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Evaluation of Performance Limitations for 

Ships Navigating to and from Voisey's Bay Part 1: 

Predictions of Ship Resistance and Propulsion in Pack Ice and Rubble 

1.0 INTRODUCTION 

In March and April 1997, the Canadian Coast Guard (CCG) sponsored an 

expedition into the approaches of the proposed site for a shipping terminal for 

the Voisey's Bay nickel mine. The voyage provided essential data on the ice 

conditions and the performance of the ship `C.C.G.S. Henry Larsen'. However, 

whilst this single voyage was useful in providing benchmark data for ships 

operating in these conditions, it did not give sufficient information for evaluating 

the same ship in other ice conditions or other ships in the same conditions. 

In May 1997, the Institute for Marine Dynamics (IMD) proposed a series of scale 

mode! experiments to CCG. There were two objectives for the first phase of this 

proposal. The first was to correlate the observed performance of the ship with a 

model in the scaled conditions equivalent to those found on the probe. This 

would give confidence to the techniques used for modeling the ice conditions. 

The second objective was to use model experiments to predict the performance 

of a typical bulk carrier in the same ice conditions. In December 1997, CCG 

accepted IMD's proposal, and this report describes preliminary results based on 

two ice sheets with each model. 

To meet the project objectives a series of physical model tests was carried out to 

provide data on the performance of the icebreaker in the ice conditions found on 

the 1997 probe into Voisey's Bay. The observed conditions were pack ice, with 

significant amounts of rafting, ridging and rubble content. lt is important to 

recognize that there has been very little research into the performance of ships 

in pack ice and rubble, compared to level, uniform ice. For this study, IMD has 

taken a relatively simple approach to modeling the rubble based on geometric 

scaling and global measurements of rubble ice properties. IMD used an existing 

model of the R-Class icebreaker for this phase of the project. Although the 

'C.C.G.S. Henry Larsen' is not strictly an R-Class, the differences are very small, 

and are not likely to affect the overall performance estimates. 

Experiments were also conducted to predict the performance of a bulk carrier in 

pack ice and rubble. IMD used an existing model of the M. V. Arctic for this 

phase of the project. The objective was to assess the comparative performance 

of the bulk carrier relative to the icebreaker, in the same nominal ice conditions. 

This provided preliminary data to enable estimates to be made of the 

performance of a bulk carrier. 

1 
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There were several additional advantages to using the M. V. Arctic model as a 

candidate ship. This ship has been extensively tested full scale in a range of ice 

conditions. It is a ship for which there is a lot of operating experience in 

Canadian waters and its dimensions are such that the ship is a feasible 

candidate for supporting the Voiseys Bay mine and mill operation. 

2.0 SUMMARY OF ICE PROBE DATA 

Resistance and propulsion experiments in pack ice and rubble were carried out 

as the first phase of the model test project. Rubble dimensions were based on 

the approximate geometric scaling of piece size and total thickness measured 

during the 1997 Voisey's Bay probe. Based on these data, observed pack ice 

thicknesses varied between 1.2 and 1.5 m which corresponded well with other 

historical data for the Nain/Hopedale area. Flexural strength averaged 

approximately 420 kPa. Two target thicknesses of 1.0 and 1.5 metres, were 

modeled in the ice tank to cover the range of observed data. 

Rafted and rubble ice was between 3 and 5 metres thick. These observations 

suggest the rubble ice was between two and three ice thicknesses deep. 

Observed ship speeds varied between 2.8 and 15 knots, based on 1MD's data 

for the Voisey's Bay probe. 

References 1 and 2 give a summary of the ice data encountered on the Voisey's 

Bay probe and the associated ship performance. 

3.0 TEST PLAN 

In order to obtain the basic resistance and propulsion data for the two ships, the 

following test program was carried out. 

3.1 R-Class (loaded draft) 

Data were collected for 

10/10 pack ice (resistance and propulsion) 

20/10 rubble (resistance and propulsion) 

30/10 rubble (resistance and propulsion) 

40/10 rubble (resistance only) 
50/10 rubble (resistance only) 

Two ice thicknesses (1.0 and 1.5 m) were used. 

1 
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This data provided the basic performance data on the R-Class, and can be 

compared with the observed performance of the ship during trials. These tests 

were necessary for validating the assumptions made in the environmental 

modeling process. In these tests, rubble was representative of the shear zone 

only (i.e. very wide in relation to the ship's beam). 

3.2 M. V. Arctic (loaded draft) 

One of the concerns of CCG is the performance of a ship (especially a bulk 

carrier) in a broken channel full of ice. This phase of the test program 

investigated the effect of channel width on the performance of the ship in rubble 

ice. One ice sheet was used to test the ship in a very wide rubble field (shear 

zone) and one ice sheet was used to investigate the performance of the ship in a 

narrow channel, filled with broken ice. This condition was an approximation to 

the ship following a previously broken channel in land fast ice. By comparing the 

results of the two ice sheets, the effect of confinement can be obtained. One 

thickness was used for both these ice sheets, equivalent to 1.5 m of level ice. 

In the wide rubble fietd, data were collected for 

10/10 pack ice (resistance and propulsion) 
20/10 rubble (resistance and propulsion) 
30/10 rubble (resistance and propulsion) 
40/10 rubble (resistance only) 
50/10 rubble (resistance only) 

ln the narrow rubble field, the geometry of the model and the ice meant that only 

the 30/10 and 40/10 rubble could be constructed. This was sufficient for a 

preliminary comparison of the effect of confinement on the ship resistance in 

rubble ice and pack ice. 

The nominal friction coefficient for each hull was 0.06. Based on IMD's data for 

icebreakers, this value corresponds to the average condition of a new ship. It 

also assumes that other devices, such as bubbler systems, are inactive. 

A detailed summary of the test plan is given in Reference 3. 

3 
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4.0 DESCRIPTION OF MODELS AND EXPERIMENT METHODS 

4.1 Ice Conditions 

4.1.1 Pack Ice 

The EGADS (CD) model ice prepared in the ice tank at 1MD has been 
developed to provide the kinematic and mechanical characteristics 
required to model the ship-ice interaction correctly. The ice is grown at 
finely controlled temperature in a mild EGADS solution [4], resulting in 
uniform thickness, with standard deviation normally less than 3%. Fine 
bubbles are selectively incorporated into the ice to produce the required 
ice density and plate stiffness [5]. The ice is tempered for a period of time 
before the test, until the required flexural strength is achieved. Shear 
strength and compressive failure stresses are established as functions of 
the flexural strength, similar to the full scale relationships. 

