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Abstract 

Recent work pertaining to shipping traffic in Arctic and Sub Arctic regions has resulted 

in an increased understanding of the loading experienced by the propulsion systems of 

vessels equipped with highly skewed propellers. Testing completed on model propellers 

using conventional shaft load measurements indicates that the loading experienced in ice 

is substantially greater than that experienced in open water. 

The research described herein was completed with the intention of detennining the 

loading experienced by an individual highly skewed blade during the ice interaction 

process. It documents the results of a series of ice milling tests using a highly skewed 

propeller model. This 4-bladed model was designed to be tested in the ice tank at tbe 

National Research Council of Canada's Institute for Marine Dynamics (IMD). In this 

series of tests, loads experienced by an individual blade, as well as the conventionally 

measured shaft loads, were recorded. The blade loads were measured using a purpose 

built, hub-mounted dynamometer to which one propeller blade was mounted. Testing was 

completed over a range of pitch settings for the controllable pitch blades, including 

design, reduced and reverse settings. As well, tests at a range of ice cut depths and 

advance ratios were conducted to observe the effect of each of these on the blade loads. 

Results from the ice milling tests indicated that during the ice milling event the blade 

anached to the dynamometer experienced maximum peak loads that were substantially 

higher than '" of the maximum shaft loads. During the tests, the maximum loads in most 

cases were observed in the design condition. Howe~er, relative increases in load due to 
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ice when compared to the open water loads were seen to rise as the pitch was reduced 

from the design case. Ice loading effects on the maximum resultant bending moment at 

the blade root. a common design criterion, were aJso observed to be significantly higher 

than the open water case. Based on these observations it is concluded that the regulations 

for propeller design based on the loading experienced during design pitch operation in 

open water. with aJiowances for ice interaction, should be reconsidered for a more 

detailed design based on ice loading tests. 

In addition to the ice milling tests, a series of compression tests were also perfonned to 

determine the effect of temperature and strain rate on the model ice used for the model 

propeller tests. Results from these tests indicate that EG/ AD/S model ice follows a 

similar stress versus strain rate pattern as fresh and salt water ice. This result lends 

credence to its use as the modeling medium for propeller ice interaction. where strain 

rates are higher than in other types of ict=-structure interaction phenomena. 
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Chapter 1 

Introduction and Overvielv 

1.1 Objective and Scope 

Loads due to a propeller contacting ice occur frequently on ships that navigate in Arctic 

and sub-Arctic regions. Ice can be pushed into the propeller of the ship during ramming, 

backing or just through nonnal navigation in ice covered waters. Loads resulting from 

these contacts can result in damage to the propulsion system and possibly in the failure of 

the ship to maintain operation. 

Currently, propellers for vessels that navigate in ice are designed based on regulations in 

which an ice torque associated with a vessel's particular ice class is determined. This 

torque, along with· the assumption that the blade behaves as a cantilever, is used to 

determine the required propeller blade dimensions, including section thickness. 

Inadequacies in this method can be seen since blade failures still occur. Furthermore, the 

ice torques on which these designs are based have been calculated based on model and 

full-scale data of cum:nt ice class propellers, the majority of which are of conventional 

design. 

With the incieased commen:ial shipping traffic in Arctic and Sub Arctic regions, all of 

the regulations pertaining to the design and classification of vessels that navigate in ice 

have come under review. To better understand the dynamics involved during the 

propeller-ice interaction, several research projects have been comple~ again focusing 
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mainly on conventional propellers. As such, the design of highly skewed propellers for 

use in ice navigation has been regarded as a special case to be considered separately. To 

help address this gap in the current knowledge, an experimental program was devised 

consisting of tests of three highly skewed model propellers in the IMD ice tank. 

The first of these highly skewed model propellers was tested by Searle et al. ( 1999a) in 

conjunction with a more conventional R-Ciass propeller. Shaft loads from these tests 

were analyzed to determine the effect of ice milling on the propulsion system. Based on 

the observed results from this set of experiments it was further determined that, in 

addition to the shaft loads, the loads experienced by an individual blade would be of 

interest. To measure blade loads, a new dynamometer was designed and built by IMD. 

The dynamometer is mounted inside the propeller hub and is capable of measuring the 

loads on a single blade. Using this and other more conventional propeller testing 

equipment, tests were conducted in the IMD ice tank. The shaft and blade loads on a 

highly skewed propeller model were measured over a range of pitch settings, depths of 

cut, and advance coefficients. Propeller blades details are included in Appendix I. 

To support the experimental investigation of propeller-ice loads, a second series of 

experiments was conducted to determine for the first time the compressive strength 

propenies of the EO/ AD/S model ice at high strain rates. Comprised of a dilute aqueous 

solution of (e)thylene (g)lycol, (a)liphatic (d)etergent, and (s)ugar, this model ice is 

described in detail by Timco ( 1986). EO/ AD/S model ice was collected from a number of 

ice sheets and tested to failure in a uniaxial compression test over a large range of strain 
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rates at three different temperatures. The compressive strength properties of the EG/ AD/S 

ice at high strain rates were of interest to assist in scaling the results from the model ice 

milling tests~ since ice failure occurs at high strain rates during milling. 

