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- SUMMARY

Experiments were perfermed in the environmental flume of the
Hydraulics Laboratory at the Canada Centre for Inland Waters, using real
ice, in order to determine the effect of ship passage on ice jam

initiation in an unconsolidated single-layer ‘ice cover. The critical

flow Froude Number must be lower than 0.04 to permit ship passage in the
direction of flow without initiating an ice jam. Upstfeam ship passage
does not initiate ice jams at Froude Numbers below 0.08, the normal
critical value for ice jamming without ship passage.

The test results show that conditions were critical for ice jam

jnitiation in the Beauharnois Canal on December 11, 1976. The ice jam

that occurred following the downstream passage of the ice breaker Simon
Fraser couild have been predicted.



RESUME

Des expériences ont été faites dans le canal d'amenée environnemental
du laboratoire d'hydraulique du Centre canadien des eaux intérierures en utilisant
de la glace véritable, afin de déterminer l'effect du passage de bateaux sur la
. formation ‘d'embacles dans une couverture de glace d'une seule couche non
compacte. Le nombre de Froude relatif a l'écoulement critique doit etre inférieur
a 0.04 pour permettre aux bateaux de passer dans le sens de I'écoulement sans
entrainer d'embacle. Le passage de bateaux vers I'amont ne cause pas d'embacle a
des nombres de Froude inférieurs 3 0.08, chiffre critique ordinaire pour les
embdacles sans passage de bateau. '

Les résultats des essais révelent que les conditions étaient critique
relativement 2 la formation d'embécles dans le canal Beauharnois, le 11 décembre
1976. L'embicle qui s'est produit par suite du passage vers l'aval du brise-glaces

Simon Fraser aurait pu &tre prévu.

ii



FOREWORD: MANAGEMENT PERSPECTIVE

_ In a selected reach of a river or navigation channel, an ice
cover formed from an‘accumu]ation of ice floes is considered stable if the
flow velocity does not exceed a critical value. Since the critical value
is also a function of channel depth, typical values of the critical
velocity are:

Depth Critical Velocity
m | st knots
5 ‘ .56 1.1

10 - .79 1.5

15 .97 1.9

The experimental tests show that when ships attempt to pass downstream
through an ice pack, ‘the critical velocity is reduced by one half. That
is, a previously stable situation will become unstable and a jam will
occur. There is no effect on the stability, according to the tests, if
ships attempt to go upstream. ‘

The propensity to jamming also increases as the ship speed
relative to the bottom increases. Therefore, one way to avoid jamming is
to traverse the ice pack slowly. However, the tests indicate that in real
situations, the necessary ship speed reduction would take the ship below
safe steerage way. Therefore, the management alternatives are reduced
leaving as one option the reduction of channel discharge velocities. For
power canals such as the Beauharnois, the costs of power reduction are
formidable and justifiably could be a direct charge to navigation in ice.

T. M. Dick

Chief _

Hydraulics Research Division
National Water Research Institute
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" AVANT-PROPCS: PERSPECTIVE - GESTION

Dans une section rectiligne choisie d'un cours d'eau ou d'un chenal de
navigation, une couverture de glace formée par l'accumulation de floes est
considérée comme stable si la vitesse de I'écoulement ne dépasse pas un chiffre

critique. Puisque celui-ci est fonction de la profondeur du chenal, les valeurs

caractéristiques de la vitesse critique sont les suivantes:

Profondeur ’ Vitesse critique
m ' : m/s—l'  noeunds
5 .56 1.1
10 .79 _ 1.5

15 .97 1.9

Les expériences révelent que lorsque les bateaux essaient de passer en aval en

traversant un pack, la vitesse critique est réduite de moitié, c'est-a-dire qu'une

situation auparavant stable devient instable et qu'il se produit un embé&cle. Il n'ya
aucun effect sur la stabilité, selon-les essais, si les bateaux essaient de se diriger
vers l'amont. | ,

La tendance a prqduire un embicle augmente également a mesure que
la vitesse du bateau par rapport au fond de l'eau est plus grande. Par cor{séquent,
une fagon d'éviter de créer un embicle consiste A traverser le pack lentement,
Cependant, les essais indiquent que dans des situations réelles, la réduction
nécessaire de vitesse du bateau obligerait celui-cid avancer & une vitesse
inférieure a celle qui est requise pour le gouverner de fagon sire. Les options de
gestion sont donc réduites, la solution qui reste consiste & réduire la vitesse
d'écoulement des eaux dans le chenal. En ce qui concerne les canaux utilisés pour
I'énergie hydroélectrique comme le canal Beauharnois, les coits de la réduction
d'énergie sont considérables et pourraient & juste titre &tre imputés directement &

la navigation dans les glaces.

T. M. Dick

Chef
Division des recherches en hydraulique -
Institut national de recherches sur l'eau
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1.0 INTRODUCTION

This study exp]bres the effect of a ship on ice accumulated in
a canal under normal flow conditions. .

Working rules have been established for the formation of a
stable ice cover subjected to hydraulic forces in a canal. Pressures to
permit ships to pass through a canal with developed ice cover require
the assessment of the effect .of ship passage on the ice cover.

The results are relevant to the situation bn the Beaurhanois
Canal where the production of electric power depends on the ice cover
remaining in dynamic equilibrium. Navigation of the canal may'cauée ice
jams resulting in loss of power production. '



2.0 BACKGROUND INFORMATION

In this sectién, a description of the conditions at the
Beauharnois Canal and an dice jam event is given, as a prelude to.
discussions of the laboratory work. - f

2.1 ‘Description of the Canal

The Beauharnois Canal joins Lake St. Francis and Lake St.
Louis on the St. Lawrencé Seaway system. The Melocheville Lock and
Beauharnois Power Dam are located at the downstream end of the canal, 40
kilometers (25 miles) southwest of Montreal (see Figure 1). The canal is
24 kilometers (15 miles) long with a width of 1000 meters (3300 feet) and
depths varying from 6 to 12 metres (20 to 40 feet) outside the navigation
channel.-

2.2 The Ice Jdam Event

On December 11, 1976 at 1600 hours, the ice breaker Simon
Fraser travelled downstream through the ice cover from Lake St. Francis
toward Melochaville Lock. Approximately three kilometers (two miles) of
jce cover, accumulated from ice cutting'operations on Lake St. Francis,
remained unsolidified from a point 15 kilometers (eight miles) upstream
of the powerhouse. The cover was built up from rough three meter (ten
foot) square ice floes, about 0.15 meters (six inches) thick. The exact
time and progression of the jam is not known but after the ship passage
the jammed ice measured 1830 meters (6000 feét) long, 490 meters (1600
feet) wide and extended 3.7 meters (12 feet) below the water free
surface. Figure 2 shows the location of the jam between chainages 320
and 390, surveyed by Quebec Hydro on December 15, 1976. A cross-section
of the channel and ice cover was taken also. The 1ocation of the jam can
also be seen in Figure 1.

2.3 " Flow Conditions

Information on discharge, water levels and channel properties

~were provided by Quebec Hydro. The discharges at the power canal and

water levels at Lake St. Francis and the forebay are shown in Table 1,
Appendix A and plotted in Figure 3. To maintain the minimum forebay




elevation reqdired for navigation purposes,'discharge was reduced fol-
Towing the ice jam because of the increase in channel slope caused by the
head loss at the ice jam. Figure 3 shows the sharp increase in slope
through the canal sections affected by jamming. The cross—sectioné,
provided are for open water conditions and are. listed in' Table 2,
" Appendix A. For any discharge the water levels never vary from a range
of 0.15 meters (six inches) so the areas are practically constant (within
2%). The station numbers répresent chainage in hundreds of feet from the
upstream end of the channel. The areas at different sections vary from
the average by less than 5 percent and the area at section 370 after the
ice jam was only 2 percent higher than the open water area in Table 2.
The depth used for the model study was the depth'in the thanne] under the
ice jam, 11.6 metres (38 ft). '

No information on the operation of the ice breaker could be
obtained, although plans of the ship hull of the Simon Fraser were
available Coast Guard.




