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Figure 46. Resultant Force at 55 mm depth of Indentation with varying Indentor Angle 
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Figure 47. Resultant Moment at 55 mm depth of Indentation with varying Indentor Angle 
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Series 2: Effect of Indentation Speed 

In this case forces and moments were plotted against velocity of indentation to check 

for any trends keeping the wedge angle constant at 0°. The plots are presented in Figures 

48 through 53. It was observed that the forces and moments were insensitive to the 

velocity of indentation. As only three different velocities were tested and due to a lot of 

scatter in the data, it was bard to predict any trends. In general it was observed that at 

higher indentation speeds the scatter was minimum. 
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Figure 48. Resultant Force against change of velocity of indentation at 35 mm depth of 
indentation 
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Figure 49. Resultant Moment against change of velocity of indentation at 35 mm depth of 
indentation 
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Figure 51. Resultant Moment against change of velocity of indentation at 45 nun depth of 
indentation 
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Figure 52. Resultant Force against change of velocity of indentation at 55 mm depth of 
indentation 
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Figure 53. Resultant Moment against change of velocity of indentation at 55 mm depth of 
indentation 

Series 3: Effect of Depth of Indentation 

In this case the depth of indentation was varied and the wedge angle kept constant. It 

was observed that for the case of pure indentation (zero degree wedge), the depth of 

indentation did not affect the loads on the propeller blade, however as the indentation 

angle increased, the depth of indentation becomes increasingly imponant. In general it 

was observed that the loads increase with the increase of depth of indentation. As the 

indentation angle the scatter in the data increases due to uncertainty in the icc failure 

process. For zero degrees wedge, in general the ice failed by crushing. As the indentor 

angle was increased the mode of failure was uncertain and it caused a considerable scatter 

in the data. It was observed that when the mode of failure was crushing the loads were 
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higher and when it was fracture the loads were low. The results were presented in Figures 

54 through 61. 
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Figure 54. Resultant Force against Depth of Indentation for zero degrees Wedge 

1200 

1000 

5 8oo 
z -- 600 c: 

~ 
0 
2 400 

200 

o. 
0 10 

Resultant Moment 

I 

20 30 40 

0 

0 · 

0 
0 

Depth of Indentation (nun) 
50 

• 
0 
0 

60 

Figure 55. Resultant Moment against Depth of Indentation for zero degrees Wedge 
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Figure 57. Resultant Moment against Depth of Indentation for l 0° degrees Wedge 
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Figure 58. Resultant Force against Depth of Indentation for 20° Wedge 
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Figure 59. Resultant Moment against Depth of Indentation for 20° degrees Wedge 
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Figure 60. Resultant Force against Depth of Indentation for 30° degrees Wedge 
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Figure 61. Resultant Moment against Depth of Indentation for 30° degrees Wedge 
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Contact Area Measurement and Contact Pressure 

In the descriptions of the experimental procedure, it was stated that ink was sprayed 

onto the indentor so as to measure the nominal contact area. After the test. the ink form 

the portion of contact was rubbed off due to indentation process. After each test the 

indentor is photographed with a background of a standard scale as shown in tigures 62 

and 63. After all the tests were completed, the photographs of the indentor were printed 

and with the help of the background scale, the contact areas were measured. This was 

done by placing a transparency sheet on to which a graph paper is copied and measuring 

the squW'Cs on the transparency. where the ink was rubbed off due to indentation. The 

contact areas measured were used in the calculation of the contact pressures. The contact 

area was the area in contact while an indentor was pushed into ice. It was always less 

than the geometric contact area. which is the total blade surface at the given depth of 

indentation. 

After each test the indentor is photographed with a background of standard template, 

which assisted in measuring the contact area. The contact areas were measured manually 

using a graph paper printed on a uansparency sheet. The transparency sheet is laid on the 

picture of the indentor and the area of the indentor, which was erased due to indentation, 

was measured. 