1.2 Review of Work on Propeller-Ice Interaction 

Searle ( 1999) presented an up to date review of work perfonned in the field of propeller 

ice interaction in the past ten years, as well as referencing an extensive review by Veitch 

( 1992). The work most relevant to ice milling of highly skewed propellers are those by 

Veitch (1995), Doucet et al. (1998) and Liu et al. (2000). These all discuss the use of 

numerical simulations to calculate the combined ice and hydrodynamic loads on a 

·propeller interacting with ice. 

Direct testing of model propellers in ice has also been conducted and discussed by a 

number of groups including Keinonen and Browne (1990), Browne et al. (1991), and 

Tamura et al. (1997). Walker et al. (1994) and Minchev et al (2001) also have reponed on 

the effect of flow blockage by ice on blade cavitation. 

Recent published work on propeller ice interaction include those of Searle et al. (1999a. 

l999b), in which the shaft loads as a result of a model propeller interacting with a model 

ice sheet were recorded, and Doucet et al. (1999) in which the design of a propeller based 

on open water and ice loading was described and the resulting blade scantlings compared. 

Using both a conventional propeller model and a highly skewed propeller model Searle et 

al. (1999a) determined the thrust and torque coefficients for a series of operating 
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conditions and depths of cut. By comparing the loading patterns experienced by the 

highly skewed propeller model to a more conventional R-Ciass propeller, Searle et al. 

(1999a) concluded that while both propellers behaved similarly, the magnitude of the 

loading due to ice on the highly skewed propeller was more pronounced. As well the 

highest loads in the R-class propeller were observed during off design conditions. The 

propeller was tested in all four operating quadrants, that is, the cases of the propeller 

rotating both forward and backward combined with the vessel traveli~g both forward and 

backward. Based on results from these tests, it was concluded that the highest propeller 

loading condition did not occur in the first quadrant (propeller rotation positive. ship 

speed positive). as would normally be used for design, but rather in quadrant 2 where the 

blade rotation is positive and ship speed negative or in quadrant 3 where rotation is 

negative and ship speed is positive. The highly skewed propeller was not tested in these 

off design conditions. 

During these tests the highly skewed propeller model was damaged. Subsequent 

inspection of the full scale propellers (the propeller was a model of the propellers fitted to 

the MV Caribou. one of the Marine Atlantic Gulf of St. Lawrence Ferries) during a dry­

docking showed qualitatively similar damage. 

In addition to m:ent model testing, work has been done on the design and development of 

numerical computer simulations that calculate the loading on a single blade during its 

contact with an ice feature. Doucet et al. (1998) described the use of a panel method code 

called PROPELLA that was modified to calculate the ice milling forces, as well as the 
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hydrodynamic forces encountered due to the water and presence of the ice. These 

simulations were completed using conventional ice class propeller geometry. It was noted 

that during the ice contact the blades experienced an out of plane bending moment that 

bent the blade backward. Spindle torque was also calculated and seen to increase by an 

order of magnitude from the open water case when the blade contacted the ice feature. 

Using the same base code PROPEU...A, Liu et al. (2000) completed a series of open 

water and blocked flow simulations for a group of propellers including one highly 

skewed propeller shape. It was noted in this paper that the relative out of plane bending 

moment, as compared to the bollard or open water value, experienced by the highly 

skewed propeller was consistently higher than those of other ice class propellers in 

identical conditions. for example, when using an ice wall blockage the highly skewed 

propeller experienced out of plane ratios of approximately 4.1 while the remaining ice 

class propellers wete at most 2.9 and the majority were around 2.0. Again, these ratios 

are all compared to the open water bollard bending moment. Measured shaft torque was 

also observed to increase relatively more for the highly skewed propeller when compared 

to the ballard or open water results with ratios of approximately 1.9 observed in the 

highly skewed case while the other propellers had ratios of between 0.6 and 1.3. 

With the exception of Searle et al. (1999a. 1999b) and Liu et al. (2000) previous ice class 

propeller research has been concerned almost exclusively with traditional propeller 

geometry. To supplement the tests conducted by Searle et al. (1999a, 1999b) the results 

presented in this thesis involve the determination of the shaft and blade loads for a highly 

skewed propeller modeL In addition to the measurement of blade loads, which is an 
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important novel feature of these tests. the inclusion of a range of pitch settings for the 

propeller blades also expands on Searle et al. (1999a. 1999b). Three pitch settings in the 

first quadrant (propeller blades pitched to provide forward thrust and vessel moving 

forward) and one setting in the fourth quadrant (propeller blades pitched to give negative 

thrust and ship moving in reverse) were tested. Note that controllable pitch propeller 

shafts do not actually reverse rotation but rather pitch is changed into the negative angle 

of attack region to perform reverse functions. Results of the actual loads experienced by 

an individual blade are intended to assist in the development of design methods for 

skewed propellers for ice navigation since blade strUctural design depends on blade 

loading rather than shaft loading. 