Ice flexural strength was measured by sets of cantilever beam tests at 
different times and locations in the tank. For each ice sheet, flexural 
strength-time curves were developed, and strength was interpolated to 
test time and location. Ice density, shear strength, and compressive 
failure stress were determined from flexural strength relations, calibrated 
by measurements in each ice sheet. 

Pack ice was created by breaking the ice with the paddles on the ice tank 

service carriage. First, the ice was broken into a series of approximately 
parallel fractures across the tank. Then it was broken by hand so that floe 
shapes were approximately square. Pack ice concentration was 
determined from digitized overhead photographs of each ice sheet, prior 
to the start of experiments. 

The ship-ice friction coefficient was measured and verified for each ice 
thickness in the test program. The coefficient was determined between a 
sample of ice from the tank at test time and a flat horizontal surface 
finished simultaneously with the ship model final surface. 

A summary of all the ice properties, and the data reports for each ice 
sheet are given in Reference 3. 

4 
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4.1.2 Wide Rubble Field 

After completion of the pack ice experiments, the ice was made into a wide 

rubble field. The pack ice was compressed, using the paddles on the service 

carriage. This resulted in rafting of the ice, in a process not unlike that observed 

in nature, when ice floes move over one another under the action of wind and 

current. The nominal ice thickness was based on the volume of ice, but this did 

not take into account the porosity which results from uneven stacking of the ice 

floes. Actual rubble thickness was measured by an array of underwater acoustic 

sensors. 

The notation used for the rubble ice coverage is given in Table 1. 

Notation Description Average Coverage 
Depth 
(# Floes deep) 

10/10 Pack ice 1 95% 
20/10 Rubble 2 100% 
30/10 Rubble 3 100% 
40/10 Rubble 4 100% 
50/10 Rubble 5 100% 

Table 1 
Summary of notation used for ice description 

Note that the porosity based on the actual measured thickness was 

approximately 25%, so measured thicknesses were approximately 25% thicker 

than the nominal values. 

4.1.3 Confined Rubble Field 

The technique described above was modified to construct a confined rubble 

field. In this case, floating docks faced with plywood were frozen into the ice, at 

the melt pit end of the tank, on the south side. The rubble field was constructed 

by cutting a channel in the ice approximately 3.1 metres wide, with the north 

edge approximately 1 metre off the centreline. The floating docks were pulled 

towards the centreline of the tank, until the channel was approximately 1.0 

metres wide, which corresponded to approximately 1.25 ship beams. The 

resulting channel had approximately 30/10 ice, with level uniform ice on either 

side. The usable length of the rubble was approximately 24 m long and 1.2 

metres wide. 

5 
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The second thickness was obtained by releasing the docks back towards the 

wall, and pushing ice into the channel with the service carriage. Measurements 

with the underwater acoustic system were less reliable for this method, since the 

sensors were obstructed by the model. Measurements were made of the rubble 

depth by pushing calibrated metal rods through the rubble and channel width 

was measured manually. 

4.2 R-Class Model 

Model 491A was taken from IMD's stock of tank models. It corresponds to a 1:20 

scale model of the Canadian Coast Guard R-Class icebreaker. The model was 

ballasted to the correct displacement, trim and vertical centre of gravity. For 

these experiments, the model and the corresponding ship condition are given in 

Table 2. 

The model was fitted with a single centreline rudder and twin propellers (66L/R). 

These propellers were outward turning (at the top) when viewed from astern. 

The propellers are scale models of those fitted to the R-Class ships. Details of 

the propellers are given in Table 3. 

Model Ship 

Lw1, m 4.651 93.02 

Lbp, m 4.397 87.94 

Beam, m 0.968 19.36 

Draft at midships, m 0.35 7.00 

Draft at aft perpendicular, m 0.362 7.24 

Draft at forward perpendicular, m 0.338 6.76 

Trim, m 0.024 0.48 

Displacement, kg, fw 965 

Displacement, tonnes, sw 7913 

Cb 0.611 0.611 

WSA, mA2 5.353 42824 

Longitudinal centre of gravity, m, fwd AP 2.215 44.300 

Vertical centre of aravitv, m. above keel 0.347 6.94 

Table 2 
R-Class Icebreaker, Test Conditions 
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Propeller 
Z 
BAR 
Diameter, m 
P/D 

Model 
66UR 

4 
0.67 
0.206 
0.775 

Ship 

4.120 

Table 3 
Propeller 66, Basic Data 

Photographs of the model, taken prior to the testing are shown in Figures 1 and 

2. 

The hull-ice friction coefficient for this model, taken from Reference 6 was 0.05. 

It was not measured as part of this test program. 

4.3 M.V. Arctic Model 

Model 326 was also taken from IMD's stock of models. This model corresponds 

to a 1:30 scale model of the M.V. Arctic, prior to having its bow replaced in 1986. 

For these experiments, the model and the corresponding ship conditions are 

given in Table 4. The model was ballasted to the correct displacement, trim and 

vertical centre of gravity. 

The M.V. Arctic deviates aghtly from the design of the model tested for this 

project. The model was fitted with IMD stock propeller 106L, which was left hand 

turning when viewed from astern. This ship is fitted with a variable pitch ducted 

propeller. Details of the stock propellers and the corresponding details for the 

actual propellers are given in Table 5. 

Photographs of the model and propeller, taken prior to the testing are shown in 

Figures 3 and 4. 
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Figure 1, 
Model 491A, 

R-Class Icebreaker, bow view 
1:20 Scale 

Figure 2, 
Model 491A, 

R-Class Icebreaker, stern view 
1:20 Scale 
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Figure 3, 
M. V. Arctic model, 

Bow view 

Figure 4, 
M. V. Arctic model, 

Stern view 
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Model Ship 

Lwl, m 6.694 200.82 

Lbp, m 6.553 196.59 

Beam, m 0.762 22.86 

Draft at midships, m 0.366 10.98 

Trim, m 0 0 

Displacement, kg, fw 1379.7 

Displacement, tonnes, sw 38183 

Cb 0.756 0.756 

WS A, mA2 7.89 7101 

Longitudinal centre of gravity, m, fwd AP 3.395 101.85 

Vertical centre of aravitv. m. above keel 0.267 8.01 

Table 4, 
M.V. Arctic, Basic Data 

Model Ship 
Propeller 106 L 
Z 5 
BAR 0.590 
Diameter, m 0.186 3.728 
,PiD 0.974 

Table 5, 
Propeller 106L, Basic Data 

Measurements of the hull-ice friction coefficient for this model, made as part of 

this project, gave an average value of 0.065, taken for the two ice sheets. 