The ink pattern after the indentation process can be observed in Figure 62. The 

contact areas measured were dependent on the mode of ice failure 
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Figure 62. Contact Area when the ice failed by Crushing 

When the ice failed by a crushing process, a continuous contact area was observed as 

shown in above Figure 62, while when the ice failed by fracture, contact area was not 

continuous but rather was patchy. An example of the contact area in patches can be 

observed in Figure 63. 

Figure 63. Contact Area when the ice failed by Fracture 
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Figure 64. Contact Pressure against Contact Area 

0.002 

The contact pressures, wbich were detemtined by dividing the contact force by the 

contact area were plotted against the contact area and are shown in Figure 64. The 

pressures ranged between 5 and 47 MPa. 

The pressures were also calculated taking into account the geometric contact area. 

and it was found that the pressures in this case were much smaller than the actual contact 

pressures. These values ranged between 0.82 and 1.98 MPa. 

67 



ChapterS 

Comparisons 

5.1 Comparison of Simuladoa aad Experimental Results 

In this section the results of the experimental program and results of the simulations 

based on the contact model developed in Chapter 2 are compared. In addition. the 

propeller-ice contact model developed by Veitch (1995) for ice milling is adapted to 

indentation geometry and predictions made with it are compared to the experimental 

results and indentation contact model predictions. The simulations were done using 1: 12 

model scaled propeller geometry. which was same as the geometry of the propeller used 

in the experimental program. The input conditions (depth of indentation. velocity of 

indentation) were chosen to correspond to those of the experimental process. 

It was observed from the experimental results that the forces and moments followed 

no trend at the zero degrees indentor angle7 but as the indentor angle increased, the forces 

and moments increased with the depth of indentation. The simulations showed a linear 

increase of forces and moments with depth of indentation. The comparisons are presented 

in Figures 65 and 66. The predictions made with the model developed by Veitch (1995), 

although not originally intended for indentation purposes were closer to experimental 

results than the model developed in this thesis. 
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One of the experimental variables was the indentor angle. A series of simulations 

were carried out with similar indentation angles as used in the experimental process. 

Sample results are shown in Figures 67 and 68. The simulations were done at 45 nun 

depth of indentation. A lot of scatter was observed in the experimental results. In general 

the forces and moments decreased with increase of wedge angle. The simulations show a 

constant decrease in forces and moments with increase in wedge angle. 
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Figure 67. Experimental and simulated forces with varying indentation angles 
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Figure 68. Experimental and simulated moments with varying indentation angles 

S.l Comparison of Contact Pressures with Bose et al's (1998) Model 

Jordaan et al. (1993) proposed an expression to calculate the pressure at a given 

contact area: 

a= l.2SA-o.1o (19) 

where A is the area of contact and a is the contact pressure. The above expression is only 

valid for contact areas between 0.6 and 6.0 m2
• 

Taking the above expression proposed by Jordaan et al. into consideration. Bose er al. 

(1998) proposed an expression to calculate the extreme pressures acting on propellers 

with a 99% confidence interval, which can be expressed as 

Z0.01 = X0 +a(4.6+1nv+lnr) (Jordaaneta/1993) (20) 
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where Xo is less than 0.2 between areas of 1.25 m2 and 6.0 m2
• v is the expected number 

of interaction events per year and r is the proportion of events which result in pressure 

loading on the blade (assumed to be 1/Zb or 0.25 for a propeller with four blades). 

The above expression is used to calculate the design pressures over a series of contact 

areas and those pressures are compared with the pressures calculated from the expression 

proposed in Chapter 2 (taking into account 95% confidence interval, equation 6). The 

plot is presented in Figure 69. It can be observed that as area of contact increases the 

contact model developed in this thesis tends to under predict Bose et al. 
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Figure 69. Comparison of Bose et al (1998) and Varma 

6 

The section modulus of the propeller (Bose et al 1998) blade can be calculated from the 

expression 

(21) 
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where ;tr is the load safety factor, which is taken as 1.2, M~ is the bending moment and Or 

is the level of strength of the material used to resist this fonn of loading. As this is very 

exceptional loading a~ is to be taken as ultimate tensile strength of the material. 