1.3 Review of Work on High Strain Rate Ice Compression Tests 

The effect of temperature and strain rate on the uni-axial compressive strength of 

EG/ AD/S model ice was also investigated to better understand the results from model 

tests conducted in model ice. Prior to this work some uni-axial compression tests on ice 

were conducted at high strain rates (above to·t s·1
). These included tests on 

polycrystalline ice by Jones (1982), and Meglis (1998) and tests on simulated Baltic Sea 

ice by Jones (1997). All of these data sets indicated an increase in the compressive 

strength of the ice at higher strain rates, regardless of the type of ice. While low strain 

rate compressive strength of model EG/ AD/S ice was discussed in Timco (1986), the 

effect of higher strain rates was not known prior to the completion of this work. 
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Chapter2 

Description of Papers 

2.1 Effects of Strain Rate and Temperature on the Uniaxial 
Compressive Strength of Model Ice, 16th International Conference on 
Port and Ocean Engineering under Arctic Conditions 2001 (POAC '01), 
Ottawa, Canada. 

POAC bi-annually holds an international conference where researchers. engineers and 

scientists meet to discuss research and developments in their fields. Before being 

presented at the POAC conferences independent researchers in the field first review the 

papers. Accepted authors are then invited to present their work at the conference and 

subsequently have it published in the conference proceedings. These are then distributed 

for reference purposes. At the time of writing the paper included in this thesis has been 

accepted by this review process and the version included herein will be submitted for 

printing with only minor modifications. if any. 

The paper describes a series of compression tests conducted by varying the temperature 

and strain rates at which a series of EG/ AD/S ice samples were tested. From this data a 

pattern for the peak stress versus strain rate was developed. An error analysis of these 

tests is included in Appendix n of this thesis. The testing range for sttain rate was 10-8 to 

101 s·•, which incorporated strain rates at higher speeds than previously tested for model 

ice. Using the data recorded from the compression tests of EG/AD/S ice at each 

temperature, a general pattern was developed relating the failure stress to the strain rate. 

This panem was seen to be similar for eac:h of the three temperatures tested. As well, the 
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pattern appears to be consistent with those recorded by previous researchers for other 

types of ice. Based on the similarity of this pattern between various ice types and 

conditions it may be reasonable to extrapolate that the same pattern exists during the 

conditions present during propeller-ice interaction. 
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Figure 2-1 Extrapolation of EO/ AD/S compressive strength 

Making the projection that the peak failure stress follows the same pattern versus strain 

rate. a value for the failure stress at the high strain rates observed during propeller-ice 

interactions (approximately to·• s·1) can be estimated using a compressive strength and 

strain rates of approximately 3 x 10·2 s·1 recorded during the test program. 
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Approximate compa:ssive strengths of 100 to 180 kPa recorded during the propeller-ice 

interaction tests thea:fore can be plotted as shown in Figure 2-1. In this plot the solid line 

shows the pattern recorded during the compression tests of the EG/ AD/S ice at various 

strain rates and temperatures. Plotting a general trend line (dashed line in Figure 2-1) 

parallel to the compression test line leads to an extrapolated value of compressive 

strength of approximately 1x106 Pa (l MPa) at the 10"1 s·1 strain rate. To verify this 

assumption compressive tests of the EG/AD/S ice at high strain rates (approximately 101 

s"1
) need to be conducted while the ice is at the ice milling test condition. No attempt to 

use this extrapolation has been made in the analysis of the blade loads discussed here 

since no full scale extrapolation has been conducted. 

2.2 Blade Load Measurements on a Model PropeUer in Ice, 20111 

Ofl'sbore Mechanics and Arctic Engineering Conference 2001 (OMAE 
'01), Rio de Janeiro, Brazil. 

A subgroup of the American Society of Mechanical Engineers International, the Ocean, 

Offshore and Alaic Engineering Division, which organizes the OMAE conferences. is a 

collection of engineers and scientists who design and develop vessels and structures for 

marine operations. Divided into a series of symposia based on marine topics, the OMAE 

Conference is held annually to facilitate the exchange of research and knowledge. Papers 

submitted to the various symposiums for the OMAE conferences are subject to technical 

review by two independent experts in the field before being accepted for final 

pa:sentation and publication in the OMAE conference proceedings. The paper included in 
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this thesis has been reviewed and accepted by reviewers and will be the version submitted 

for printing with minimal editorial changes. 

Results from a subset of the propeller-ice interaction test program were examined in 

detail in this paper to demonstrate the validity of the results from the blade dynamometer. 

This subset was comprised of a series of tests conducted during a single carriage run. 

This means that the pitch angle, depth of cut and the strength of the ice did not change 

significantly over the entire data set. Consequently, the ice loads on the propeller shaft 

and blade can be examined as a function of advance coefficient from 0.2 to 0.6, 

independently of the ice strength, pitch, and depth of cut. The conditions for this run 

involved a pitch angle of 24.0~. depth of cut of 45 mm. and an estimated ice strength of 

approximately 30 kPa in flexure. approximately 90 kPa in compression. 

The shaft loads were seen to hold relatively constant over the lower advance coefficients 

(0.2 to 0.4) but then to drop substantially at 0.6. Thrust at this value was seen to drop 

below the open water value. Torque drops as well, but remains above the open water 

value at all advance coefficients. As well, the torque loads were observed to show more 

response to the ice milling event (l to 2 times greater response) than the thrust loads. 