3.0 LABORATORY TEST PROGRAMME

A series of tests were devised to explore the effects of ship

passage through ice cover on ice jam initiation. In order to ensure that
‘the test results could be projected to field situations, including the
Beauharnois Canal, a dimensional analysis was first performed to guide
the planning of the experiments.

3.1 D1mens1ona1 Analysis

The analysis of the phenomenon of ice cover stab111ty is
further complicated by sh1p passage. Dimensional analysis was performed
to y1e1d the parameters that guided the experiments for ship passage
through an unconsolidated ice cover. The characteristic parameters

affecting ice Jamm1ng with ship passage through an unconsolidated ice |

cover are:

U - flow velocity (m/s)

H - flow depth (m)

o - water density (kg/m3)

u - dynamic viscosity of water (kg/ms)
B - channel width (m)

k - channel side rougness

9 - acceleration of gravity

surface Tength of square ice floes (m)

=
o
'

+
o
}

ice floe thickness (m)
- initial ice cover length (m)

(@]

- initial ice cover thickness (m)

-0

- ice density (kg/m )

- absolute ship speed (m/s)
- ship length (m)

- ship width (m)

- ship draft (m)

= VD o+ o
wv

wv

v wn

ship penetration into the cover at Jam initiation (m)
- ship stopping during passage '

o »W v Ao =
1

- direction of ship passage
ship mass (kg)

—
e
]




Water temperature should not affect the phenomenon beyond the
influence on water viscosity. The initial porosity of the single-layer
ice cover is a function of ice block geometry and hydraulic conditions

Any property A of the phenomenon can be expressed in d1mens1on~
al form as a funct1on of the above parameters. '

- . a1
A"fA(U:HsQaU’B,kC,g>QJbatb3 chstcap ’VS’ .Q:S W dS’P’S D M) ...(1)

| where fA denotes & dimensional function for the property A.
- This funct1ono1 relationship can be expressed in non- -dimen-
sional form w1th oy g and H as repeating variables as:

R LL S R W N S N N L L
AT R R e R S B B T R |
M '
s, 0, B} | e (2)

where Ta is the dimensionless form of the property A and WA oenotes a
dlmens1on1ess function for the property A.

-

Combining the dimensionless parameters yields

SN Uip B fg_ fg_ EE_ te gi Vg AW s ds
A” A%/”* e H fer B W *H> o T Rb

S 0e) B LB

This is the most general form of the functional relationship
- defining a property of the phenomenon in terms of its characteristic
patameters Depending on the property of the phenomenon in question and

test conditions, a number of parameters will not affect the phenomenon
and can be eliminated. The property of the phenomenon under investigation for

this study is the critical Dimensionless Ship Speed to initiate jam ming for
ship passage through an unconsolidated single-layer ice cover so V /U
cannot be regarded as an independent parameter. The first parameter is
the Froude Number of the flow Fr. Based on previous studies of ice jams,
the Froude Number is expected to be - the iost .1mpoftant' independent
parameter. The second term is the Reynolds Number Re. If the flow is



sufficiently turbulent, the effect of viscous forces is constant and Re
can be left out of Equation 3. The lowest Reynolds Number tested was
2.15x103% , 1in the turbuient flow range for open channels. The initial
ice cover thickness t_ was the ice block thickness tb Arching of the
ice floes in the flume occuried for sections of ice cover as short as 0.5
m. Because short sections of the cover acted 1ndependent1y, it was
assumed that ice cover length would not influence jce jam initiation and
was held constant. Also, ship penetration at jam initiation should not
vary. The ship nodels were geometrically similar so only one linear ship
parameter was required. Also, ship draft was not considered important if
deepef than the cover thickness. _

Jam initiation could be caused in two ways. The impact of the
ship could cause individual floes to underturn which could "snowba]]"
into a large jam or the additional shear force of the ship on the cover
could increase internal ice cover stress above that which the cover could

“sustain resulting in crushing throughout the cover. It was assumed that

only the latter mechanism is important so that M/pH® was left out.
Given the above considerations, the functional re]at10>sh1p of

“Equation 3 can be reduced to:

v L, t L
=S =y B, b bpl s
(U >CY‘ q) v (FY‘, H? kC’ H*H sp s %’ D’ S) ) .....(4)

The flume width B, wa*er depth H, ice block thickness tb, ice
dens1ty p!  and water density p were constant for all of the tests.
Flume side wall roughness was assumed to be constant. Time limitations
did not allow a complete study of the effect of stopping the ship after a
jam was initiated. Therefore, for these tests, the critical Dimension-

less Ship Speed ratio’(VS/U)Cr was a function of four independent
parameters, i.e.

v 9 9
S _ - ~b s
\_’"U“>cr Yoy, (H > TR D’F‘”>

Experiments were carried out in an attempt to obtain the dependence of
(VS/U)Cr on these parameters.




3.2 Experimental Set-Un

A linear scale nQ=l/90 was selected for the model test to allow
a clearance between the ship and the flume walls of 0.23 m or the length
of six ice floes on either side.

Two models of the hull of the ice breaker Simon Fraser were
formed from polyurethane foam coated with fibreglass resin and using sand
as ballast. One hull was at 1/90 scale while the other was half that
size.

Ice was formed in two-foot square trays with adjustable grids
to form 0.038 m or 0.076 m squares of ice. Thickness was controlled by
the volume of water in the trays. Individual variations in trays and
uneven freezing levels resulted in significant relative,” if not large
absolute, thickness variations. (The model ice was from 1% to 3 times
‘thicker than the scaled prototype ice). Model and prototype relation-
ships are listed in Table 3, Append1x A, ‘

The flume working section 'is 11 m long with a 0 6 m wide by 0 5
m deep rectangular cross-section (see Figure 5). There are observation
windows on one side of the flume trough. The flow range is from 0 to 0.15

m®/s. The air temperature of the test chamber was maintained at -10°¢C to
A prevent excessive melting of the model ice floes. _

A variable speed reversible. ship towing system was mounted on
the flume rails, Figure 6. A vertical barrier extending 0.02 m below the
water free surface was installed to hold the anOnso]idated ice cover in
place. The barrier was equipped with a gate permitting the passage of
the ship through the ice cover comp]eté]y from either upstream or
downstream (see Figure 7).

3.3 Experimental Procedure

To establish some baseline conditions a series of tests were
performed to determine the critical Froude Number for ice cover stability
without ship passage. A single-layer ice cover was established and the
flow rate was graduallj increased until the cover jammed. With each
increase in flow, five ice floes were released about 0.5 m upstream from
the leading edge. The number of f]oés to underturn and the effect on the
leading edge of the cover weré noted. While the flow was increased, the
cover was kept unfrozen by gently “stirving”.the ice.

-7 -



A second series of tests were performed in which passes of the
ship through the cover at increasing ship speed were made, noting ice jam
initiation, for a range of Froude Numbers with ice floe length and ship
length held constant. |

Ice floes ‘were fed by hand at a low flow rate and a]]owed'tb
drift into place against the ice barrier. Then the desired uniform flow -
condition was established in the flume. The exact model depth may not
have been achieved (see footnote to Table 3, Appendix A). The cover was
"stirred" with a thin rod to produce a uniform, single-layer cover
compacted characteristically to the particular flow conditions and, most
importantly, to keep the ice floes from freezing.. With depth and
discharge determined by point gauge and manometer readings resbectively,-
the model ship was towed through the idce cover. Ship speed was
determined from the time to travel a measured distance. Ice cover length
was kept approximately 3.0 m. As the majority of the ice jam initiations
occurred when the ship penetration was less than 1.0 m, the ice cover
tength was not varied (see Figure 21).

While the ship was towed at a given speed, the interaction of
}he ship and the ice cover and the progression of any ice jamming were noted.
Ship speed was increased and the test procedure was repeated.

The majority of tests were performed with the larger (0.694 m
long) ship proceeding downstream through an ice cover of small (0.038 m
Tong) ice floes. Additional tests were performed with the smaller model
ship and larger ice fldes. Tests were performed with the ships travel-
ling upstream through the ice cover. '



4.0 ~  OBSERVATIONS AND DISCUSSION

A total of 268 tests were performed to determine the effect of
ship passage on ice jam initiation.  An additional 68 tests were
performed to establish a base critical Froude Number for ice cover
stability withoutl§hip passage Frcr. The data are tabulated in Appendix
C.

