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1. Velocit distribution e uations for o en and ice covered streams

To characterize the velocity conditions in a river, the hydraulic radi-
us or the mean depth is mostly used. The formulas of the Chezysk
type are simple, but insufficient. (Ref. 1). Eg.: a rectangular cross-
section of breadth (b) and depth (h) gives a hydraulic radius X= ;\:h
and if R is kept constant, there will be many cross- sections with

producing 6 = 2R > o

Devik (Ref. 2) recommends the following Velocity equation, based on
Matakiewiz' s investigations:

i;/; = , ,....: . c:.< / o. _,,...= 
6 

-;  , or : .sx.d ./ ...J.J. = --- 1 •

• - composite roughness

k - characterizes friction against the bottom and oe -/foJ is somewhat
dependent on the mean depth. Fig. 1 shows the relation between q/b,
j and V'
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Vitols (Ref.3) main-
tains that the present
hydraulics will not
give a satisfactory
solution, and does not
advise using them for
calculations of the
composite roughness
in rivers with dissi-
milar characters. To
calculate the neccess-
ary hydraulical coeffi-
cients he sugg es ts the
use of an expanded
Bernoulli equation in
the following form:

?a/ln,/Æm

Fig. 1
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This means that the absolute height on a given section of a river is
equal to the konetic height of the water 0 tream + the kinetic height of
the sediment stream respective to ice drift+ the magnitude of the loss
of energy from the water stream+ the loss of energy from the sedi-
ment respective to ice drift.

Vitols makes clear that the section sn- s 0 of  the  river must be large
enough in order to calculate to coefficients with accepted accuracy.
The cross sections must be shosen so close to each other that the geo-
metrical form of the river bed, on the section of importance, emerge.
In practice this turns out to be very difficult.

Under Norwegian circumstances the safest method is to use direct mea-
surement in order to determine a relation between discharge, ths cross
section of the riyer, and the average velocity of the stream as shown
in Fig. 2 and 2 .
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The cross sections of the rivers depends on the breadth band depth h.
This can be expressed approx.: ,fJ.., b  _h /7

0

where bo is the bred th of the river, when h=l and n characterize the
geometrical shape of the riverbed.

For a rectangular cross-section n•O and a triangular shaped cross-
section, n•l. Usually, the cross section of the rivers are approximate-
ly parabola shaped, and nis a number between O and 1.

A consideration of direct measures, Fig. 2, shows that in most cases
mean velocity is approximately proportional to the square root of the
discharge.

It is our experience that Devik's equation for open rivers can also be
applied to ice-filled water and to partly or completely frozen rivers
in the following form:

For ice filkd water, without ice cover (Ref. 2):

V /_ L. _J'  • o.s o../4 _,, or  . ,,_  .,:.  . , _/_2/.  :,- a-·;··<./ '«, .N·;··· = l;b
Here k. characterizes the friction in the water masses related to the
normal conditions, and for ice-filled waters, this coefficient is presum-
ed to be rv O, 8..es.a ?)  • d4 - 1 .>d s.s - 08 5. = ,,I • • -5 -I 1E

In an ice-filled'. river (without ice cover), with an unaltered discharge,
and an unaltered breadth and slope, the mean depth increases by
approximately 12 %.
For partly and completely ice-covered rivers (without accumulated ice
sludge), (Ref. 4):

; 5
I

'ln this case for an ice-free river n-0, a 31, for partly covered, not
ice-filled water, n=O, 5, a0 5 24, and for a frozen river n-l, a 18.

'Devik's equations givE ,:rnfficient results in those cases where the river
has an equal depth. The most frequent cross-sections in Norwegian
rivers show a deeper main stream in the middle with more shallow
parts at the sides. This formula is mostly used for each section of the
river seperately to determine the relative velocities.

E.g.: a river with a cross-section of three parts: b,, 5 b, andd,,
d· d,.where the midle part is the deepest, Y/·3 p/p+2, and if
pa2, the main stream is twice as deep as at the two sides of the river:
v5·1,5 %
In parts of rivers with pack ice and especially with accumulated sludge
un:ler the ice over, it is not possible to use Devik's equation.