Blade load measurements show similar results, with the thrust load on a single blade 

increasing up to 3 to 4 times the open water value, while torque is seen to be 5 to 6 times 

higher. 
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Loading was observed to be cyclic, as was expected of ice milling. As the advance 

coefficient increased, the thrust and torque coefficients decreased. due to the changing 

location and magnitude of the resultant force of the ice milling (Searle et al., 1999a and 

Mintchev et al, 2001). This indicates that the individual blade during milling experienced 

a load of the same magnitude as the remainder of the propeller in total, or approximately 

three times the load experienced during open water operation. 

2.3 Multi-Component Blade Load Measurements on a Propeller in 
Ice, Society of Naval Arcbitects and Marine Engineers, 2001 Annual 
Meeting Transactions Volume 109, (SNAME '01), Orlando, USA 

The main journal of SNAME and a premier journal in the field, the annual meeting 

transactions are comprised of a collection of papers documenting advancements in a wide 

range of topics related to marine vessels, systems, safety and testing. Papers intended for 

the SNAME annual meeting are required to undergo two separate reviews by experts in 

the topic area. The first of these reviews is conducted to review technical content. If the 

paper is deemed acceptable the author(s) is/are informed and revisions to the paper 

suggested. The requested revisions are then completed and the revised paper is again 

submitted for review. The second review again examines the technical content of the 

paper. Written discussions of accepted papers are solicited by SNAME from expens in 

the field. Authors reply in writing to the advance written discussions and to oral 

discussions at the annual meeting. Written questions and responses form a part of the 

final published paper . . 
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In the SNAME paper included here the results of the propeller-ice interaction 

experiments conducted at IMD are presented, including the shaft loads and blade loads 

observed at each of four different pitch settings over a range of milling cut depths from 

approximately 8 rnm to 60 mm. A subset of shaft loads are presented as the confidence 

interval that contains 95% of the data points from the shaft dynamometer. This subset 

included an upper and lower bound as well as the mean recorded value at each of a range 

of advance ratios. The remaining shaft loads are shown as mean values only. The blade 

loads resulting from 3 of the 89 cases tested are also presented against the open water 

data using a 98% confidence interval for the maximum and minimum points to avoid loss 

of e;tttreme maxima; mean results are included for the reminder of the 86 test cases. 

The results recorded from the blade load dynamometer in the direction of vessel travel 

and the moment about the shaft axis are reduced into the non-dimensional coefficients for 

thrust and torque. As in the case of the shaft loads, a maximum, mean and minimum 

cycle value for each of the coefficients was calculated and compared to both the open 

water and shaft coefficients, both reduced by 75% to account for a single blade. In 

addition to these non-dimensional coefficients the moment loads experienced by the 

blade are also resolved into the in-plane and out-of-plane bending moments and the 

spindle torque exerted on the blade. Again the values are non-dimensionalized, using the 

bollard pull value for the particular pitch setting and the diameter of the propeller. Results 

are again compared to similar cases involving open water testing. An error analysis of the 

results recorded and calculated during these tests is included in Appendix m of this 

thesis. 
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In addition to the charts submitted to the SNAME '01 journal paper a complete set of 

charts documenting the maximum, mean and minimum values of shaft load, blade load 

and blade bending moments are included in Appendix IV, V, and VI respectively. 

At the time of printing the SNAME paper include herein was past due for acceptance into 

the SNAME '01 conference. Should it be subsequently rejected for this conference it is 

the authors intention to re-submit it for the SNAME '02 conference. 

2.4 Co-Authorship Statement 

Ell'ects of Strain Rate and Temperature on the Uniaxial Compressive Strength of 

Model lee, POAC '01 

A series of compression tests on the EG/ AD/S ice used to model real ice at propeller 

scale was conducted to better understand the results from ice milling experiments. These 

were arranged and conducted by the author, Dr. Brian Veitch, Dr. Neil Bose, Vanna 

Gottumukkala, and Chris Woodford from Memorial University and Dr. Stephen Jones, 

and Austin Sugden from IMD. Details of the specific tasks in the implementation of this 

test program follow. 

Concept Develo~ment: In preparation for the interpretation of results from 

propeller-ice interaction experiments Dr. Neil Bose, Dr. Stephen Jones and Dr. Brian 

Veitch developed the concept to test the compressive strength of EG/ AD/S ice at high 

strain rate. 
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Experimental Program Development: Once the concept for the experiments was 

derived Dr. Neil Bose, Dr. Stephen Jones, Dr. Brian Veitch, Vanna Gottumukkala, 

Austin Bugden and the author met and developed a testing plan to test EG/ AD/S ice over 

a range of strain rates, including both high and low strain rates. Dr. Brian Veitch and the 

author then revised the testing plan to give the most viable test results in the region of 

interest with the fewest number of tests possible. 

Sample Collection and Storage: After revision of the test program the author 

developed a collection sequence to gather EG/ AD/S ice samples from a prepared sheet of 

EG/AD/S ice. The author, Varma Gottumukkala. Austin Bugden, and Chris Woodford 

then collected the required ice samples and stored them in the IMD cold room until 

testing facilities became available. 