4.1 Critical Froude Number for Ice Cover Stability Without Ship
Passage

The data gathered on ice cover stability without ship passage
have been plotted in Figures 8 to 11. In addition to ice jamming caused by
hydraulic conditions, the stability of the leading edge and the stability
of incoming ice floes were investigated. Observations made during these
tests led to the investigation of the effect of sudden disturbances on
ice cover stability. A1l of the tests were performed with small ice
floes. '

Figure 8 is a plot of ndn-dimensiona]ized ice cover length
gc/zb against Froude NUmber. The data points represent the ice cover:

conditions observed at different hydraulic conditions. Jams were
characterized by widespread crushing and shifting of ice floes originat-
ing at some point downstream from the leading edge.  Jams usually

occurred for Froude Numbers greater than 0.12. Stable covers did exist
for Froude Numbers as high as 0.15. Different results for the same test
conditions were probably due to variations in ice cover/flume wall
contact as discussed later (Section 4.3). The results do not reveal any
dependence of ice jamming on ice cover length. ‘

| The leading edge was defined as unstable if incoming floes
underturned or dislodged other ice floes or if the leading edge failed
spontaneously. The instability of the upstream edge was limited to a
short section of the cover at the upstream edge and could occur indepen-
dently or simultaneously with ice jamming. As expected, ice cover length
had no effect on the stability of the leading edge (see Figure 9). Above
a Froude Number of 0.12, the leading edge became unstable. In Figure 10,
the percent of incoming floes underturning is plotted against Froude



Number.  The results are too scattered to precisely determine the.
relationship between underturning and Froude Number. At a Froude Number
of 0.10, 40 percent underturning was recorded. At a Froude Number of
'0.12, the percentage of uhderturning ice floes ranged from 40 to 80 and .
increased above that Froude Number. ,

The nature of the edge contact between the ice cover and the
flume walls was investigated by studying the effect of sudden disturban-
Ees on ice jam initiation. Two types of disturbances were considered.
When the flow rate was increased the water depth increased as well. To |
maintain the test depth, the tailgate was lowered and the Froude Number
increased. If this adjustment was not made smoothly, a surge of a few

- millimeters in height travelled upstream suddenly breaking the edge
contact between the ice cover and the flume walls and the cover failed on
. several occasions. The delivery of a mild shock to the flume walls would
also suddenly disrupt the ice cover contact at the flume walls. A number
of the non-jam events were from tests of ship passage when a shock was
delivered to the flume walls prior to ship passage. The results of these
tests, shown in‘Figure 11, were the same as the results obtained without
the disturbance, shown in Figure 8. At and above the same Froude Number
0.12, the cover failed when disturbed. Jams could be initiated at lower
Froude Numbers but were relatively few in number.

From the different tests and observations, it can be concluded
that, for these tests, the Froude Number 0.12 was critical for all
aspects of ice cover stability. Above that value, ice cover failures
occurred with or without a disturbance. The leading edge of the cover
became unstzble and the proportion of incoming floes that underturned
increased markedly at that Froude Number.

Theoretical developments and field studies are limited in most
cases to the conditions for stability of the leading edge or upstream
progression of the cover. In the present tests, initiation of internal
crushing failures was compared with and without ship passage. The
theories listed in Table 4, yielding critical Froude Mumbers from 0.04 to
0.12, do not épp]y directly to the crushing type of failure. The most
- widely accepted critical Froude Number is that of Kivisild ‘(1959) 0.08 for

- 10 -



upstream progréssion of an ice cover based oh field observations, lower.
than the critical Froude Number 0.12 established in the present tests.
Only the results of field tests reported by Cartier are in the range
“established in the present tests.

4.2 ~Ship/lce Interaction

Three reactions of the ice cover to ship passage were identi-
fied. They were "no jam", "mild shove" and “heavy jam".

For the "no jam" condition, the cover remained intact with no
movement in excess of the displacement of the ice as the ship passed (See
Figure 12). '

. The "mild shove" condition was characterized by a gentle
shift1ng of the ice cover intact between the ship and the flume walls. |
The passage of the ship disturbed the.contact between the ice cover and
the flume side walls removing support to the ice as it turned ice floes
aside and compacted the cover. More ice joined the moving ice pack as
the ship progressed through the ice cover. When the ship reached the
downstream barrier, the momentum of the moving ice pack caused the cover
to fold at that obstacle until the momentum was dissipated. Jamming was
confined to 2 short section at the downstream end of the cover against
the barrier. The cover upstream remained unthickened. The jamming
mechanism might have been quite different if there had been edge support
to the cover to balance the ship shear when the internal stress distri-
bution in the cover supporting the cover from downstream was disturbed by
the ship passage. The cover seemed to shift too easily a]ong the flume
walls when disturbed.

The "heavy jam" condition was a true jam (see Figure 13). The
passage of the ship caused crushing throughout the entire cover radiating
outward from the ship, not just at the downstream barrier. The jamming,
once initiated, could advance ahead of the ship if the propogation of the
Jjam was faster than the ship speed. The majority of floes in the cover
were jammed thickly.

The interaction between the ship and the dice was visibly
different at different ship speeds. At slow ship speeds {less than 0.03
m/s) the ship inched its way through the ice pack. -With 1ittie momentum,

- 11 -



the ship was forced to move around the ice floes causing only a localized |
disturbance (see Figure 15a). At faster ship speeds, the ship pushed the
ice aside and underturned floes depositing them under the cover alongside
of the hull. The ship forced the ice outward to the flume walls. In
several cases the compressed ice cover reexpanded to partially fill in
the channel after the Ship‘had passed (see Figure 14). At very fast ship
speeds (greater than 0.25 m/s) the ship/ice interaction seemed unnatu-
rally violent (see Figure 15b). Ice floes were completely submerged by
the impact of the ship and would then rise up.a1ongsidé the ship under
the ice cover or surface in the channel behind the ship after it had
passed. A model ship speed of 0.25 m/s is only 2.37 m/s or 4.6 knots for
prototype conditions. Probably, 3 m ice floes, 0.15 m thick, would be
broken by the ship dimpact rather than so violently and completely
displaced. The strength of the model ice floes relative to their mass
must have been too great so they were not broken.

Because of the great downward thrust on the ice fToes; the
effect of high speed ship passage was more localized, i.e. the ship hull
did not seem to contact the rest of the ice cover and the ice cover was
not compacted by the ship‘passage as it was at lower ship speeds. Ship
passage at very high speed was possible without initiating ice jams while
at Tower speeds jams occurred for the saﬁe Froude Number. That seems to
be a result of the violent displacement of the model ice floes by the
ship whicih does not seem reasonable at the pfototype scale. Therefore,
high ship speed data indicating non-jamming ship passage is likely to be
subject to a scale effect because of the idce strength/ice mass
relationship in the model. |
4.3 Ship Passage Data Interpretation

Figure 16 is a plot of Vs/U against Fr for tests of downstream
passage of the large ship through a 3.05 m long cover of small ice floes
( gS/H=5.38, Q,b/H=O.29). To the upper right of the curve representing
(VS/U)cr’ many failures of the cover occurred, many of them heavy jams,
particularly above a Froude Number of 0.09. To the lower left of the
critical Dimensionless Ship Speed (vs/u)cr curve, very few jams occur-
red, all of them being mild shoves. Furthermore, all of those failure

- 12 -



points were from the second and only day of testing when there was no ice
on the flume side walls (except for three runs on the fourth day).. From
the (V./U).. curve, it can be seen that, at lower Froude Numbers, a
higher ship speed, hence a greater shear force, is required to cause a

jam. Very few tests were performed above a Froude Number of 0.10 due to

instability of the cover. In all but one case, the cover failed with
ship passage. At dimensionless ship speeds below 0.2, no jams occurred.