4.4 Resistance Tests 

For resistance tests, the fully appended models were fitted with dummy 

propeller hubs and rudders. No turbulence stimulators were fitted. The 

models were fixed to the tow carriage, free in pitch, heave, and roll. 

The models were towed at constant speed for each test. Towing forces 

were measured, together with carriage speed, pitch angle and heave. 

Several tests were recorded with two underwater video cameras, one 

directed at the bow and one at the stern, as well as two video cameras at 

10 
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the surface, also looking at the bow and the stern. A hand held camera 

was also used to document some aspects of the ship performance in ice. 

4.5 Propulsion Tests 

The models, fitted with working propellers, were fixed to the carriage in 

the same manner as for the resistance tests. Each self propelled test was 

run at constant model speed for a single propeller speed to obtain a 

steady state measurement of tow force, shaft torque, thrust, and speed. 

Rates of rotation were estimated prior to the testing, based on estimates 

of resistance and available tow force. Shaft friction torque and thrust were 

checked on each shaft every day, and the reported results have the 

friction effects removed. 

The prime purpose of the overload experiments in ice is to determine the degree 

of propeller ice interaction and the subsequent degradation in propulsive 

efficiency. For this reason it is not necessary to obtain the exact self-propulsion 

point. The propulsion point was estimated prior to the start of the experiments, 

and measurements were made of the mean values of carriage speed, model tow 

force, propeller thrust, torque and rate of rotation. The values measured in ice 

were compared with the open water values at the same carriage speeds and 

shaft revolutions. The ratios of thrust and torque in ice relative to thrust and 

torque in open water were used to correct the open water data (including tow 

force) and the corrected open water data were used for developing ship 

predictions. 

Open water overload tests were conducted for the M. V. Arctic model, 

since this data was not available for the stock propeller used. For open 

water overload tests, the model was run at zero speed (bollard test) and 

at icebreaking speeds over the range of propeller speeds required to 

produce icebreaking thrust values. 

5.0 RESULTS 
5.1 Resistance in Pack Ice 
5.1.1 R-Class 

Model 491A was tested in pack ice of two different thicknesses, equivalent to 

nominal thicknesses of 1.0 m and 1.5 m ice, for speeds up to the equivalent of 9 

knots. The mean measured values of model speed and resistance are given in 

Table 6 below. Also given are the estimated values of pre-sawn resistance for 

the equivalent speeds and ice thicknesses. These data were calculated from 

coefficients derived from earlier experiments on the same model. In the pre-

sawn experiment, a channel is cut ahead of the model, with a width equal to the 

11 
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beam plus twice the ice thickness. The channel is then cut into a herringbone 

pattern, approximating the shape of the pieces broken by the model. The pre-

sawn resistance is analogous to a pre-broken channel, completely filled with one 

layer of broken ice. A comparison of the two results gives an indication of the 

effect of lateral confinement on the pack ice. 

V. rn/s 

Ri, Pack 
ice, 

0.075m 
ice. N 

Ri, channel, 
0.075m ice 
(estimate), 

N 

Ri, Pack 
ice, 0.05m 

ice. N 

Ri, channel, 
0.050m ice 

(estimate). N 
0.021 45.1 38.5 

0.344 73.1 60.0 
0.690 85.0 101.2 

1.034 118.1 155.6 

0.021 31.3 22.4 

0.344 33.5 36.5 

0.690 54.5 64.0 

1.034 78.7 100.9 

Table 6 
Results of Resistance Experiments in Pack lce 

R-Class Icebreaker 

These data are plotted in Figure 5. 

R Class, Resistance in pack ice 

z 
Gt 

160.0 

140.0 

120.0 

100.0 

80.0 

60.0 

40.0 

20.0 

0.0 

0.000 0.200 0.400 0.600 0.800 1.000 

V, mle 

1.200 

R, Pack lce, 0.075m ice, N 

R, channel, 0.075m ice 
(estimate), N 

R, Pack ice, 0.05m ice, N 

-X- R, channel, 0.050m ice 
(estimate), N 

Figure 5 
Results of Resistance Experiments in Pack Ice, 

R-Class Icebreaker 

12 



TR-1998-01 

5.1.2 W.V. Arctic 

Model 326 was tested in pack ice equivalent to nominal thickness of 1.5 metre 

ice, for speeds up to the equivalent of 9 knots. The mean measured values of 

model speed and resistance are given in Table 7 below. Also given are the 

values of pre-sawn resistance for the same ice thickness. These data were 

measured prior to testing in the narrow rubble field. 

V. m/s 
R, wide pack, 

N 
R, pre-sawn, 

N 

0.281 38.6 

0.562 52.9 
0.845 73.3 
0.018 26.0 

0.018 26.2 

0.281 56.2 

0.657 79.4 

0.019 42.6 

Table 7 
Results of Resistance Experiments in Pack Ice, 

M.V. Arctic 

M.V. Arctic, Model resistance In broken Ice, 
Hi=0.05 m 

80.0 

70Y.0=

60.0 

50.0 
z 
if 40.0 

30.0 

20.0Y

10.0 

0.0 
0.000 

15.767x2 + 46.97;4 + 41. 

tr----"--#..-..-........."...........774.22.32 -..F.,2, + 37.3a7x+ 25.533 

0.200 0.400 0.600 0.800 

V, Ws 

1.000 

• R, wide pack, N 

• R, pm-sawn, N 
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Figure 6 
Results of Resistance Experiments in Pack lce, 

M.V. Arctic 

These data are plotted in Figure 6, with a second order polynomial fitted. 
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5.2 Propulsion in Pack ice and Rubble ice 

5.2.1 R-Class 

Overload experiments were carried out in pack ice. Mean measured vaiues in 

ice are given in Table 8. Figure 7 shows a view of the R-Class model in pack ice. 