Experimental Testing: When compression testing facilities became available 

Austin Bugden, Vanna Gottumukkala, Chris Woodford and the author began preparing 

and testing ice samples. This involved the milling of samples into unifonn prisms and 

then compressing them to failure. A total of 142 tests were completed over the course of 

two weeks during which time the author provided updates to Dr. Brian Veitch, and Dr. 

Stephen Jones concerning the progRss and results of the experiments. 

Data Analysis: After completion of the test program the author and Dr. Stephen 

Jones both began working on analysis of the data independently. In addition, the author 

undertook an error analysis to determine the significance of minor variations observed in 

14 



the results. Once analyzed results were available from both the author and Dr. Stephen 

Jones, the findings were presented to Dr. Brian Veitch and Dr. Neil Bose. This group 

then discussed the results and decided to present the results at the POAC '01 conference 

in Ottawa. 

Paper Preparation and Submission: The author proceeded to prepare the first draft of 

the paper for presentation at the conference. Once prepared the preliminary paper was 

circulated through the co-authors, Dr. Brian Veitch, Dr. Stephen Jones, Dr. Neil Bose and 

Austin Bugden, for comments. These were then incorporated into the draft paper by the 

author along with the authors • own revisions and the revised draft re-circulated through 

the authors. Minor changes were again made by the author and the prepared draft was 

forwarded to the POAC '01 review committee by Dr. Brian Veitch. 

Blade Load Measurements on a Model Propeller in I~ OMAE '01 and Blade Load 

Measurement on a Model Propeller in Ice. SNAME T1'811S8dions '01 

Noting a lack of model and full scale data penaining to the blade loads experienced by 

highly skewed ice-class propellers, researchers from Memorial University and JMD in 

collaboration with Uoyd's Register and Transpon Canada undcnook the examination of 

loading on an individual blade of a model highly skewed propeller during the ice milling 

interaction. The project team members were Neil Bose, Brian Veitch and the author from 

Memorial University, Stephen Jones, John Bell, Edward Kennedy. Brian Hill. Austin 

Bugden and Chris Meadus from IMD, and John Carlton from Uoyd's Register. 
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Concept Development: Based on tests conducted by Shawn Searle in 19999 Dr. 

Neil Bose, Dr. Brian Veitch, Dr. Stephen Jones9 John Carlton. John Bell. Don Spencer, 

and Carl Hanis developed the concept of testing a highly skewed propeller in ice and 

recording the loads experienced by an individual blade in some manner. After some 

discussion it was decided that a six component dynamometer built or installed in the hub 

of the propeller should be possible, which could record the six components of load 

experienced by a blade while milling into ice. 

Physical Components: John Bell and An Bowker designed a six-component 

dynamometer capable of mounting in the hub of a highly skewed propeller model and 

measuring the expected loads during ice milling. The dynamometer was fabricated by 

NRC and outfitted_ with a series of strain gages by Ed Kennedy in close cooperation with 

Art Bowker. During this time John Bell also supervised the construction of a new ice 

propeller boat and propeller hub for use in the test program. Blades for the propeller 

model were specified and supplied by John Carlton based on the required scale decided 

during the preliminary discussions. The propeller blades were supplied without the 

required mounting facilities. The author then performed a quality assurance on the blades 

and developed a system for mounting the blades and adjusting the pitch for various tests. 

Calibration: Once fabricated and strain gauged the new dynamometer required 

calibration. The author was responsible for applying various combined loads to the 

dynamometer and recording the resulting output. The applied loads and resulting outputs 

were analyzed by An Bowker9 the author and John Bell to develop a calibration matrix 
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that could convert the voltage readings from the dynamometer into forces and moments. 

This included a program developed by the author to perform the non-linear iterative 

calibration calculations. Other equipmen~ including the shaft dynamometer, also required 

calibration, which was completed by the author and Austin Bugden prior to the stan of 

testing. 

Experimental Program Development: Dr. Brian Veitch and the author jointly 

developed a test program for the propeller tests including both open water and ice milling 

tests. During the actual tests the author modified the test matrix slightly to account for 

delays and difficulties encountered during testing. 

Experimental Setup: Shaft alignment and physical assembly of the test setup was 

performed by the author and Austin Bugden. The ice-propeller boat was mounted to the 

ice tank carriage along with the required data acquisition hardware. Immediately prior to 

the commencement of testing the author mounted the blades in the correct pitch position 

and confinned that the blade depth of submergence was correct for the panicular test. 

Testing: In collaboration with Brian Hill, Austin Bugden, Chris Meadus, Blair 

Parsons, and Don Spencer, the author assisted during the tests by ensuring the correct 

pitch settings and depth of cut was performed. In addition the author perfonned 

preliminary data analysis of the various measurements between tests to ensure all of the 

sensors were performing as expected. The author was also responsible for deciding which 

changes to make to the test plan in the interest of time, ice remaining, and result validity. 
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Data Analysis: Once testing had been completed the author perfonned a 

preliminary analysis of the results from both the shaft and blade dynamometers. This 

involved determining which data was valid and removing electronic data spikes from the 

recorded time traces. Once spikes were removed the data was plotted into a readable 

format and analyzed by the author for apparent patterns. Theories explaining of these 

patterns were then formulated and distributed to Dr. Brian Veitch, Dr. Neil Bose, Dr. 

