 7
Fig. 3 Cross-correlation of Ty and Dgy.
Fig, 1 Map of Hokkaido, Japan showing
the observed reservoirs and northern limiting line
for non-freezing lakes (After Yoshimura, 1933).
25— | T W
l Katsurazawa reservoir, 1964
Surface water temperature
& ! —t :
° 20 of the reservoir (at 0.1 m deep), T
) 1
H
P
;.’3
g 15
]
[
It
=
2
s 10
.| —i\— Wt
2 ! ; |
Inflow water temperature, Tiw
| | a
600 T T | ]
Daily accumulated air tempersture, Da
5400 :
a
I
g <
@
Lo
=)
'i_'-'g q_; 200 fornn
5g A
85 EStimated
@ g O e o ——
B 0
438 _s00| _NforD, L A N
&2 -1%0 IATE\WAN
A+ L V\J ",
-200
JUL. AUG. SEP. OCT. NOV. DEC.

Fig. 2 Water temperature

records and a time series of daily

accumulated air temperature in 1964 as an example.

7



Surface water temperature Ty, °C
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On paper by Yamaoka, TI.
DISCUSSION by Tsang, G.

I would like to see some physical argument supporting Prof. Yamaoka's

assumption of d, the depth of the affected water layer, equal to 0.1(m].
Otherwise the physical and mathematical refinement in the first half of his paper

may be tarnished.

DISCUSSION by Yamaoka, I.

I thank Mr. Tsang for his discussion on my paper. My assumption of d to be
0.1(m) as an example is a trial (on the convenience of my having long-term data
observed at the depth of 0.1(m) in this case) taking into account that d should
be fairly small as I adopt an elementary heat transfer model of ice sheet
produced by rapid freezing of the surface-water film.

In order to obtain a further knowledge for assuming appropriate d, some
typical water-temperature gradients for surface-temperature variation from Tj ‘c
to 0 ¢ were studied by computing the solution of the thermal diffusion equation
(or Fourier heat conduction equation) with K (thermal diffusivity) of 0.000472
(n*/hr) . The convection flow is neglected in this equation. Computed gradients
for various values of T show almost linear variations in temperature from the
water-surface (0°) to depths of d(Ty° at the depth lower than d) for the values
of d which are less than or approximately equal to 0.1, 0.2, 0.4 and 0.5{m] for
T1 of 0.6, 2, 5, and 10 %, respectively. In my data, initial water temperatures
(at the depth of 0.1(m)) on the beginning date of freeze-up T, are scattered
between 0.6 and 2°c as shown in Fig.5. Hence, d should be less than or equal to
0.1-0.2(m). Thus, the assumption & = 0.1{m) may unobjectionably be supported for
practical problems. (In my paper the transfer of heat energy required to change
the surface water of T1°c of the depth d and unit area to the water of O’ of the
same volume is considered schematically. And the heat energy transferable to the
air may be considered the same even in the practical case described in this
comments as the surface-water temperature (in Fig.2) has daily periodical varia-
tion effected by the air temperature and T] may be assumed as the mean value of

2T7 and 0°c for T, of low temperature such as 0.6-2 .

Namely, - 1 = - T
y > 2T dAcp mepTy )



ICE SYMPOSIUM 1970
REYKJAVIK

TEMPERATURE GRADIENTS IN A LAKE ICE COVER

Samuel S. Lazier Professor, Queen's University Kingston, Canada.

Michel Metge Research Assistant,Queen's University Kingston, Canada

_SYNOPST

In order to acquire a better knowledge of static ice forces, the authors
developed a finite difference method for calculating temperature gradients in an
ice cover. This method was checked against "aylor's (1945) analytical solution
and it proved to be precise and simple.

Measurements of ice temperatures were carried out during the winter 1969 in
Kingston harbour. These experiments showed thut the gradients predicted with
given ice surface temperatures were falrly close to those measured, and also
that there is a fundamental difference between the changes in temperature
gradients due to solar radiation and those due to changes in air temperature
only.