5.2.2 M.V. Arctic 

Overload experiments were carried out in pack ice. Mean measured values in 

ice are given in Table 9. Figure 8 shows a view of the M.V. Arctic model in pack 

ice. 

Figure 7 
R-Class model in pack ice 

14 



HI .2 0.075 m 

TEST_NUMBER TEST_DESCRIPTION 

Model speed Shalt speed port friction 

m/s rps N-m 
stbd frIction port torque 

N-m N-m 
stbd torque total torque 

N-m N-rn 

Port thrust 
N 

Stbd thrust Total thrust 

N N 

FD 
N 

VB3P_002 10/10 PROPULSION 0.344 8.515 -0.153 0.124 -0.998 0.998 1.995 34.395 44.066 78.461 -45.714 

VB3P_002 10/10 PROPULSION 0.690 10.543 -0.166 0,133 -1.721 2.386 4.107 44.970 53.191 98.162 -29.243 

VB3P_002 10/10 PROPULSION 1.034 12.536 -0.179 0.140 -3.967 3.735 7.702 51.024 61.556 112.579 10.154 

VB3P20_005 20/10 PROPULSION 0.229 8.541 -0.153 0.124 -1.026 1.067 2.093 36.051 46.287 82.338 -69.385 

VB3P20_005 20/10 PROPULSION 0.229 8,541 -0.153 0.124 -1,049 1.065 2.114 36.685 45.901 82.586 9 100 

V83P20_005 20/10 PROPULSION 0.458 10.471 -0.165 0.132 -4.307 3.805 8.112 34.111 48 412 82.523 4.291 

VB3P20_005 20/10 PROPULSION 0.689 12.486 -0.179 0.140 -5.729 5.925 11.654 46.717 57.391 104_108 37.602 

V83P20_005 20/10 PROPULSION 0.688 12.487 -0:179 0.140 -4.810 6.043 10.853 53.399 55.041 108_440 128.710 

VB3P30_007 30/10 PROPULSION 0.229 10.526 -0.166 0.133 -1.588 1_612 3.200 51.734 67.732 119 466 -109.684 

VB3P30_007 30/10 PROPULSION 0.228 10.524 -0.166 0.133 -4.758 3.502 8.261 31_680 54.695 86.375 109.435 

V83P30_007 30/10 PROPULSION 0.344 12.496 -0.179 0.140 -5.190 5.149 10.340 51.492 64,018 115.510 43 869 

HI 0.050 m 
VB4P_002 10/10 PROPULSION 0.344 8.513 -0.131 0.171 -0.960 0.987 1.948 33.820 44.075 77.896 -48.655 

VB4P_002 10/10 PROPULSION 0.890 10.515 -0.140 0.178 -2.038 1_511 3.546 41.956 54.537 98.493 -36.521 

VB4P_002 10/10 PROPULSION 1.035 12.581 -0.143 0.181 -2.238 2.133 4.369 53.798 85.087 118.885 -34 422 

VB4P_002 10/10 PROPULSION 1.035 12.554 -0.143 0.181 -2.664 2.491 5.158 53.568 62.736 116.304 -23 693 

VB4 P20_007 20/10 PROPULSION 0.228 8.533 -0.131 0.171 -1.090 1.038 2.127 34.841 46.264 81.105 -68.459 

VB4P20_007 20/10 PROPULSION 0.229 8.534 -0.131 0.171 -1.083 1.048 2.131 35.037 46.944 81.981 -27 384 

VB4P20_007 20/10 PROPULSION 0.459 10.514 -0.140 0.178 -2.375 2.490 4.865 43.923 51.731 95.653 -24 314 

V134 P20_007 20/10 PROPULSION 0.689 12.509 -0.143 0,181 -3.524 3.601 7.125 55.440 66.424 121.864 -9.700 

VI34P30_010 30/10 PROPULSION 0.229 10.547 -0.140 0.178 -1.608 1.843 3.251 53.87S 68.199 122 075 -109.047 

VB4P30_010 30/10 PROPULSION 0.228 10.539 -0.140 0.178 -2.343 2.088 4.431 46.128 81.792 107.920 -14.286 

VB4P30_010 30/10 PROPULSION 0.343 12.532 -0.143 0.181 -3.304 3.875 7.179 64 709 68.399 133.108 -23 537 

Table 8 

R-Class, Seff-Propulsion in Ice 



TEST NUMBER TEST DESCRIPTION 

Rubble 

field 

Friction 

N-m 

V, m/s N, rps FD, N Thnist, N Torque, N-m 

VB5p_002 10/10 PROPULSION Wide 0.131 0.281 9.980 -37.123 55.745 1.561 

VB5P_002 10/10 PROPULSION VVide 0.131 0.563 11.001 -14.554 62.248 1.769 

VB5P_002 10/10 PROPULSION Wide 0.132 0.844 13.051 -11.234 82.274 2.391 

VB5P20_004 20/10 PROPULSION Wide 0.131 0.186 11.995 -31.997 83.672 2.350 

VB5P20_004 20/10 PROPULSION Wide 0.132 0.280 13.028 -34.539 94.366 2.877 

VB5P30_004 30/10 PROPULSION Wide 0.131 0.046 11.968 2.040 86.518 2.371 

VB5P30_004 30/10 PROPULSION Wide 0.134 0.092 14.027 7.480 108.815 3.625 

VB6CP_004 30/10 PROPULSION Narrow -0.147 0.092 14.105 -18.168 113.217 3.445 

VB6CP_004 30/10 PROPULSION Narrow -0.141 0.045 12.028 25.120 84.108 2.516 



TR-1998-01 

Figure 8, 
M. V Arctic, Pack Ice 

5.3 Resistance in Rubble 

5.3.1 R-Class 

Resistance experiments were carried out in rubble ice. Mean measured rubble 

thickness was plotted against resistance for each speed and regression lines 

fitted through the data. The data for the R-Class Icebreaker are given in Table 

10 and plotted in Figure 9. It can be seen from this figure that the total ice 

thickness is the dominant variable influencing resistance and it is independent of 

the thickness of the ice floes. 