The blade bending moment can be given as 

(22) 

where P;ce is the ice pressure, AE is the expanded blade area ratio (which is the ratio of the 

expanded blade area and disk area). l is the lever ann from the propeller axis to the center 

of pressure of the ice pressure load and Z, is the number of blades of the propeller. The 

equation for the thickness of the blade at any section proposed by Bose et al. ( 1998) is 

(23) 

Here E is a constant and is taken as 1, and c is the chord length of the blade at that 

section. 

Using Equation (23) the proposed thickness of the blade at root and at 0.6R for a 

series of propellers was estimated for a contact area of 2/3 of the blade area. The 

predictions were compared with the existing scantlings and the scantlings predicted by 

Bose et al. (1998). Tbe predictions are given in Figures 70 and 71. 
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Chapter6 

Conclusions and Recommendations 

A contact model to predict ice loads on propellers during propeller-ice indentation 

process was developed using the existing results of medium scale and small-scale ice

structure indentation experiments. The model, which takes the form of a pressure-area 

relationship, was incorporated in an existing Fonran code to simulate different loading 

conditions to predict ice loads on propellers. To verify the correctness of the model, a 

series of model scale indentation tests were performed at the Institute of Marine 

Dynamics using a model propeller blade and model ice. A model scaleR-class propeller 

blade was used for the testing. 

The results from the testing produced large scatter. This was because of the different 

ice failure processes observed. The main varying factors in the experimental process were 

depth of indentation, velocity of indentation. and indentation angle. Despite the scatter 

there were some discemable trends. First, the loads tended to increase with an increase in 

depth of indentation. The simulations carried out using the same conditions as the 

experimental process resulted in a linear increase in forces and moments with the 

conesponding increase in depth of indentation. It was observed that the measured loads 

were insensitive to the velocity of indentation. The predictions from the simulation model 

were independent of velocity of indentation, which is not included in the contact model. 

With the increase in the indentation angle the loads tended to decrease, but as there was 

also an increase in the scatter of the data with increasing wedge angle, it was hard to see 
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any trend. The simulated results with corresponding indentation angles produced a 

constant decrease in the loads with increasing indentation angle. 

A series of simulations was carried out using the full-scale propeller geometry of the 

R -Class icebreaker. Two cases were considered: frrst with the ice fixed; then with the ice 

free to move. It was found that the propeller loads when operating in conditions where 

the ice is free to move were about 115 the loads predicted when the ice was fixed. This 

result shows that for indentation type operating scenarios, ice loads will be significantly 

limited if the ice pieces are free to move, or clear away from the propeller. 

Simulations were also performed using the contact model developed by Veitch (1995) 

intended for ice milling cases. It predicted the experimental ice loads more accurately 

than the indentation contact model developed here. Based on various simulations done 

with Veitch's model, it was observed that it could be used to predict ice loads under any 

operating conditions. 

Simulations were also carried out for different propellers. The loads for all the 

propellers increased linearly with the depth of indentation. However the magnitudes of 

the loads depended on the geometry of the propellers. It would be interesting to study the 

effects of rake and skew of propeller on ice loads, because the loads on different 

propellers behaved in a different fashion with increasing depth of indentation 
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The scantlings of some existing propellers were recalculated using the new 

indentation contact model with Bose et al. 's ( 1998) design method. The results were that 

the design blade thicknesses calculated with the new model were greater than the design 

thicknesses calculated using the original exceptional load model in Bose et al. (1998). 

Both the original and current extreme load models give design thicknesses that exceed 

substantially the as-designed propellers. This is not unexpected as current design practice 

does not treat indentation loads as a design case. 

The differences in the as-designed and predicted design thicknesses raise questions 

regarding the practicality of designing for extreme operating scenarios. As was pointed 

out earlier, when ice pieces are free to move. the indentation contact loads are 

significantly lower than when the ice is assumed to be fixed (i.e. massive). Rather than 

taking the indentation between a propeller and a massive piece of ice as an extreme load 

design case, it would be better to base the design load case on realistic ice sizes (based 

upon observed piece size distributions) that are free to move, as is generally the case 

when navigating in ice. 
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