SYNOPSIS

Dans le but d'obtenir une meilleure idée des forces exercées par un champ
de glace statique, les auteurs ont développé une méthode de calcul par
différences finies pour evaluer les gradients de température dans un champ de
glace. Cette méthode a été comparée & la solution analytique de Taylor (1945)
et s'est révélée simple et précise.

Le température de la glace fut mesuree pendant 1'hiver 1969 dans le port

de Kingston. Ces mesures prouvent gue les gradients calculés pour des

températures données de la surface de la glace sont assez proches des gradients
mesurés, et aussi qu'il une différence fondamentale entre les variations de
gradient de température causées par les radiations solaires et celles causées

uniquement par une variation de la température de 1l'air.




INTRODUCTION

The changes which occur in the temperature gradient within an ice cover are
of great importance when dealing with the problem of static ice forces on
structures.

When the ice warms up, it expands and the ice cover may exert forces at its
boundaries. The amount of expansion is directly proportional to the temperature
change, but since ice is a visco-elastic material the resulting force is related
to the rate of change of the temperature gradient in the ice cover.

When the ice temperature falls sharply the contraction which results
from this action may cause cracks to form. These may fill with water which
ultimately freezes, this explains the lateral growth of the ice cover and the
forces exerted by it. Several repetitions of this procedure mey result in the
failure of the ice sheet and the formation of "pressure ridges".

Several years ago the senior author undertook a research project designed
to resolve the problem of static ice forces on structures, using the ice sheet
which forms annually in Kingston Harbour as a full scale laboratory. This
paper is a report on some of the initial work done on this project and is
concerned primarily with temperature gradients in the ice cover. The study of
these gradients included two steps:

i) The recording of the actual temperatures at several depths in

an ice sheet, and
ii) the development of a method of computation in order to simulate

these temperature gradients, using ordinary meteorological data.

METHOD OF COMPUTATION

In the past, two methods of computing temperature gradients in an ice sheet
were proposed,

- Rose (1947) used a graphical method based on finite differences. This
method hes a limited accuracy, and cannot take into account the thermal boundary
layer or emissivity (sic) effects.

- Taylor (1945) developed an analytical solution which treated the problem
of the thermal boundary layer effects and took into account solar radiation but
only by assuming a rise in air temperature which was linear with respect to time,
and an initial temperature gradient of nil throughout the ice sheet.

Both of these methods were developed before the advent of digital computers
and, as a result, could not deal with complex boundary conditions. The finite
difference method,developed by the junior author, is similar to Rose's method,
but the use of a digital computer permits small increments of depth and time
to be handled conveniently. As well, the thermal boundary layer effect, ice
growth and the change in the properties of ice with time and depth can be
accommodated.

The computer program leads to the solution of the diffusion equation (1),
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by employing an explicit finite difference method.

T = temperature

27 Ff-zflﬁ; dist from the bott
—— X = distance from € bottom
at ox
h?= diffusivity of the ice
t3

That is, at time t the curvature of the temperature gradient *?;5; is

calculated by a central difference formula, then the rate of change of

temperature is known (:I ) and the temperature at time t+BL can ve obtained

by extrapolation.

Precision of the Method

The precision of the method was analysed as follows:

Firstly the precision of Taylor's analytical solution was checked, and
it was found (by two different methods) that for average values of the
characteristics of the ice sheet¥ the following precisions could be obtained.

Number of Terms taken into account Precision Obtained

in Taylor's series solution

S terms .hoC
i 1%
15 +,01%.

Secondly, the finite difference program was applied, using Taylor's
hypotheses, and compared to Taylor's solution. The results of both methods
were very close: using a time step of 90 seconds and a depth increment of 2 cm.
the finite difference method did not differ from Taylor's by more than * .05°C.
As Taylor's solution (taking into account 15 terms) may be assumed to be exact,
it was concluded that the error due to calculations in the finite difference
method did not exceed = .OSOC, which is an adequate precision for engineering
purposes.