17 
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Resistance as a Function of Rubble Depth for the R-Class Model 
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Figure 9 
Resistance as a function of Rubble Thickness, 

R-Class icebreaker, Wide Rubble 
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Rubble Depth 

In 

Resistance 
N 

0.021 m/s 0.113 m/s 0.148 m/s 0.228 mis 0.273 m/s 0.343 m/s 0.458 m/s 0.573 m/s 0.689 m/s 

0.153 
0.157 
0.163 
0.200 
0.246 
0.250 
0.265 
0.370 
0.371 

0.122 
0.295 
0.387 
0.470 

0.168 

0.068 
0.129 
0.239 
0.253 
0.324 
0.423 
0.471 

0.203 

0.089 
0.148 
0.270 
0.279 

0.141 
0.152 

0.132 

0.168 
0.225 

66.8 
78.7 
59.3 

104.9 
157.8 

89.5 
203.6 
301.6 
324.7 

35.4 
135.2 
109.4 
245.2 

58.9 

17.5 
31.3 

113.9 
97.4 

143.1 
252.4 
203.0 

102.1 

36.1 
62.0 

131.3 
139.5 

77.5 
67.3 

70.3 

117.0 
148.6 

Tabfe 10 
Resistance against Rubble Depth, 

Data for the R-Class Model 
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The equations for each speed are given in Table 11. 

Speed 
0.021 m/s 
0.113 m/s 
0.228 m/s 
0.343 rn/s 
0.458 m/s 
0_689 Ws 

Equation for Resistance as a 
Function of Rubble Depth 
R = 2009.9*h1^2 + 99.054*hl 
R = 517.035*hi - 33.458 
R = 559.24711i - 29.69 
R = 547.553*hi - 15.348 
R = 541.278*hi - 6.6632 
ft = 557.77*hi + ni 78 

Table 11 
Equations for the R-Class Model, Wide Rubble 

A view of the R-Class model in rubble is given in Figure 10. 

5.3.2 M.V. Arctic 

For the R-Class icebreaker, all of the experiments were carried out in a wide 
rubble field. One of the main issues for the bulk carrier was to investigate the 
influence of confinement on a rubble field. This was addressed by carrying out 
some experiments in a wide rubble field, as for the R-Class, and some 
experiments in a narrow rubble field, with a width of approximately 1.25 times the 

ship beam. 

For the wide rubble field, data was analyzed in the same way as for the R-Class 

icebreaker. These data are given in Table 12 and Figure 11 below. 
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Figure 10, 
R-Class model in rubble ice 

Rubble Depth
m 

N 
Resistance 

0.018 m/s 0.092 rn/s 0.186 m/s 0.280 rn/s 

0.164 
0.212 
0.236 
0.281 

0.210 
0.343 

0.084 
0.182 
0.253 
0.313 

0.135 

45.8 
80.0 

105.6 
157.3 

98.2 
141.2 

41.8 
80.8 

143.6 
179.3 

73.1 

Tabie 12, 
Resistance variation with rubble depth, 

Data for the MV Arctic Model 
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Resistance as a Function of Rubble Depth for the MV 
Arctic Model 
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Figure 11 
Resistance as a Function of Rubble Depth 

M.V. Arctic, Wide Rubble 

The resulting equations derived from these data are as follows; 

Soeed 
Equation for Resistance as a 
Function of Rubbie Deoth 

0.018 rn/s 
0.092 m/s 
0.186 m/s 
0.280 m/s 

R = 246rhiA2 - 135.28'hi 
R = 426.97*hi 
R = 617.22111 - 17.054 
R = 617.22`hi - 10.1852 

Table 13 
Equations for the MV Arctic Modet, 

Wide Rubble 

For the narrow rubble field, the nature of the construction technique resulted in 

fewer data points, and so the primary purpose was to compare the results, rather 

than obtain sufficient data to develop a separate set of equations. 

The comparison of the resistance in the wide rubble with the confined rubble for 

the M.V. Arctic model is shown in figures 12 to 14. The lines shown are taken 

from the regression lines given in Table 13. The data points shown are the 

measured resistance in the narrow rubble. 
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A view of the M.V. Arctic model in the wide rubble is given in Figure 15 and the 

narrow rubble field is shown in Figure 16. 

Resistance in Wide and Narrow Channels at 0.018 m/s 

250 

200 

150 
z 
tis

100 

50 

0 
01 02 

ht, m 

03 0 04 

• Narrow channel 

-Poty. (Wide channel) 

Figure 12, Comparison of Resistance in Wide and 
Narrow Channels at 0.018 m/s 

Resistance in Wide and Narrow Channels at 0.092 m/s 
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Figure 13, Comparison of Resistance in Wide and 
Narrow Channels at 0.092 m/s 
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Resistance in Wide and Narrow Channels at 0.186 mis 
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Figure 14, Comparison of Resistance in Wide and 
Narrow Channels at 0.186 m/s 

Rubble Depth 
m 

Resistance 
N 

0.018 nits 0.092 rnts 0.186 nIts 
0.160 41.4 
0.300 82.4 

0.127 82.9 
0.155 87.4 
0.250 153.4 

0.118 70.3 
0.174 77.7 

Table 14 
Resistance Variation with Rubble Depth, 

M. V. Arctic, Narrow Rubble 
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5.4 Open Water Overload Data 

5.4.1 R-Class Icebreaker 

Open water overload data were available for this hull from earlier experiments 
(Reference 7) but the data were not obtained at the same speeds as for this 
project. Second order polynomials were fitted through the measured data given 
in Reference 7, and cross-plotted against speed, at constant shaft rotations. 
These values were used to obtain the open water overload data used for 
comparison with the ice data. Bollard experiments were carried out as part of 
this project, and the results matched those obtained from previous experiments 
on the same model and propellers. 

The resulting second order polynomials for tow force, total thrust and total torque 
are given in Table 15 below, as functions of carriage speed, for constant shaft 
rotations. The values of rotation were chosen to match those used in the 
overload propulsion experiments in ice. 