Stephen Jones and John Carlton for comments and discussion. Based on these comments 

the theories were re-examined and revised until all parties were confident they accurately 

represented the observed phenomena. 

Paper Preparation and Submission: During and following the revision of the theories 

the author also wrote papers for the OMAE '01 Conference and the SNAME '01 annual 

meeting based on the results of these experiments. Once preliminary drafts of these two 

papers were prepared they were circulated to the co-authors Dr. Brian Veitch. Dr. Neil 

Bose, Dr. Stephen Jones, John Bell, and John Carlton for review and comments. 

Comments from the co-authors and revision to the analysis of the results were then 

incorporated, by the author, in new drafts of these papers. The new drafts were re­

circulated to the co-authors and comments integrated into the draft papers submitted for 

review. At the time of writing, comments from the reviewers of the OMAE '0 1 paper had 

been received by the author and a response incorporated into the paper for final 

submission. 
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3.1 Abstract 

Results of a series of uniaxial compression tests with EG/ AD/S conect density model ice 

are presented. A wide range of strain rates (10-a< t < 101 s"1
) was covered at three 

temperatures, -2°. -5°. and -8°C. The temperatures chosen are typical of those 

encountered in propeller-ice interaction tests. Results reponed here are for samples taken 

from a 110 mm thick ice sheet. Each test specimen was machined into a rectangular 

prism before testing. Multiple tests at nominally identical strain rates and temperatures 

were conducted. The failure behaviour of the model ice was found to be similar to other 

ice, as were the stress/strain rate and stress-temperature relationships. 

3.2 Symbols 

t Mean sample thickness 

w Mean sample width 

I Length of the sample 

v Compression speed 

t Strain rate 

F Peak force 

D'mu Peak stress 

3.3 Introduction 

The intei)Rtation of results from propeller-ice interaction tests conducted in the ice tank 

at the National Research Council's Institute for Marine Dynamics (IMD) with EG/ AD/S 
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Correct Density (CD) model ice requires knowledge of the compressive strength of the 

ice. At the strain rates involved in propeller-ice model tests. 1-10 s·• or so. there were no 

data available on the strength of the ice. Therefore. a series of tests were conducted to 

measure the uniaxial compressive strength at these strain rates. It was not possible to 

measure the strength in-situ with the equipment available. so the tests were run using 

material testing equipment in one of the cold rooms at IMD. In the course of the work 

the strain rate range was extended to lower values. ultimately covering a range from 4.6 x 

10-8 to 4.6 x 10° s·•, at three temperatures. -2. -5 and -8°C. These temperatures were 

chosen as typical of the temperatures encountered in the propeller-ice interaction 

experiments. The results reponed here are for samples taken from an ice sheet with a 

nominal thickness of 110 nun. 

The majority of compressive strength results that exist for both model and real ice are 

comprised of mainly low strain rates(< to·• s"1
). Some results from high strain rate tests 

of fresh water and artificially grown Baltic sea ice have been presented by Jones (1997). 

These results indicated an increase in the strength at the highest strain rates tested 

(approximately 1 x 101 s"1
) as opposed to the stabilization of the strength projected by 

other literature (Jones 1997). The current tests were conducted to determine the behavior 

of EG/ AD/S CD ice. 
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3.4 Apparatus and Method 

3.4.1 General Overview 

Model ice of a nominal thickness of 110 mm was initially collected from the ice tank at 

the IMD and stored at -15°C until such time as testing was ready to begin. Testing took 

place in a temperature-controlled room where two Material Test Systems (MTS) 

machines were used to conduct uniaxial compressive strain rate tests on the samples by 

controlling the crosshead velocity of the MTS machines. 

The sample dimensions were measured and the strain rate was calculated based on the 

crosshead velocity and undeformed length of the sample. The strain rate was then 

combined with the peak load, which was convened into a peak stress by dividing by the 

measured cross-sectional area, to give a relationship between strain rate and compressive 

strength. The tests were completed at 10 strain rates and 3 temperatures. Temperatures 

were chosen to be in the range expected in the ice tank while performing propeller-ice 

model tests, that is approximately -2°C to -8°C. 

3A.2 Sample Prepantion 

EG/ AD/S CD model ice used at IMD is composed of 0.39% Ethylene Glycol, 0.036% 

Aliphatic Detergent and 0.04% Sugar (Timco, 1986). CD refers to the conected density 

of the ice. By infusing the freezing ice with air bubbles the resulting density of the ice 

sheet can be controlled to give the desired ice density (Spencer and Timco, 1990). The 

ice was initially collected from the ice tank from a 110 mm thick ice sheeL Blocks of 

frozen EO/ AD/S CD model ice with rough dimensions of 280mm x 360mm were cut 
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from the ice sheet using an electric chain saw. These blocks were all removed less than 

12 hours after the tempering process of the ice had begun, to ensure that melting of the 

original ice sheet was kept to a minimum and to allow the ice to be handled with minimal 

risk of damage. Once the blocks had been cut, they were placed on wooden strips for a 

few minutes to allow the unfrozen EO/ AD/S mixture contained in the ice to drain. This 

was done to eliminate additional freezing, which would occur in the blocks after they 

were stored. The blocks were then placed in plastic bags. numbered and dated, and 

stacked on shelves in the IMD small cold room where they were stored at -l5°C until 

testing. 