EXPERIMENTAL PROGRAM
During the winter of 1969 some preliminary measurements were made on the

ice sheet in Kingston harbour at a site some 400 feet offshore. The apparatus
consisted of a set of nineteen thermocouples buried in the ice at various
depths. The output of the thermocouples was read by a digital voltmeter, the
reference junction being at the underside of the ice cover. Figure 1 shows,
schematically, this test set up.
Preliminary Results

Figures 2 and 3 show some typicel results from the 1969 field study. Solar

radiation was negligible during the time that the results shown in Figure 2

were takén, while such was not the case for the data shown in Figure 3.

* depth = 60 cm.
heat transfer coefficient = .0007 Cal/cm OC sec

Rate of air temperature rise = .002°C/sec




The temperatures in figure 3 are somewhat suspect because the thermocouples
absorb radiation and may not be at the same temperature as the ice.

One of the weaknesses of the data obtained in 1969 was that the air
temperature was not obtained at the test site. This was observed some
distance away on the shore (due to vandalism at the site) and was not
completely representative of the site conditions. Since neither the air
temperature nor the surface temperature of the ice was known, a comparison
between the measured gradient and that calculated by the finite difference
method could only be made starting at one inch below the ice surface, where
the first thermocouple was located. It is seen in Figure U4 that the measured
and calculated gradients are of the same form.

Even though this kind of simple check could be expected to be conclusive
it still shows promise. Further experiments were performed during the winter
1970 (figure 5 shows the field station) which may help to correlate the ice
surface temperature to meteorologicel data.

DISCUSSION

This study tends to prove that the computation of temperature gradients
in an ice cover can be simple and accurate.

Two important problems remain to be solved.

(1) how to relate ice surface temperature to air temperature?

(2) what is the influence of solar radiation?

If these can be solved it would be easy, knowing the air temperature,
solar radiation, wind speed and other pertinent factors, to calculate static
ice forces with more accuracy than is possible now.
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FIGURE 2 @ CHANGES IN TEMPERATURE GRADIENTS
EXPERIMENTAL RESULTS
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FIGURE 3 : CHANGES IN TEMPERATURE GRADIENTS

EFFECT OF SOLAR RADIATION (EXPERIMENTAL RESULTS)
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FIGURE 4 : EXAMPLE OF CHECK BETWEEN

CALCULATED AND EXPERIMENTAL GRADIENTS
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INTERNATIONAL ASSOCIATION FOR HYDRAULIC RESEARCH
ICE SYMPOSIUM REYKJAVIK 8-10 SEPT. 1970

DISCUSSION by 5. HAHAGUD

on paper by S. S. LAZIER, M. METGE

I would like to know if the computer calculations included
the effect of radiation?

Was there any melting of the surface of the ice observed

or recorded in any of your measurements?

The computer calculations did not inelude solar radiation
and a comparison between calculated and experimental gradients
could only be made when solar radiation was negligible (at

night or under heavy cloud cover).

Sometimes surface melting was observed, but at these times
the temperature of the ice was very close to 0°%C at all

levels in the ice cover.




INTERNATIONAL ASSOCIATION FOR HYDRAULIC RESEARCH

ICE SYMPOSIUM REYKJAVIK 8-10 SEPT. 1970

DISCUSSION by H. R. CROASDALE

on paper by S. S. LAZIER , M. METGE

What is the snow cover relevant to the results shown in

Figure 27

Presumably the calculation technique can take intc account

the snow cover?

The snow cover is of great importance as far as temperature
gradients are concerned.

For these particular experiments, the calculation technique
did not take it intc account because the surface
temperature was unknown and the temperature that we used

in order to calculate the rest of the gradient, was the

temperature at one inch below the surface.




INTERNATIONAL ASSOCIATION FOR HYDRAULIC RESEARCH

ICE SYMPOSIUM REYKJAVIK 8-10 SEPT. 1970

DISCUSSION by G. FRANKENSTEIN, A. ASSUR

on paper by S. S. LAZIER 2/3

Systematically higher temperature readings throughout the
depth of the ice as given in Fig. 3 could be simply the
result of neglecting to shield the thermocouples from the

sun. A simple device producing a shadow could have helped.