Different results obtained for apparently identical experimen-
tal conditions can be explained by variable channel side roughness.
There was a bead of border ice on the flume walls at the water surface.
It is the variability of the contact between that bead of border ice and
the ice cover that is questionable. If the effect had been consistent,
then compensation could be made for it.

The importance of the border ice condition is heightened by the
relative narrowness of the experﬁmenta] flume. For the’ prototype
conditions, a 12.8 m wide ship caused a 488mwide ice jam illustrating
the three-dimensional nature of the phenomenon. The border ice condition
was important under experimental conditicns because the ice floes were
forced outwards to the flume walls, an unnaturally straight, smooth
failure plane, making éover failure too easy for some ship passage runs.

The difference in results is more pronounced on a day-to-day
basis which led to the conclusion that border ice conditions accounted
for the scatter in the results. With no bead of ice, as was the case on
the second day of testing, it was difficult to establish én ice cover at
a Froude Number as low as 0.063. When the'ship entered the ice cover and
pushed the ice outward to the sides, internal support was removed in the
cover. With no side support, the ice moved with the ship, sliding along
the flume walls, a typical mild shove. It was felt that, under prototype
conditions, there would be some suppdrt to the cover from the continua-
tion of the ice pack and that would be better approximated with the bead
of border ice intact. A better approximation of the continuation of the
ice pack would be a saw-tooth border to force the jamming portion of the
ice cover to shear away from the simulated continuation of the cover as
well as overcome the downstream support provided by the cover.



Figure 17 is a plot of VS/U against Fr for downstream passage
of the small ship through a 3.05 m long cover of small ice floes
(QIS/H:Z.GQ, Q,b/H=2.69). The failures of the cover_fe]] on the upper
range of jamming in Figure 16. There were relatively few failures

considering the high range of Froude Number tested suggesting a shift to

- the right of the (VS/U)cr curve. Visually, the small ship had little

effect on the individual ice floes or on the cover as a whole. It could
not underturn the floes or compact the cover. The resulting mild shoves.
were much less severe and extensive than for the passage of the large
ship through a cover of small ice floes. ' ‘

Figure 18 is a plot of VS/U against Fr for downstream passage
of the large ship through a cover of large ice floes ( RS/H=5.38,
ﬂb/H=0.59). Again, few failures occurred considering the range of
Froude Number tested. The leﬁ;b ratio was the same as for the tests in
Figure 17 and a similar shift to the right of the (Vs/u)cr curve 1is
suggested. The large ice was not readily displaced by.the ship and was
not fully underturned. - The resulting mild shoves were more of an
overlapping of ice floes than a jam. ' '

- The visual differences in the ice floe/ship .hull interaction
and the differences in- jam severity observed suggest that there is an

‘effect of ship and ice size. There is not enough data to fully evaluate

the effect of these parameters.

Figure 19 is a plot of VS/U against Fr for upstream passage of
the 1large ship through a cover of small ice floes ( 25/H=5.38,
Qb/H=O.29). There was only one fai]ure for upstream passage, a mild
shove at a Froude Number of 0.126. Even for violent, high-speed ship
passage, only the upstream edge of the cover would fail at Froude Numbers
greater than 0.12. That type of failure was restricted to a few floes at
the upstream‘edge of the cover which turned under with no under-ice
transport forming a small hanging dam at the upstream edge of the cover.
It can be concluded that upstream passage will not cause wide spread
jamming of the cover, that it is the additional stress from the ship
shearing force added to the existing stress in the cover that causes
failure, not just disruption of individual floes.

Figure 20 is a plot of VS/U against Fr for downstream passage

- 14 -
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of the large ship through a cover of small jce floes with a shock
delivered to the flume walls prior to ship passage. The conditions are
similar to those of Figure 16 except for. that action ( kS/H=5.38,
gb/H=O.29). " The results obtained were the same as without a shock.

Therefore, it can beAconcluded that, although a sudden shock can initiate

- Jjamming itself, it will not affect the ice cover/f lume wa?]Acontact for.

the ship passage immedi&te]y following. Because the delivery of a sudden
shock breaks any freezing bond between the ice cover and the flume walls,
the scatter in the results must depend on some other aspect of that
contact. : . ‘
On the first day of testing, three tests that had resulted in
jams were repeated:. After the jamming had started, the'ship was stopped
in the cover upstream of the barrier. The jamming stopped as well.
Apparently, continued ship motion is required to prolong jamming in an
otherwise stable ice cover. Unfortunately, all of the tests were limited
to mild shove cases. A heavy jam advancing ahead of the ship might not
stop jamming. Time limitations prevented a complete evaluation of the
effect of stopping the ship on jamming. | '

From Figures 21 and 22, it can be concluded that the relative
length of ship penetration at jam initiation had no effect on jam
initiation beyond the observation that jamming was not initiated before
the penetration reached one ship length, when the full shearing force had
developed. The relative penetration at jam initiation did not vary with

relative ship speed or Froude Number. The severity of jamming did not

vary with the relative penetration.

4.4 Comparison with Prototype Conditions

In the Beauharnois Canal on December 11, i976,'the Froude
Number was 0.052, a normally stable condition for an unconsolidated ice
cover. |

From the test results in Figure 15, the Dimensionless Ship
Speed must exceed 4.0 for downstream ship passage to initiate jamming at
that Froude Number. For a prototype flew velocity of 0.5 m/s, the
corresponding absolute ship speed is 2.0 m/s (4.0 knots). The ship speed
relative to the water is only 1.5 w/s (2.8 knots),_which.is well below
ordinary navigational standards.

- 15 -




O Therefore, on December 11, 1976, ice jamming occur_red as a
result of the passage of the ice breaker Simon Fraser downstream through
the cover, not from hydraulic conditions alone, according to the results

of the present exper’iments.

- 16 -
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5.7

CONCLUSIONS

Subject to the 1im1tatiqns' of }the parameters tested, the
conclusions can be reached: '

Ships passing through an ice cover in the direction of flow may
initiate consolidation of the cover or an ice jam even though

the cover is "safe" by the accepted Froude Number criteria.

To avoid initiating Jjams, the flow Froude Number must be
reduced or the ship speed very much reduced.

- The tests indicafé that, to aveid ice jams in covers through

which ships will navigate in the downstream direction, the
critical Froude Number should be 0.04.

Ships prbceeding upstream do not lower the critical flow Froude
Number below 0.08, which is the generally accepted value.

In a narrow channel, ice cover length does not affect ice jam
initiation. Jamming will start whén the ship has penetrated
fully into the cover. Jamming can be stopped by stopping the
ship.

The dimensionless ship length and ice floe size also appear to
have an effect on the critical Dimensionless Ship Speed for
initiation of jamming. 7

The results may not be conservative since the narrow experi-
mental canal tends to assist cover stability. Wider channels
may reduce the critical Froude Number further.

- 17 -
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1l!bie 1

Discharge and Stage at Beauharnois Canal Provided by Quebec Hydro

Average Area =

Date Time Water Level (ft) Slope Air
: Forebay | Lake St. Francis (x10%) Discharge Power Temperature
Dec. 11 |0700 | 149.45 152.33 3.69 180300 cfs ;| 1010 kw -7%
1700 | 149.80 152.23 3.04 158900 890 |
Dec. 12 | 0700 | 148.95 152.10 4.04 166600 830 -2
Dec. 13 (0700 | 149.15 152.16 3.86 153400 855 -15
Dec. 14 | 0700 | 148.30 152.10 4.87 130900 721 ~15
Dec. 15| 1100 | 148.70 152.70 5.13 134100 739 -2
Dec. 16| 1100 | 148.50 152.80 5.51 136100 750 -7
Table 2 Beauharnoié Canal Cross-Section Areas
Station Area Station Area Station Area
315 97000 ft?2 345 98100 380 97800
320 100200 350 98500 385 106900
325 - 93800 360 94300 390 105700
330 96200 365 97700 395 105700
335 97200 370 101800 400 100000
340 100700 375 103600 405 97000 |.
99567 ft*




'Table 3

Prototypé'and Model Parameter Values

Parameter Prototype Value Model Value Scale
ice floe size, Qb 3.42 ms 6.84 m .038 m, .076 m 1/90
ice floe thickness, ty 0.27 m to 0.45 m .003 m to .005 m 1/90
ship length, Qs 62.5 m, 31.2 m 694 m, .347 m 1/90
ship beam, W, 12.8 m, 6.4 m 42 m, 071 m -1/90
ship draft, ds 4.9 m, 2.4 m 054 m, .027 m 1/90
discharge, G 5,106 m3/s -
channel area, A 9,250 m? ——
average flow velocity, U 0.552 m/s 0.058 m/s 1/90
channel depth, H 116 m 0.129 m 1/90 *
Froude Number 0.052 0.052 1

* It was not possible to alter depth easily when the fragmented ice cover was in

place, particularily at high flow rates, as a sudden surge associated with even
a .001 to .002 m depth change could cause a jam. The channel flow depth was not
always exactly modellied to scale. -




(For ideal conditions of
progression, a porosity e

equal to 0.73 1is required).

exceeded.