E.g.: in Fig. 3, current velocity measured in Bardu river just before
and just after the covering with ice.

Fror.c1 a hydraulic point of view formation of an ice jam, breaking up of
ice and the floating of ice process are so chaotic that they are almost
impossible to analyse.
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Fig. 3
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Fig. 4 a shows the distribution
of ice-masses in the river Nea
and Daugava. By means of this
longitudinal profile, we can as-
e ertain the following two facts:
1) that ice stored in a river can
reach gigantic quantities and
2) that the water stages of a
rapid river like the Daugava or
the Bardu, cannot be utilized
forthwith for determining the
mass of winter discharge.
Therefore great care should
be taken in choosing the site for
a hydrometrical station outside
the influence of ice.

Fig. 4. River Daugava at the
Koknese.

The enormous water pressure
which ice-jams are capable of
with standing can be seen from
observations. E.g. : On Nov.
the 20, 1941 the water level in
the river was 298 cm, but next
day with ice-jam it rose to 627
cm, a difference of 327 cm.
Discharge was ca. 200 m?/sec.
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2. Control of ice roduction

Ice formation in rivers can only take place when the water is cooled to
the freezing point. When this condition is present, ice production is
related to water velocity and the nature of the river bed.

There exist critical combinations of water temperature on surface
velocity, as shown in Fig. 5.

Ice production in rivers is much more complicated than in lakes. Fig.
shows ice formation in still water and in turbulent running water.

In turbulent water streams, supercooled elements of the surface film
move in an irregular way through the water and may just as often
sweep the bottom as be moving along the surface. On the way down,
the supercooling of the element will decrease and a slight supercooling
of the surrounding water will result. It ought to be emphasized that
as long as the heat loss continuous from the water surface, there will
be a stationary stability in the exchange of heat between the growing
individual crystals and the surrounding supercooled water stream.
Evidently the chance of crystal growth will be the greatest in the sur-
face film, and the smallest at the bottom, where the chance will depend
upon the time which the moving water film element will take on its way
from surface film to bottom, i.e. upon the water velocity and the depth.
The formation of bottom ice will thus be more frequent at shallow sec-
tions than at deep ones.

Fig. 7 shows typical situations for the formation of ice cover in the
Glomma river and Fig. 8 - stabilization of ice conditions in the rapid
section of the Glomma.
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Fig. 5

CRITICAL COMBINATION of WATER TEMPERATURE

and SURFACE VELOCITY

The buoyancy will be
sufficient to keep the
clusters floating if
the stream velocity
is lower than acer-
tain critical value,
which according to
our preliminary me-
asurements is about
1. 2 m/s.

Combination of fra-
zil ice floating in
slightly supercooled
water with incess-
antly new formed
supercooled water
film elements whirl-
ing down and gradu-
ally "dying" repre-
sents a most potent
factor in the ice for-
mation in rapid ri-
vers. It may be
called "active sludge'
in contrast to sludge
in water which is not
supercooled can be
classified as "pass-
ive sludge''.

When the water tran-
sport is illustrated
by stream lines, the

following consequences will appear for the relation between surface
areas covered by clusters of sludge ice and open areas between:

a. Where stream lines are diverging, open surface areas will be in-
creased. In such places the supercooling will produce conditions for
bottom ice production e. g. where the river is expanding. Another im-
portant case is the water surface just in front of an obstacle placed in
the stream, e.g. a stone or a pilar, and similary for the water sur-
face just behind the obstacle.

b. Where streamlines are converging, for instance near an obstacle
the open areas will be reduced. As long as the velocity of the water
is below the critical value mentioned above, the chance for bottom ice
production will also be reduced.

If the convergence should increase, the velocity above the critical va-
lue, however, the sludge ice would be immersed in the water, leaving
the surface open to the production of a supercooled water film, the
elements of which would follow the converging water stream which
would be sweeping along the obstacle on its way. This case is of im-
portance when the obstacle is a pillar placed in the stream.
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A. Formation of sheet ice (clear ice) Fig. 6
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An ice cover will start with the supercooling of a thin surface film
where ice crystals will grow from nuclei suspended in the water. The
heat of crystallization is lost to the air. It is a slow continuous proce-
dure, which may be called static ice production.