FD, N Thrust, N Torque, N-m 

Shaft rotation 6.5 rps 

A* vA2 24.612 -6.4678 -0.2978 
Bt v 24.44 -31.927 -0.449 
C -46.907 54.64 1.3715 

Shaft rotation 8.5 rps 

A' vA2 20.367 -5.4746 -0.1158 
[EV v 40.631 -41.983 -0.8958 
C -81.039 90.124 2.3027 

Shaft rotation 10.5 rps 

At vA2 17.823 -5.2367 -0.0187 
B* v 55.189 -51.063 -1.2129 
C -124.49 135.42 3.4428 

Shaft rotation 12.5 rps 

A` vA2 16.979 -5.7544 -0.0063 
B" v 68.113 -59.165 -1.4 

C -177.25 190-52 4,7919 

Table15 
Polynomial Coefficients for Open Water Overload Data 

R-Class Icebreaker 
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5.4.2 M.V. Arctic 

Open water overload data from previous experiments was not available for M.V. 

Arctic with propeller 106L. These data were measured during a series of 

experiments carried out after completion of all the experiments in ice. The test 

matrix used for the open water overload experiments is given in Table 16 below. 

V, knots V, m/s n, rps 

0.5 0.046 6 8 10 12 14 

1.0 0.092 6 8 10 12 14 

2.0 0.186 6 8 10 12 14 

3.0 0.281 6 8 10 12 14 

6.0 0.563 6 8 10 12 14 

., 9.0 _ 0.844 6 8 10 12 14 

Table 16 
Open Water Overload Experiments 

M.V. Arctic 

For the M.V. Arctic, second order polynomials were fitted through tow force, 

thrust and torque as a function of shaft rotation, for each carriage speed. The 

carriage speeds in open water were chosen to be coincident with those used in 

the ice testing. 

The resulting polynomial coefficients, as functions of shaft speed are given in 

Table 17 below. 
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FD, N T, N Q, N-m 

V, m/s 0.045 
a 0.236 0.821 0.008 

b'n 0.358 -0.161 0.001 
c`nA2 -0.619 0.616 0.017 

V, rnls 0.092 
a 0.742 1.456 0.032 

b'n 0.382 0.331 -0.007 
enA2 -0.612 0.617 0.017 

V, rn/s 0.186 
a -1.554 1.846 0.059 

WTI 1.185 0.566 -0.017 
en/2 -0.639 0.622 0.017 

V, m/s 0.281 
a 1.535 1.281 0.057 

b'n 0.888 -0.606 -0.022 
enA2 -0.611 0.616 0.017 

V, rn/s 0.563 
a 2.863 1.658 0.075 

ban 1.877 -1.209 -0.037 
enA2 -0.616 0.619 0.017 

V, rn/s 0.844 
a 8.222 0.561 0 

b*n 2.42 -1.548 -0.035 
c*n^2 -0.606 0.611 0.017 

Table 17 
Polynomial Coefficients for Open Water Overloads, 

M.V. Arctic 
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5.5 Propeller-Ice Interaction 

5.5.1 R-Class Icebreaker 

Thrust and torque in open water were calculated using the polynomial 
coefficients in Table 15 above, and compared to the measured values of thrust 
and torque in ice, given in Table 8. The resulting ratios of Ti/To and Qi/Qo are 
given in Table 18. These data cover all measured propulsion data (pack ice and 
rubble). 

Hi, 
nominal, 

III Ice type V. m/s N. nos Tirro Qi/Qo 

0.05 Pack 0.344 8.5 

_ 

1.038 0.983 

0.05 Pack 0.689 10.5 0.988 1.366 

0.05 Pack 1.035 12.5 0.966 1.31 

0.05 Pack 1.035 12.5 0.945 1.545 

0.1 Rubble 0.228 8.5 ' * 
0.1 Rubble 0.228 8.5 * * 

0.1 Rubble 0.459 10.5 0.862 1.687 

0.1 Rubble 0.689 12.5 0.828 1.862 

0.15 Rubble 0.228 10.5 0.874 1.399 
0.15 Rubble 0.343 12.5 0.785 1.665 

0.075 Pack 0.344 8.5 1.046 1.007 

0.075 Pack 0.468 10.5 1.005 1.581 
0.075 Pack 1.035 12.5 0.914 2.307 

0.15 Rubble 0.228 8.5 
0.15 Rubble 0.228 8.5 
0.15 Rubble 0.458 10.5 0.744 2.813 

0.15 Rubble 0.689 12.5 0.708 3.046 

0.225 Rubble 0.228 10.5 0.7 2.61 

0.225 Rubble 0.344 12.5 0.682 2.399 

" missing data, propeller not in contact with ice 

Table 18 
Propeller-Ice Interaction 

R-Class Icebreaker 

In order to fair the data, step-wise multipie linear regression was used. The 
resulting equations for the propeller-ice interaction for the R-class icebreaker 
were 

Ti/To = 1.230 - 2.344* Hi - 0.172* V (R2 = 0.898) 
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Qi/Qo = -0.164 + 11.0301-II + 1.379*V (R2 = 0.702) 

These equations were used to correct the open water overload data. FD was 
corrected for ice by the same amount used to correct for thrust. Thus, if thrust 
was reduced due to propeiler-ice interaction, then FD was reduced by the same 
amount. 

5.4.2 M.V. Arctic 

Thrust and torque in open water were calculated using the polynomial 
coefficients in Table 17 above, and compared to the measured values of thrust 
and torque in ice, given in Table 9. The resulting ratios of Ti/To and Qi/Qo are 
given in Table 19. These data cover all measured propulsion data (pack ice and 
rubble). 

Ice condition 
Nominal 

Hi. m V.rn/s n.rcis TifTo QVQo 

10/10, wide channel 0.05 0.281 9.98 0.985 1.02 
10/10, wide channel 0.05 0.563 11 0.984 1.025 
10/10, wide channel 0.05 0.844 13.05 0.974 0.98 

20/10, wide channel 0.1 0.186 12 0.853 1.021 
20/10, wide channel 0.1 0.28 13.03 0.964 1.083 

30/10, wide channel 0.15 0.046 11.97 0.993 0.966 
30/10, wide channel 0.15 0.092 14.03 0.853 1.106 

30/10, narrow channel 0.15 0.045 12.03 0.956 1.015 
30/10, narrow channel 0.15 0.092 14.11 0.878 1.039 

Table 19 
Propeller-Ice Interaction 

M.V. Arctic 

A regression analysis of the above data was attempted, but the resulting 
equations did not reduce to a single set in the same way as the R-Class data. 
Given the relatively small data set, it was decided to treat open water overload 
data for each speed and ice condition separately, based on the measured data. 
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6.0 PREDICTIONS OF FULL SCALE PERFORMANCE 

6.1 Pack Ice 

The total delivered power as a function of speed was estimated for each ship 
using the following method. The total resistance in pack ice was estimated from 
the measured value and a correction for the hydrodynamic resistance using the 
ITTC 1957 viscous correction factor. The corrected model resistance was scaled 
to ship dimensions using the scale cubed. The open water overload data 
(including the correction for propeller-ice interaction) was then interpolated at 
the tow force equal to the estimated resistance. No other correlation allowances 
were included. 