- Taple & Summary of Criteria for Ice Cover Stability
INVESTIGATOP CRITERION APPLICABILITY CORRESPONDING
TEST VALUE
Cartier Ucr=1‘5 fps Ice floes underturned in a 9' deep canal above Fr¢r=0.09
- (1959) this flow velocity.
Ucr=2'2 fps Some incoming ice underturnad but the cover still Frcr=0'13
advanced upstream.
Ucr=3'0 fps The upstream edge of an established. ice cover Frcr=0.18
: failed above this flow velocity.
Urr=2.3 fps Individual'stationary ice blocks underturned as Frcr=0‘l4
DA flow velocity exceeded the critical value.
Kivisild Frcr=0'08 Incom;ng ice floes were carried under the ice Frcr=0.08
{1959) cover rather than attached to the leading edge
of the cover above this Froude Number.
Pariset & Hausser U<Ka#2q'/"p 0 } tb The cover advanced upstream by Juxtapos1t1on Frcr=0.07
(1961) . , of floes up to this flow velocity.
K=1.3 for thin fioces . K=0.97 (from
K=0.6 for cubic floes Figure 1,
xb/tb=9.5)
. T t \
U=/§g€9:9—} tt {'szf Based on the field tests by Cartier and Frcr=0.07
P laboratory experiments with artificial ice
blocks, the non-submersion criteria for the
upstream edge of an ice cover was established.
T tog t
Michel Frcr%/%él—iL> (1-¢) 4ﬁ<1»ﬁ%§ The upstream edge of an ice cover will be in frcr=0.04
(1966) p equilibrium if the critical froude Number is not



Table 4 (cont'd)

Summary of Criteria for Ice Cover Stability

INVESTIGATGR

CRITERION

APPLICABILITY

CORRESPONDING
TEST VALUE

Doudshoorn
(1970)

Uzuner & Kennedy
{1972)

 Ashton
' _(1974)

s/

(The form coefficient K equals
1.3 for "flat" blocks).

Fr¢r=G.O6 to 0.09

Frcr=0‘08 (average)

“H

G, is the surface velocity-

head coefficient taken egual
to 1.3. 8 is a function of
geometric and flow variables

and equals zero for Tong blocks.

An ice cover can progress simply by juxtaposition
if the blocks are large enougn. :

Based on observations on the various branches of
the River Rhine, the critical Froude Number .
range was established for the formation of ice dams.

The critical Froude Number at incipient underturning
of an ice block was established for Jaboratory

tests with artificial ice blocks. The formula is
1imited to blocks of intermediate length (0.l<tb/
2,<0.8).

b

The critical froude Number for "no-spill®
conditions at the upstream edge of an ice block
criterion was derived using dimensional analysis.

-

r..=0.06

tb/Rb=O.1l




APPENDIX B

FIGURES



Lake St.Francis

ICE JAM

DEC.11,1976

\\Q\VJ_;; St. Lou.is_ /
R 7 , vﬁu@uﬁamois

Power House

LOCATION ¢,

DETAIL

Lake
St. Fr_an\(fig

LOCATION MAP

0 5 10 1520 25

LS ———




250

ICE JAM

0+00  4+00 . 8+00 4
4 ) 2
0 ELEV.150.20 °
1 1
, 2
¥ 10 \ o2
% <
m S-J
- .
T
N S \ B o
W r
WATER
sl - 26
34 ' ,’ #
42 ~—" =42
" fo— 450" —>{+— 600’ | ‘ g
w NAVIGAT O NOTE : SECTION AREAS ARE i
NNEL BASED ON THE PROFILE

OF 15 DECEMRER 1976
SECTION 370+00
ICE AREA 9.768 ft?2

SECTION AREA 104,290 ft2
% OBSTRUCTION 9.4%

FIGURE 2 ICE JAM BETWEEN CHAINAGE 320 TO 385
CN THE BEAUHARNOIS CANAL




DISQ@YRGE, Q (cfs)

| ”*'”&ﬂv

180,000

170,000 — | - 0.6

/'/@
160,000 , ’S,&OEEM 0.5
/

150,000 — 0.4
A
\@/’ DISCHARGE

140,000 , o0s
0 o2 T oy T T s 16

DECEMBER
FIGURE 3 BEAUHARNOIS CANAL DISCHARGES AND SLOPES

FROM TABLE 1. NOTE THE INCREASED SLOPE
AND REDUCTION IN FLOW TO MAINTAIN THE
MINIMUM FORE BAY ELEVATION AT THE BEAU-
HARNGIS POWER HOUSE FO

R NAVIGAT!

N

SLOPE, S (x1076)

i
i
h



!

ELEW—\

ION ()

3
H

-- 152

— 151

— 150

- 149

— 148

: CHAEEQAGE _
800 700 800 5?0 400 300 200 1?0 0
{ ! ] i {
152 -
1L
.
= ICE JAM RANGE
> il b
; )
| (20
151, :ilj';»::
o Q@ w
o O
O Z
L = <
150 — Si Q CLE
-t
L -
= s 5
o >0
W v
. 145 gm <
) = -
== '
= O
CAa .
v o = e WATER
148 e~ _
‘C,J a0 ===== |[CE COVEK
147

iGUPa—: 4 WATER LEVELS ALONG T:—SE BEAU%ARNO!S CANAL,15 DECE’\/’%BEP\ 1976

"POWER PHODUCTEON :
FLOW :
TIME
DATE

789 MW

143,100 cfs

09h00 ,
15 DECEMBFR 1976

147

ELEVATION (ft.)



CCIW Cold Room

in

Flume

ing

lat

ircu

Rec

5

Figure




Figure
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Figure 6b Towing System Drive Motor and Pulley : .




e

Figure 7 Sh_ip Passing Through the Gate in the Downstream Barrier
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photographs showing "no jam" ;onditions‘

Figure 12 Series of

A e
e S

jeéﬁ channel

The ship is proceeding downstream forming ac

Figure 12a
without jamming.- - N

S AR

TN
SRR e

Figure 12b Floes are underturhedﬁby'thevshfp"andidépOSitéd'alongside
the channel. _




Figure 12¢

Figdre 12d

The ship'is displacing floes, depositing them along-
side the channel, breaking through the single layer
jce cover without jamming. Note the border ice.

After clearing a channel, the ship passes through =~
the gate in the downstream barrier not disturbing - h
the cover other than depositing floes along the.

channel. ' I




Figure 12e The ship has passed leaving a clean channel. The ice cover

js the same length as before ship passage.
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Figure 12f . The ship passing through a single layer cover!ﬁithoutV
jamming. - -




Figure 13 Series of photographs showing "heavy jam" conditions.

Figure 13a  The cover is crushing locally beside and at the bow of
the ship as well as in the cover ahead. L

Figure'13b ~ A very thick cover around the ship as it approaches fhe,
: barrier. S
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Figure 13c As moving ice reaches the barrier, local crushing increases
the ice thickness more. S

Figure 13d The entire cover has shifted to half of the'orﬁginalff
- length and thickened. : , : AT




Figure 13e

The ship is completely obscured by the jammed ice. The
entire cover is heavily jammed to half of the flume
depth and a considerable amount of ice travelled under
the barrier.