At least 24 hours before testing was scheduled to start, the ice samples were moved into 

the large cold room to stabilize at the testing temperature (either -2°C, -5°C or -8°C). 

This was done to ensure that the ice was at a uniform temperature. A thennistor inserted 

in a hole bored into the ice was used to ensure that the temperature was actually uniform. 

Once the blocks had stabilized at the testing temperature they were cut to size first using 

a bandsaw, and then using a milling machine and planer to give parallel ends and sides. 

The final sample size was llOmm thick x llOmm wide x 330mm long. The actual 

thickness of the samples varied since thickness was unmodified from the original sheet 

thickness. which showed some variation. Some samples were also weighed to determine 

ice density. 

The samples' ends were wiped clean of ice fragments using a soft bristle 

paintbrush and the samples were either placed on the MTS platen for testing, or sealed in 
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plastic bags to prevent sublimation while waiting to be tested. Once the ends were milled. 

samples were not left more than 3 hours before being tested. 

3.4.3 Equipment Preparation 

Two Material Testing Systems (MTS) machines were used: a high speed system for 

crosshead speeds between 0.15 mls and the machines' upper limit of 1.5 mls. and a low 

speed system setup for crosshead speeds between 1.5xl0-2 m/s and 1.5x10"8 rnls. These 

are described in detail by Jones (1997). For a sample length of 330 mm, these speeds 

corresponded to a minimum strain rate of 4.6xl0-8 s·• and a maximum of 4.6xl0° s·1
• 

Tests were done at strain rate orders of magnitude increments of 10. For a given target 

strain rate, the crosshead speed was detennined and used to program the MTS control 

system. 

Both the low and high speed MTS machines were equipped with L VDT systems to 

measure displacement. A linear regression through the crosshead displacement versus 

time plot was used to verify the crosshead speed. 

At the lower strain rates the applied loads were measured with a standard strain gage load 

cell (maximum load of 250 kN). This gage was mounted between the upper section of the 

test system and the upper platen. At higher strain rates (with the high speed MTS) a 

dynamic piezoelectric force link load cell with a 250 kN capacity was used to increase 

the response time of the measurement. Again the force link was mounted between the 

upper section of the test frame and the upper platen. 
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After the completion of a test the destroyed sample was cleared from between the platens 

of the MTS machine. The upper and lower platens were then brushed clean and inspected 

for residual freezing. If this existed the platens were cleaned with kerosene before the 

next test. The next sample was then mounted and the test process repeated. 

3.5 Results and Discussion 

Qualitatively the ice was seen to go through three distinct failure modes. At lower strain 

rates, from about 4.6xto·8 s·• to 4.6xl0-4 s·•, the ice failed in ductile creep, slowly 

deforming at an almost constant stress level. At the intermediate strain rates. 4.6xl0"3 s·• 

to 4.6xto·2 s·•. the ice was observed to fail through a shear plane mechanism whereby the 

load increased to some level and then failure staned. The load was then observed to drop 

and the ice failed completely on a shear plane at an angle of between 30° to 60°. Finally. 

at the highest strain rates, 4.6xto·• s·• to 4.6xl0° s·•, the ice was seen to fail in a totally 

brittle manner. The load increased to some peak value at which time the entire sample 

shattered explosively. 

The measured displacements and loads for three typical samples at different strain rates 

of 4.6x10° s·•, 4.6xto·3 s·•. and 4.6xl0-6 s·• are shown in time traces in Figure 3-1 a. b, 

and c. The sRsslstrain curves shown in Figure 3-2 correspond to these same examples. 
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(a) (b) (c) 
Figure 3-1 Data traces for load and displacement at three strain rates 

Figure 3-2 shows that as the strain rate increases there is a larger variation in the 

measured loads, which shows up as scaner in the points making up the stress/strain 

curves. At the highest strain rate the sample was observed to fail in about 5 x 104 s, 

which is approximately two times the test system's response time. 10 times is preferred 

(ASM Handbook, 2000). When the load versus time trace was examined for this strain 

rate an intermediate peak was observed. (see Figure 3-1 a). After this peak the load is 

seen to drop before rising to a maximum. The piezoelectric load cell used for the high 

speed test is designed to respond to rate of change of the load applied. As the test frame 

system response to the initial impact of the ice was such that the system vibrated, at close 

to the resonance the maximum load recorded by the load cell may be the combined result 

of the motion of the sample being forced into the load cell and the response of the test 

frame to the initial impact. While the test frame response was not as large as the load 

applied by the sample, as evidenced by the load not reaching zero in the intermediate 

peak. it was large enough to make the value of the peak test load unreliable. At worst the 

maximum load to failure can be found to lie somewhere between the intcnnediate and 
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maximum peak loads. While it is likely the actual value is nearer the upper end of this 

range there is no way of proving exactly where. As such the peak stress for this strain rate 

in Figure 3-3 is shown with an estimate of enor based on this range. 