Yes in cases like in Fig. 3 the readings are affected by

solar radiation.

But we believe that this effect is fairly small; theoretical
calculations tend to show that the maximum difference between
the true temperature of the ice and the temperature indicated
by the thermocouples (when affected by solar radiation) is

of the order magnitude of .SOC.

A simple device producing a shadow would have helped somewhat
but this is not as simple as it seems:

If the shield is large it affects the temperature of the ice
itself.

If the shield is small it cuts only the direct solar radiation,
but the scattered radiation which is often as important or more
important than the direct radiation remains unchanged and

affects the thermocouples.
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INTERNATIONAL ASSOCIATION FOR HYDRAULIC RESEARCH
ICE SYMPOSIUM REYKJAVIK 8-10 SEPT. 1970

DISCUSSION by G. FRANKENSTEIN

on paper. by S. S. LAZIER, M. METGE

Were the thermocouples shielded?
Where was your reference junction located and what
temperature did you assume your reference temperature

and how did you verify this temperature.

No, the thermocouples were not shielded and the results in
Fig. 3 are somewhat suspect.
The results in Fig. 2 should be exact because the temperatures

were measured at night or under heavy cloud cover.

The reference junction was located at about 1 foot below the
bottom of the ice cover, it was assumed that the temperature
of the reference junction was 0°C. In order to verify that
the reference junction was at OOC we checked the gradient of
temperature in the water. We found that the temperature of
the water was the same at all levels, (this being due to the
slight current in the channel) and concluded that this

temperature was 0.
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INTERNATIONAL ASSOCIATION FOR HYDRAULIC RESEARCH
ICE SYMPOSIUM REYKJAVIK 8-10 SEPT. 1970

DISCUSSION by SCHWARZ

on paper. by 2/3 S. S. LAZIER, M. METGE

Has there been an investigation into the rise of the
temperature of an ice-sheet, in relation to time when
the ice-sheet being dry (or grounded) is suddenly floated
in water (e.g. by incoming tide)?

No, we have not studied this particular case.




ICE SYMPOSIUM 1970
REYKJAVIK

TEMPERATURE AND FLOW CONDITIONS
DURING THE FORMATION OF RIVER ICE

G. D. Ashton and John F. Kennedy
Graduate Research Associate Director

Iowa Institute of Hydraulic Reseearch
The University of Iowa
Iowa City, Iowa, U.S5.A.

SYNOPSIS

An investigation of the temperature and velocity characteristics of flow in
rivers during the onset and occurrence of ice covers is described. Verticel and
lateral temperature and velocity distributions, and ice thickness and configura-
tion were measured in an Iowa river at frequent intervels during the period of ice
cover., Variations in the lateral and vertical temperature distributions are re-
ported. The undersurface of the ice was observed to remain plane as the ice thick-
ened and to become wavy as the ice melted. The shear velocity associated with the
wave forms are determined. Just prior to breskup the ice was observed to become
very porous in the lower portions of the ice cover. Preliminary observations of
the diurnel temperature variation prior to the formation of an ice cover are de-

scribed.

RESUME

Une étude des températures et des vitesses de 1l'écoulement en rivieres avant
et pendant la formation de glace est présentée. La distribution verticale et
latérale des températures et des vitesses, 1l'épaisseur et la forme de la couche
de glace recouvrant la riviere Iowa ont été mesurées a de frequents intervelles.
Les variations daus la distribution verticale et latérale des températures sont
notées. Il a été observé que l'interface glace-eau reste plane lorsque la couche
de glace epaissit tandis que des vagues apparaissent lorsque la glace fond., La
vitesse de frottement associée & la forme des vagues est calculée., Il est apparu
que juste avant quelle ne se rompe la glace devient trés poreuse dens la zone de
contact avec l'eau. Les observations preliminaires des variations diurnes de la
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