Figure 14a

Figure 14b

v*‘x X
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5 NP R 7 2§ SR

Ice rebounds into the channel after the shipkpassed.' Note.
the compacted condition of the cover on the left hand side
while the right hand side has expanded.” - o




Figure 15a -

Figure 15b

At low ship speed the ship inches“its'wéy through the floes
which move in behind the ship and are not underturned.

At high ship speed, floes are driven down violently.
The cover was compressed around the bow but did not

- Jam here. .. S
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outlined below:

d

* —~ 0 N =<

ni

The letters and symbols in the column “"Test  Condition"
O ‘ represent the ship direction, ship model scale and ice floe sizes as

-

~

downstream passage
upstream passage
large scale ship
small scale ship
small ice floes
large ice floes

denotes a test when a shock was de]ivered to the flume

-side walls.

denotes a test when there was no border ice on the flume
side walls.



" Tzble (1 : _ Ship Passage Ice Jam Data Day !
Test. Q- } - H Ti ' U Fr Vs C Vs pope Jam Test Comments
Ho. ‘ L T , v |Description| Condition '
(m¥/s) ! m) | (m/s) U gH— | (m/s) | (m/s) |- (m) (m)
1 L0076 \.129 - .098 .087 | .100 }1.02 . 2.03 medium : dis Jammed ahead of the ship
2 0073 ) ' .094 .084 | .040 }0.43 1.02 medium Jammed ahead of the ship
3 L0076 | .098 .087 }.125 {1.28 1.02 medium Jammed ahead of the ship
4 0063 | .083 - .074 | .053 |0.64 - none -
5 ‘!.132 .087 L1000 |1.15 - none _
) - 172 ]1.98 . 1.27 miid Not a true jam-a mild shove
7 | 128 |1.47 | 0.69 heavy
8 l 089 {1.02 - -- none
9 i 122 11.40 -~ none
10 .128  {1.47 Ce- none
11 147 {1.69 - none
12 172 11.98 - 1 none .
13 192 .21 1.02 mild , Not a true jam
14 192 R.2%L 1.77 mild , Not a true jam
15 ] , 192 p.21 L. 1.52 medium Not a true jdm
16 .250  2.87 -- none
17 ' ‘ .250 .87 -- none
18 | i - o |.e27 p.6l | - none
19 | .0072 1129 .090 .080 1.034 10.38 .- none
20 : . .098 1.09 Poas none .
21 .0074 ’ .096 .085 [.128 {L.39 0.69 heavy
77 .143  11.49 0.69 heavy
23 .154  11.60 0.69 heavy
24 .200  i2.08 - 1.02 heavy
25 v 250 12.50 - 1.52 heavy
26 : 1313 {3.26 ? heavy
27 : - 1333 [3.47 1.02 medium
2 .0073 .090 .080 l111 j1.23 S medium
|
]
l
-
i




Table C2 Ship Passage Ice UJam Data Day 2
. ! 1 T — , _
Test | Q o U : k. Fr-1 Vs_.{ Vs P . Jam Test Comments
Mo | | SRS TR U | Description | Condition -
| (m%s) | (m) ! (m/s) P//ﬁ—ﬁ' (m/s) (m) (m)
| \. | | | _ |
29 .GG57 .129 .075 .067 | .036 | 0.48 0.69 mild dls ni | No border ice-not a true jam
30 L0056 072 .064 .036 0.50 1.02 heavy. Not a true jam
31 .0055 ' _ .104 | 1.44 .0.69 mild Not a true jam
32 | - .071 063 | .105 | 1.48 | 1.02 medium Not a true jam
33 | ' 082 | 1.15 1.02 medium Not a true jam
34 | .143 | 2.01 1.02 medium Not a true Jam
35 1 _ .200 | 2.82 | 0.69 mild Not a true jam
35 ‘ .263 3.70 1.27 mil Not a true jam
37 ' .042 | 0.59 0.69 mild Not a true jam
38 .0056 .Q72 .064 111 1.54 1.02 mild Not a true jam
- 39 ! .208 2.89 1.02 mild Not a true jam
40 ' .045 0.63 0.59 mild Not a true jam-



Tabie (3 Ship Passage Ice Jam Data Day 3
I R . Vs | Vs P Jam Test | Comments
;gbh % Rl }"1 »U | Fr - R . Description| Condition '
| mys) L) | (w/s)  PAMGH | (/s) | (m) (m)
| 4 : \
41 { .0025 | .1 9\ .030 .029| .046| 1.53 - none dls
42 | ‘ 128 4.27 -~ none
13 i | .208 ] 6.93 - none
49 | .0052 070 \ .068| .052 | 0.74 0.69 mild Not a true jam
45 \ - .083 | 1.19 - none ' -
46 | 1 ‘ .104 | 1.49 -= none .
47 \ .135 | 1.93 1.52 mild Not a true jam
5 | ‘ 167 | 239 | 1.02 medium |
49 1 .200 | 2.86 -- none
50 | k 222 | 3.17 -- nene
51 ' : 167 | 2.39 -- none
52 - \\ \ .053 | 0.76 -- none
53 .0056 i .072 | .063 | .048 {0.67 -- none
54 ﬁ .078 1'1.08 - none
55 Jlog (1 1.44 - none Almost jammed
56 | ‘ , .143 11.99 -- none
57 .0057 ‘ | 074 .086 | .167 |2.26 - none
53 .0056 ' .072 .063 | 200 |2.78 -- none
59 \ .233 13.24 -- none
50 .108 11.50 -= none
81 111 {1-54 ? mi1d Not a true jam
62 .056 |0.78 0.63 mild Not a true jam




- .
Table C4 : . Ship Passage Ice Jam Data A | g§2»4
Test | - @ 1o U -y Fropo Vs | ¥s o R Jam Test Comments

No. S C _ 1 - = . lDescription| Condition o

(ms) (m) (m/s) UV | (m/s) u - (m) (m? °

63 .0036 .142 .043 .037 1 .042 ) 0.98 | -- none dls ni | No border ice

64 : 132 | 3.07 }  ~-- none

65 .204 | 4.74 ? mild ' Not a true jam

66 .0051 ' .063 .054 .086 1.37 |} =~ none . dls Border ice has formed

67 _ , 152 | 2.41 . -- none Compact ice cover

63 222 | 3.52 1.52 mild Not a true jam

69 .208 | 3.30 -- none

70 - .i89 | 3.00 -~ none : Ice cover compressed to side

71 263 | 4.17 -- none ’

72 .135 (2.14 - none

73 .0081. .131 .105 .089 | .0is | 0.17 -- none

74 .0065 .083 .073 | .055 | 0.66 -= none

75 .086 |1.04 - none

76 " : _ .109 | 1.31 1.02 mild Not a true jam

77 ' 172 t2.07 } 1.02 mi1d Not a true jam

7 ' .238 12.87 - none

79 ' - - .196 10.79 -- -1 none

50 .0053 .130 .070 .062 | .055 |2.04 - none
81 l .143 |3.04 -- none

82 ‘ 213 11.19 -- none

33 : . .083 10.56 -~ none

54 .0074 132 .094 .083 | .053 {0.95 | ~-- | none

85 .089 |1.52 -- none

35 | : .123  {1.83- 1.02 none

87 _ L1722 12.17 1.02 mild Not a true jam -

83 : .204 : mild , v Not a true jam




Day 5

Table C5 Ship Passage Ice Jam Data
Test Q H U | Fr Vs. | Vs P Jam Test Comments
No. { T T S U . tDescription| Condition |- :
(m¥%s) { (m) (m/s) UMGH | (m/s) (m) (m)
|
89 0049 \1 .129 .063 .057 \ .029 | 0.46 - none dls
20 071 1 1.13 - nonga
1 \ .067 | 1.06 - none
g2 0055 | 071 .063 | .035 |0.49 - none
g3 ' ! .065 |0.92 - none
94 .0061 \ .131 .078 067 | .018 |0.23 - none
95 .056 [0.72 -- none
86 0067 | .086 ..076 | .025 {0.29 - none
g7 - .085 .075 .053 10.62 - none
a3 .161 11.89 - none
- 99 1 .192 12.26 - none
100 \ .303 13.56 - none
101 .‘ .086 076 | .312 13.63 . - none
102 : 118 {1.37 - none
103 .0073 .132 .092 - .080 | .019 Io0.21 - none
104 ' .062 10.67 - none
105 161 {1.75 r-— . none
10¢ .204  R.22 - none Ice cover compressed to sides.
A , but re-expanded
107 0078 .098 .087 1 .G19 10.19 -— none
108 077 0.79 - none
10¢ 119 .21 - none
110 .164 Q.67 - none
111 200 p.o4 ? mild Not a true jam
|