The delivered power predictions for the two ships are given in Tables 20 and 21, 
and shown plotted in Figures 17 and 18. 

V. knots 

RI, Pack 
ice, 1.5m 
Ice. )(1‘1 

Ri, channel, 
1.5m ice 

(estimate), 
kN 

Ri, Pack 
Ice, 1.0 m 

ice. kN 

Ri, channel, 
1.0 m ice 

(estimate). kN 

PD, 1.0 m 
pack ice, 

kW. 

PD, 1.5 m 
pack ice, 

kW. 

3.0 578.5 473.3 5100 

6.0 658.3 787.5 11450 

9.0 900.6 1200.4 28000 

3.0 261.5 285.7 1350 
6.0 414.0 490.4 5000 
9.0 585.2 763.0 14400 

Table 20 
Estimate of Performance in Pack Ice 

R-Class lcebreaker 
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R-Class icebreaker, Delivered 
Power in Pack Ice 

..t
O
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PD, 1.5 m pack ice, kW, 

Figure 17 
Delivered power in pack ice, 

R-Class Icebreaker 

V. knots 
R, wide pack, 

kN 
R, pre-sawn, 

kN PD. kW 

3.0 1018.4 9666 
6.0 1353.1 16862 
9.0 1825.7 29344 

3.0 1493.8 
7.0 2121.1 

Table 21 
Estimate of Performance in Pack Ice 

M.V. Arctic 
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MV Arctic, Delivered power in 
pack ice (Hi=1.5 m) 
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Figure 18 
Delivered power in pack ice, 

M.V. Arctic 

6.2 Rubble ice 

For predictions of the ship in rubble ice, a similar technique was used. Using the 
equations for resistance in rubble against speed, the average resistance of the 
ship was determined as a function of speed and rubble depth. The open water 
overload data (including the correction for propeller-ice interaction) was 
interpolated at the estimated tow force, and the delivered power calculated. In 
the case of the experiments in rubble ice, the results were scaled directly using 
the cube power of the scale, since the open water components were small in 
relation to the observed scatter in the resistance against rubble thickness 
relationships. 

The data is shown plotted in Figures 19 and 20, which show resistance in rubble 
against ship speed, for contours of rubble ice thickness. Also shown for each 
ship is the estimated tow force, FD, with and without propeller ice interaction at 
10MW. This value was picked since it corresponded to approximately the 
maximum power observed on the `C.C.G.S. Henry Larsen' during the probe and 
it is coincidentally 90% of the installed power in the M.V. Arctic. 

These figures can be used to estimate the limiting thickness of rubble ice for 
steady progress (at a total power of 10MW) as a function of speed for each ship. 
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R-Class, Performance ln rubble Ice 
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6000 

Figure 19 
Ship Propulsive Performance in Rubble Ice 

R-Class lcebreaker 

M.V. Arctic, Estimated performance in 
rubble ice (wide channel) 
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Figure 20 
Ship Propulsive Performance in Rubble Ice 

M.V. Arctic 
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7.0 DISCUSSION 

7.1 Project Issues 

7.1.1 Effect of Ice Confinement on Ship Performance 

One of the issues concerning CCG is the comparative performance between the 
bulk carrier in a narrow channel against the performance in an unrestricted 
width. Figure 7 shows the comparison between the bulk carrier in pack ice and 
the bulk carrier in a channel, completely full of broken ice. In the case when the 
ice is confined the resistance increases above the open pack ice case by 
approximately 16 Newtons throughout the speed range tests. For the ship, this 
corresponds for an increase in resistance of 440 kN over the range from zero to 
7 knots. This represents a 56% increase at zero speed and a 33% increase at 7 
knots. When the pack ice is unconfined, it is easier to for the ship to pass 
through, since the ice can move out of the way, instead of being submerged by 
the ship. 

A similar trend was seen with the R-Class model at speeds over 0.5 m/s (5 
knots). Note that in this case the pre-sawn resistance was calculated from data 
on earlier tests, and was not measured directly. This may make the conclusions 
with the R-class model less reliable. 

The effect of confinement on resistance in rubble is less defined than for pack 
ice. At 0.092 m/s (Figure 13) an increase of approximately 30 N was measured 
throughout the range of rubble depths. At the other speeds however (Figures 12 
and 14), the effect was less conclusive, and more study should be made before 
firm conclusions can be drawn. 

When the propeller-ice interaction for the wide rubble and the confined rubble 
are compared (Table 9 for the measured data and Table 19 for the calculated 
ratios), it can be seen that there is very little difference between the wide and 
narrow rubble. This suggests that as long as the rubble field is at least as wide 
as the ship, then the propeller ice interaction does not change significantly with 
width. 

L-i 

However, there were some technical problems caused by the relative position of 
the underwater camera post relative to the channel position for the narrow 
rubble field. The rubble was constructed slightly off the centreline of the tank, 
and the camera post was fixed on the centreline. The result was that the camera 
post broke level ice. This acted to relieve the pressure in the ice field, and the 
edge of the channel was unstable after the carriage had passed. Fortunately the 
post was a long way astern of the model and the level ice sheet was cut at mid 
length. This meant that only the end of each run was affected. To confirm the 
results more data should be obtained in the narrow rubble field. 
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7.1.2 Propeller Ice Interaction 

Tables 18 and 19 give the calculated change in thrust and torque with ice 

conditions for the two ships. In both cases, the prope!ler performance (increased 

torque and reduced thrust) decreases with an increase in total ice thickness. In 

the case of the R-Class model there is also a trend to decreased performance 

with increase in speed, but this is not statistically significant for the M.V. Arctic. 

The level of propeller-ice interaction is much higher for the R-Class than for the 

M.V. Arctic. This is most likely because the wing propellers on the R-Class are 

much more exposed to ice than the single centreline propeller and the rubble 
thicknesses used for the M. V. Arctic were thinner, in relation to the draft, than 

for the R-Class. 