B. Formation of underwater ice (frazil and bottom ice-sludge)
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In this case, the heat of crystallization is lost in the water masses,
which may generally be called dynamic ice production.

Ice crystals have a tendency to from clusters. This is active frazil
ice. Sludge ice has a ve ry loose structure. However, when we pick
up a portion of such ice 'Ne can easily squeeze it in to an ice ball, qui te
similar to a snowball. This is due mainly to the combination of dyna-
mic compression and the regelation effect.

The most irnportant mneanus of reducing ice production in rapid rivers
is the reduction of the cooling Sctriaces.
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Stabilization of 1ce conditions
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Fig. 7a. A survey of ice produc-
tion by a river's longitudinal view.
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Fig. 7. Te different phases of
ice production in a cross section.

Fig. 8. The flow is cone entrated in a narrow main channel. The
supply of heat from the falling energy is a contributing cause to this
kind of flow.
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When the heat transport (S) is known and constant within a period of
time, and there is a complete mixing of the water along the distance L,
the cooling of the water masses can be estimated:

- Lj t9 -9 ., or:  - L1I- - . L.

The proportional coefficients are to make the equation simpler, included
in Sk·

A reduction of the cooling surface is possible in many ways and under
Norwegian conditions the following means are used:

a. To establish a continuous ice cover over the ice producing river
sections by use of different booms or groins (Ref. 5).

b. Prevent the formation of artifical ice bridges and stabilize ice dams
(Ref. 6).

c. A favourable combination of these.

By these means a rapid river can be transformed into a series of ice
dams, each with a comparatively still water surface (surface velocity

0,6 m/s), which is very quickly covered by a growing ice sheet.

Fig. 9, 11 and 12 gives examples of stabilization of ice conditions in
the rapid rivers.

For practical use, the relation between velocity 0,6 m/sec and the
slope at different discharges in open rivers is given in Fig. 10.

Fig. 9. Stabilization of the ice condition in Kvina river
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Fig. 11 shows an arrange-
ment, which has until now
been effective to stabilize
an ice dam .

Present experience on ice
problems connected with
the utilization of water
power in Norway are given
in Ref. 7 and 8.
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Fi . 11. Ex eriments to stabilize an ice dam
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River Unsetåa, Øvre Rendal, 10. Dec. 1957. During 24 hours ca.
50 000 n? of sludge was accumulated on the front side of the bridge.
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-
Øksna river. This arrangement stopped the ice-flow for a whi:e.

Ice problems naturally, can be considered best and brought to an L:ec -
tive solution by an in-
timate cooperabon be-
tween engineers and
physicists.
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COMMENTS

Paper Title: Water Velocity in Open and Frozen Rivers -
Control of Ice Production

Author: E. Kanavin

Your name:

Address:

Kartha, V. C.

Manitoba Hydro, 820 Taylor Avenue,
Winnipeg, R3C 2P4, CANADA

Comment:

The author presented an interesting paper on the practical aspects
of river-ice engineering. The problems described by Prof. Kanavin
are somewhat similar to those encountered in the Nelson River
Development Program currently undertaken in Manitoba, Canada..

The author resorted to field-measurements as the first step in
tackling specific river-ice problems. However, in the sixties
several investigators combined field observations with analytical techniques
and developed useful guidelines for the engineering design of regulating
the river-ice regime. Lately more scientists are working in the
theoretical field. Unless the theoreticians try to refine their
analysis to match the results of field observations, the theory
will be of little or no use to the practicing engineers dealing
with hydro-power generation, navigation and oil-exploration. This
This will definitely require a break-through in the analytical
techniques, perhaps, deviating from the conventional one-dimensional
approach and investigating the two-dimensional velocity and thermal
boundary layers preferably in the framework of a two-phase fluid motion.
This is because of the fact that the design engineers can no longer
be contented with the understanding of the gross phenomenon of the
fluid motion but often they are called upon to predict the local
phenomena and design for those conditions subject to the constraints
stipulated by environmentalists and other resource-users.

199