Table (6 Ship Passage Ice Jam Data . Davg
ast Q ‘ H U - Fr Vs Vs = | P Jam Test Comments
0. _ - B Y R B Lo - Description| Condition ‘
(m®/s) {m) (m/s) UNMGH | (m/s) ' (m) v+ {m)
112 L0074 | .129 .095 .083| .020| 0.21 .- none dls
113 1 .063 0.66 - none
114 109 1.15 -~ none
115 .156 | 1.64 0.69 mild Not a true jam
115 J111 ) L17 . 0.69 mild : Not a true jam
117 J1e2 | 2.02 1.02 mild Not a true jam
118 .200 ¢ 2.11 - | 0.69 medium Not a true jam
119 .263 | 2.77 " none , '
120 ‘ .385 | 4.05 1.02 mi1d Not a true jam-just shoved
, to compact :
121 .385 | 4.05 - none
i22 .192 | 2.02 - none
1723 .238 12.51 - none
124 ;222 | 2.34 - none
125 .156 | 1.64 1.02 mild Not a true jam
126 .0080 L130 | .103 .090 | .018 [0.17 - none _
127 ' ' ; .063 |0.61 0.51 © mild Mild shove stopped before
' the ship passed
128 .074 10.72 - none.
129 .156 1.51 - none
130 156 (151 ) - | none
131 i .192 11.86 - none
132 227 |2.20 - none
133 | .278 2.70 - none
134 .0081 .104 091 | .156 [1.50 1.70 mild » Not a true jam
135 : 200 11.92 1.02 mi 1d Not a true jam
136 | : .256  [2.46 - : none
137 ' .192 1.85 - none
i H




Ship Passage Ice Jam Data - Day 7
Q. .\' Hoo| g Fr o Vs 17 ¥s "1 . P Jam Test | Comments
- | S S : R PR A “."| Description | Condition '
(m¥s) { (m) (m/s) UA/GTHE Y (m/s) o (m) (m)
1 |
.0080 | .12§ .103 .099 .025 0.24 -- none dls : '
.0G79 | .102 .091 .069 0.68 ~- none Cover compacted to sides
' L1020 1.00 -- none ‘
470 1.44 4 == none Compact cover did not compre:
' to flume walls
| .1821 1.78 - none '
; L2781 2.73 S none
\ .357} 3.50 - none
.1921 1.88 -- none '
14 l 1671 1.64 |: 1.02 mild Almost stopped
14 Jd1611.14 -- none
148 | 0084 \ .131 107 .095; .0181}0.17 - , none Thick ice cover
143 \ .06510.61 1.02 mild . Stop and start shove
o158 .10610.99 -- none : , :
151 | \ 1 1521142 - none Ice pushed to the sides
152 | .179 | 1.67 -- none .
152 | ! ' o .270 12.52 ? mild ‘Shoved
154 .31312.93 - | none
155 .357 |3.34 -- | none
- 156 .250 (2.34 == none :
157 .208 {1.94 7 mild . Not a true jam
158 .0068 .129 .088 .078| .192 (2.18 - ' none
159 .56 (1.77 4. - none
160 .1o4 (1.180 1. == none
161 .250 |2.84 | -- none
i




Table (€8 . Ship Passage Ice Jam Data - Dav 8
Test Q 1 He u- - Fr Vs | Vs _ P Jam Test Comments
No | . .U , - | Description.| Condition :
(m¥s) E (m) (m/s) UV H { (m/s) ‘ (m) (m)
i ll‘ .

162 0092 +  .135 114 L1020 .024¢ 0.21 ~1.52 mild dls Not a true jam

163 .0090 | 111 .098| .057| 0.51 1.02 med ium '

164 .0088 | .109 .094  .102{ 0.94 . 0.69 mild Not a true jam, upstream

\ g : edge was unstable

165 .00%0 111 .0971 .100} 0.90" - 1.52 heavy :

166 .G089 110 096 .1561} 1.42 - none

1e7 : L350 1.230 0 1.82 mild Not a true jam

168 .00%1 } 134 113 .099{ .104| 0.92 .7 1.02 mild ' : Not a true jam

163 L0039 111 .096] .1431 1.29 -- none ' '

170 .00%80 112 L0971 .1751} 1.56 R " none

171 1 L2001 1.79 N none

172 .0092 } 114 L1004 .227 | 1.99 1.02 mild Mild shove

173 263 1 2.31 0.69 mild Mild shove

174 \ .385 | 3.38 ? mild v Mild shove :

175 \ .32112.82 ? medium * Mild shove -

i76 263 12.31 ] 11.02 mild Mild shove

177 .208 1 1.82 -- . none

178 .175 1 1.54 -- ncne

179 J175 (1.5} == none *

180 .139 11.22 J1.02 mild * Not a true jam

181 L1060 10.88 -- none

182 161 11.41 T none

183 .00%8 1 122 L1051 ,024 10.20 - none

i




Table €9 _ - Ship Passage Ice Jam Data - Day 3
Test Q ‘x TR U Ep Vs vs 4. P Jam Test Comments
No. { _ . [ Tl | Descriptioni Condition
(m¥%s) | (m) (m/s) U/gH | (m/s) f (m) (m) '
1
184 .0061 { .129 .079 .070, .015| 0.19 .- none : d2s Small ship does not displace
i \ : _ jce like the larger model
185 | .109] 1.38 S - none
186 ‘ | 2501 3.16 - none
187 .0073 l : .094 .083y .111} 1.18 ' - none
183 | .263| 2.80 - . none
189 0078 .101 .060} .3571 3.53 : - none
180 , L2001 1.98 _— none
191 .0086 \ .135 106 .092| .0241 0.23 - none
g2 1 .098 | 0.92 C - none
193 o - .185 1 1.75 - none
194 \ L1851 1.75 - none *
195 .263 1 2.48 - none
196 A I , , .263 | 2.48 1.02 mild * Stop and start shoving
197 L0095 | .134 .118 103 .025 |0.71 -— none ‘ -
198 ‘ ’ ' .100 10.85 g none *
192 : | : . .100 10.85 - . none
200 | ' .278 12.36 - none *
201 278 12.36 - none '
202 ' l .189 li.60 - none *
203 .0099 .140 | 118} 101 ¢ .189 |1.60 - none
204 - .189 1.60 _— none *
205 .189 11.60 - none *
206 ‘ . : : .270 209 _— none
207 ' 270 2.29 IR none * Started to shove and stopped
208 : .096 ip.81 A none
209 .0106 .140 .126 107 | .106 D.84 - none
210 .0108 .129 .103 | .100 D.78 - none * Ice was pushed to the sides
* dez%otes that g shock|was deliveredito the |side of {the fluma
% | :,




Table C10 Ship Passage Ice Jam Data Day 10

Tost 0 “H U Fro | . Vs Jam Test Comments

No. ' o | Bescription| Condition .

(m®/s) (m) (m/s) Mg H | (m/s) {m)

211 .0064 .129 .083 .074 } .032 | 0.39 " none dls

212 ' - .106 | 1.28 none *.