7.1.3 Effect of Ship's Passage on Ice Conditions 

The passage of a ship disturbs the ice, which may have important negative 

impacts on the use of the ice by animals, or for transportation and hunting. The 

experiments in this report were ail carried out in previously broken ice, such as 

pack ice or rubble, or in a narrow rubble field. However, the results clearly show 

the effect of the model on the ice behind it. 

For the pack ice, Figure 21 shows a typical bird's eye view of the pack ice, proir 

to the start of the experiments. Figures 22 and 23 show the same type of ice, 

after the passage of the R-Class and the M.V. Arctic. These figures clearly show 

that the track left by the bulk carrier is smaller than the track left by the 
icebreaker. 

For the narrow rubble ice, corresponding to the ship following a previously 

broken channel, the effect of the bulk carrier is the smallest of all, and only a 

very small proportion of open water is left in the channel. This can be seen in 

Figure 24. 

Figure 25 shows the track of the pre-sawn ice after the passage of the bulk 

carrier. This figure shows the most open water of all the conditions and clearly 

shows ice floes that have been deflected under the level ice sheet. This is the 

first step in filling a broken channel with rubble. The open water re-freezes, and 

the ice thickness at the edge of the channel has been increased by the second 

layer of ice. This process is compounded by each passage of the ship. Leaving 

the channel full of rubble. As the rubble ice increases in thickness however, the 

resistance of the ship increases, and the eventually the ship cannot make 

progress in the channel. At this point a new channel must be broken. 
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Rgure 21 
Pack Ice, Prior to Testing, R-Class 

Figure 22, 
Pack Ice, After Testing, R-Class 
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Table 22 shows the ratio of rubble ice thickness to level ice thickness (at 420 
kPa fiexural strength) that results in the same resistance, for the R-Class 
Icebreaker, from 2 to 6 knots. From this table it can be seen that when the rubble 

thickness (on average) exceeds 3.6 times the level ice, it is more efficient for the 

ship to proceed through the level ice. Note that this ratio is based on the 
resistance only, and does not take into account the increased propeller-ice 
interaction in these rubble depths over the single depth of level ice. When 

propeller-ice interaction is included, this ratio will be reduced. 

Figure 23, 
Pack ice after passage of M. V. Arctic 

8 



TR-1998-01 

Figure 24, 
Narrow rubble after passage of M. V. Arctic 

Figure 25, 
Pre-sawn channel after passage of bulk carrier 
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V, knots Hi level, m 

2 1.0 
2 1.5 
4 1.0 
4 1.5 
6 1.0 
6 1.5 
Average 

Hi rubble / Hi level 

2.30 
3.34 
3.68 
4.15 
3.60 
4.60 
3.61 

Table 22 
Ratio of Rubble Thickness to Level Ice 

for Same Resistance Values 

7.1.4 Use of Stock Propeller on Bulk Carrier 

For the experiments described in this report, the M.V. Arctic model was fitted 
with a fixed pitch stock propeller. In practice, the ship is fitted with a variable 
pitch ducted propeller. IMD has previously carried out experiments on the model 

with the 'as fitted' propeller and duct (Reference 8). The results show that at the 
maximum pitch tested in the bollard experiments, the 'as fitted' propeller and 
duct can develop approximately 300 kN more bollard pull than the stock 
propeller at 10 MW. 

7.2 Research on Ship Resistance in Rubble 

The test results confirm and substantially extend previously available information 

on the performance of ships in pack ice and rubble ice. In general, ship 
resistance increases with increasing velocity and increasing rubble thickness, 
with two notable diversions, very low speed and moderate pack ice (20/10ths). 

The new information is important for interpretation of the results for actual ships. 

Previous studies of ships in rubble ice are sparse, and have given different 
results. The most recent and complete work was a series of small scale model 

tests on two simplified hull forms in brash ice [Reference 9]. In that study, an 
increase in resistance at low speeds was observed for a wedge bow, but not for 

a simplified icebreaker bow. The current study extends the speed range to lower 

speeds than [Reference 9], and the increase in resistance appears for an 

icebreaker bow. This result provides important information on the mechanisms of 

rubble resistance, which in turn will support procedures for interpreting the 
results of the model tests for full scale ships. 

40 



TR-1998-01 

The ship resistance values for moderate pack ice (20/10ths) are scattered, and 

often below those for nominally thinner pack ice (10/10ths). Part of the reason 

for this may be statistical; floe sizes and interaction scales are a significant 

fraction of test run length. However the result may also be due, in part, to the 

same mechanisms which cause the interesting resistance variations at low 

speed, namely the mobilization of internal friction in the rubble. 

The model test results provide an estimate of the performance requirements of 

ships in rubble ice. However, accurate interpretation of these results for 
particular full scale ships requires better definition of the various mechanisrns 

and how they are influenced by hull form. A full review of available model test 

data for a range of ships in pack ice and rubble would be an effective first step. 

Further model tests to verify the effect of bow form and speed on the low speed 

resistance increases would provide valuable design and planning information. 

Two outstanding issues for ships in rubble ice have not been addressed by the 

present study: the effect of rubble consolidation, and the effect of pressure in the 

pack. The present project provides confidence in the test procedures and 

results, and could be extended to address these two important issues. 

8.0 CONCLUSIONS & RECOMMENDATIONS 

This report is a preliminary report and so it would be premature to draw 

substantive conclusions at this time. However some interesting observations 

have been found which can be summarized. 

• Ship resistance in rubble shows some interesting trends with speed and 
thickness, and further research in this area is required before the problem is 

fully understood. 

• The effect of confinement of the ice in a channel significantly increases the 

resistance in pack ice, but the data for the effect in rubble is not conclusive. 

This area also needs more research. Propulsive efficiency in ice is not 
affected significantly by the amount of confinement. 

• Predictions of the limiting rubble ice thickness for steady forward speed has 

been established for each ship, assuming that there are no air bubblers or 

escort vessels. 

• Propeller-ice interaction is likely to be a much more significant problem for 

the R-Class lcebreaker than for the bulk carrier, since the propellers are 

more exposed to the ice. 
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• Resistance in level ice is approximately equal to resistance in rubble ice with 

a total depth of 3.6 times the level ice. 
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