213 .106 1.28 none *

214 172 1 2.07 none *

215 172 2.07 none *

216 . .270 | 3.25 none *

217 L0077 .133 .097 .084 | .025 | 0.26 - none *

218 | L0982 | 0.95 none *

219 .250 | 2.58 none *

220 172 4 1.77 none *

221 .0089 112 .098 | .094 | 0.84 none *

222 .263 12.35 none *

223 .182 1.63 none *

224 0072 .7 .129 .093 .084 | .103 1.11 none *

225 .294 3.16 none uls *

226 .24 {3.16 mild dls * | Not a true jam

227 .192 2.06 none uls

228 ' .178 1.91 mild . dis Not a true jam

229 .0079 .130 .101 090 .111 1.10 mild uls Upstream edge underturnad as
ship left the cover

230 .008¢ .110 096 |.105 (0.95 none dls _

231 .270  {2.45 none uls Compacted without jamming

232 : 270 j2.45 mild dls Mild shove

233 .0098 128 .128 A14 0 4.092 1072 none uls

234 A .092 10.72 mild dls Mild shove

235 .0097 .126. A13 0 1.279 2.21 none uls

236 : 279 2.21 none dls

237 0104 .135 122 1100 0.74 mild uls Upstream edge failed

238 .056 0.71 heavy dls

239 .0108 1128 .141 125 1.250 1.77 mild uls Upstream edge underturned

240 , . 294 2.09 mild uls Upstream edge jammed

241 .0106 128 .139 124 1278 2.00 imedium dis O0ff and on shove

242 .0108 .141 125 1233 {165 mild uls Ice moved past ship

243 .01G7 .140 .124 175 1.25 medium dls Ice pushed to side-a real jam




1l'¢ N | - ‘l’ , | | Coniis...

10 ; : Ship Passage Ice Jam Data , - Dayl0
R .;1- Ho b~ U Fr | Vs { Vs . 4§ p- Jam Test | Comments
v ; = I U 4, . | Description | Condition
(m¥s) | (m) (m/s) UMg A | -1 (m) (m)
.0108 \ .134 .134 18] .103) 0.77 | 7 mild uls - Upstream edge failed
.0109 | .136 119 256 1.88 7 mild uls Upstream edge folded
5 | ‘ ..200) 1.47 P ? mild uls Upstream edge broke away
l \ : clogging the channel
g 0107 | ‘ .133 \ 116 .z00} 1.50 -- none uls
L L0073 | .129 .092 .083) .109| 1.1 -- none L dlt -
l 0038 \ .114 1021 .109 | 0.96 .- none alr Ice "too large" to shove
| _ , .278 | 2.44 ? mi1d d11 Ice overlapped :
t.0081 .105 .094 | .278 | 2.65° ? mild dit Shoved a Tittle
| \ : .100 | 0.95 +1.02 mild di] Mild shove.
i .0093 | .120 .107 1 .109 | 0.91 1.02 mild 1dir Not a true jam
.00883 1 114 100 | .280 | 2.46 -- none dl
.0103 1\ 133 118 | .109 |0.82 S none dl1




Ship Passage Ice Jam Data

g H U : Fr- Vs Vs . P Jam . Test Comments
: ) u - b . | Description | Condition
(m¥s) (m) (n/s) ~ (UYGH | n/s) | (m) (m)
‘ 1
.0150 \ .132 114 .100| .103]0.90 ©11.52 mild dls * Not a true jam
\ : 0.90 1.52 mild d2s: Not a true jam
0140 ‘ 132 .106 .093 0.87 - 1.02 mild dls Not a true jam
.0138 105 .092 0.98 0.51 mild d2s ] Not a true jam
.0133 | .101 .089 1.02 -- none d2s - Very .local passage
| 1.02 1.02 mi1d dis Not a true jam
0118 | .130 .091 .079 41.13 1.52 mild dis Not a true jam
P.131 .0%80 .080 1.14 -- mild d2s | Not a true jam -~
i 192 12.13 - none d2s:
| 1 103 |1.14 -- none
‘ \ . L1892 12.13 -- none
103 {1.14 -- none dls
‘ - .192 2.13 - none
i \ _ _ :
i
o
| ‘\ |
.
o
l \




Tahle Ci2 Data for Critical Froude Number for Ice Cover Stability without Ship Passage
Day 0 H U Fr=U//gH ac Ice Upstream Percent - Jams When
(m3/s) (m) (m/s) {m) Jam? Edge Fails? Underturning Distrubed?
1 0.0056 0.129 0.072 0.064 1.02 no no 0
G.0066 0.085 0.076 no no 0
.0100 0.129 0.115 no yes 4G
0.0106 0.137 0.122 no yes 80 -
G.0120 0.155 0.138 no yes 40 yes
G.0114 0.147 0.130 yes yes --
0.0124 0.160 0.142 yes yes 100
0.0126 0.163 0.145 es yes -
. 0.0059 0.076 0.068 3.05 no no 20
0.00856 0.111 0.099 : no no 49
0.0106 0.137 0.122 no yes 49
0.0108% 0.141 0.125 no yes 80
0.0116 0.150 0.133 yes yes 60
0.0121 0.156 0.139 ves yes 80
0.0124 0.160 0.142 yes yes
0.0109 0.141 G.125 no no yes
0.0121 0.156 0.133 yes yes '
0.0129 0.132 0.163 0.143 no no ' yes
5.0058 0.129 0.075 0.067 5.10 no no 0 :
0.0084 0.109 0.097 no no 0
0.0102 0.132 0.117 no no 0
0.0112 0.145 G.12 no yes 80
0.0123 0.159 0.141 no yes 40
0.0124 , 0.160 0.142 no yes - 60
0.0127 0.134 0.158 0.138 no yas - 80
0.0130 - 0.161 0.141 no yes 80
0.0173 0.i70 0.149 no yes 100
0.0140 0.134 0.174 0.152 5.10 no yes
0.0145 0.140 0.173 0.147 no yes
0.0144 0.171 0.146 yes yes
0.0147 0.139 0.176 0.151 no yes
0.0156 | 0.140 0.186 0.159 yes . yes
2 0.0113 0.129 0.153 0.136 1.02 yes ©ono
0.0109 ¢.13: 0.139 0.122 yes yes
0.0107 0.130 0.137 0.121 yes yes

0.76




Tab]eQZ (cont'd) Data for Critical Froude Number for’ée Cover Stability without Ship Passage ‘

Day - Q H U Fr=U//gH" tc Ice Upstream Percent - Jams When
. (m®/s) (m) (m/s) (m) Jam? Edge Fails? Underturning Distrubed?
0.0105 0.129 0.136 0.121 1.02 no no yes
0.0107 | 0.138 0.123 2.03 no yes A yes
0.098 | 0.128 0.114 : no yes : --
0.0104 0.134 0.119 no no . - yes
0.0079 0.102 G.091 no no . - --
-0.002%4 0.121 0.108 . A no no no
0.0097 0.125 0.111 no : no yes
0.0101 6.131 0.116 no no no
0.01G5 0.137 0.122 A no no ' no
0.0111 0.143 0.128 ‘ no no yes
0.0102 0.132 0.117 3.55 no no yes
0.0162 0.132 0.117 2.54 no no ' - yes
3 0.0074 0.096 0.085 3.05 - yes -- --
t4 ¢ 0.0105 0.136 0.121 no no ‘ no
0.0108 0.135 0.133 0.116 no . no no
0.0114 0.140 0.136 - 0.116 no no ' no
0.0115 0.134 0.143 0.125 yes .- -~
0.0114 0.142 0.124 ' no no yes
0.0109 0.136 0.118 ' no no yes
0.0102 0.133 0.128 0.113 yves -~ ' -—-
0.0098 0.13 0.125 0.111 T yes no ' _ -
5 0.0036 0.132 0.121 0.107 no no _ yes
0.0094 0.133 0.118 0.103 . no no yes
¢.0090 0.132 0.114 0.100 no no yes
0.00%0 0.13 0.113 0.099 1o . no yes
0.06090 0.132 0.114 0.100 no no no
0.00%9 0.114 0.100 no A no . no
0.0083 0.105 0.0692. ' no , no yes
0.0084 0.106 0.093 no no no
5 0.0052 0.135 -0.106 0.092 no no yes
a 0.0059 0.140 0.118 0.101 no no yes
0.0059 0.123 0.128 0.114 no no _ yes
0.0064 0.140 0.124 no no _ yes
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