Due to the scatter no curve fit to the data was attempted here for the stress/strain resultant 

at a strain rate of 4.6 x 10° s-1
• However, the general trend of the stress-strain curve at 

high strain rate is apparent, and can be assumed to be unaffected by the dynamic 

response. At low values of strain the stress is observed to be much lower than at the lower 

strain rates, a trend which continues up to strains between 7.5 x 104 mmlmm and 1.0 x 

10'3 mmlmm. As the strain increases past this point the stress increases rapidly with the 

increase in strain up to a final failure point at higher stress levels than at the lower strain 

rates. 
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Figure 3·2 Typical stress-strain curve for three strain rates 

Based on the peak load, the mean width (w) and thickness (t) of the individual samples~ 

the peak stress was calculated. This was plotted against the strain rate defined as the 

crosshead speed (v) divided by the undcformed length of the sample (1). Crosshead speed 

was detennined from a linear regression of the displacement curve for each test. Peak 

stress was then plotted against strain rate on a log/log scale~ as shown in Figure 3-3. Also 

included on this chart are the results from tests by Jones (1982) and Meglis (1998) for 

poly crystalline ice and by Jones (1997) for Baltic Sea ice. 
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It can be seen that the Baltic Sea ice data are very close to the EO/ AD/S CD data. This is 

believed to be because the EG/AD/S model ice contains '4brine pockets'' in a similar way 

to sea ice, but of different chemical composition. The pure polycrystalline data (Jones, 

1982) is about a factor of 5 higher than the EG/AD/S data but of similar slope in the 

ductile range. The Meglis (1998) data are somewhat higher than the EG/AD/S data in the 

brittle range, by a factor of approximately 2. 
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Figure 3-3 Plot of peak stress against strain rate for three temperatures. 
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A close-up of the lower strain rate range, 4.6 x 10"8 s"1 to 4.6 x 10-4 s"1
, is shown in Figure 

3-4, also on a logllog scale. The data for the three temperatures fall on three distinct lines 

of similar slope. This shows that the peak stress can be related to strain rate by an 

equation 

a= At"' [3.1] 

where m is the slope of the lines in Figure 3-4 and A is a constant of proportionality. 
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Figure 3-4 Peak stress versus strain rate for the low strain rates only. 

The mean slope from Figure 3-4 is 0.226 ± 0.004, and the reciprocal of this, which is the 

flow law commonly used for ice, is 4 .4. This implies 
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[3.2] 

where n = 4.42 ± 0.08. This value is similar to that found for polycrystalline ice in the 

same strain rate range. Jones (1982) found n = 5.04 for unconfined, random 

polycrystalline ice, and 3.95 when confined, over a slightly higher strain rate range than 

used here. 

Returning to Figure 3-3, the trend in the results with strain rate is similar for each of the 

three temperatures. Below strain rates of approximately lxtO"'s-1 the strength - strain 

rate relationship is linear and there is very little scatter. Between lxtO"'s-' and about 

5xlo-'s-1 the relationship between strain rate and strength is weak and there is a lot of 

scatter in the results. Above 5x10-1s-1 the results continue to show a lot of scatter. but 

there is an apparent increase in the strength at the highest strain rates. The existence or 

magnitude of this increase is difficult to determine with certainty due to the effect of the 

vibration previously described. The range of possible values for peak load corresponds to 

possible peak stresses at the highest strain rate of approximately 1.5 MPa to 8.0 MPa. 

These three regions reflect the different failure mechanisms observed: ductile creep at the 

lowest rates; brittle fracture at the highest rates; and a transition between ductile and 

brittle behavior in between. This increase in strength at the highest strain rates is in 

agreement with results obtained with freshwater columnar grained ice, and low salinity 

(2.4 ppt) ice (Jones, 1997). 
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3.5.1 Error Analysis 

An error analysis of the results of the compression tests was completed for four 

representative strain rates. The results are shown in Table 3-1. The large error in peak 

stress at the 4.6 s·• strain rate is a result of the dynamic effects described above. The 

remaining errors can be seen to be relatively small and when plotted on a log-log plot 

they are almost imperceptible. 

Table 3-1 Results of error analysis 

Desired Strain Rare [s"'l Enor in Sttain Rare {% 1 Enor in Peak Stress[%] 
4.6 X 10" 1.6 3.4 
4.6 x to·"' 2.6 3.4 
4.6 X 10·• 1.1 3.4 
4.6 X 10" 4.8 30.2 

3.6 Summary and Conclusions 

The uniaxial compressive strength of EO/ AD/S CD model ice has been detennined over a 

wide strain rate range and at three temperatures close to the melting point. At low strain 

rates, the strength follows a power law relationship with strain rate with an exponent of 

0.226 ± 0.004. At strain rates around 10"3 s·•, the failure changes to one of fracture with 

failure occurring on well defined shear planes. Finally, at the highest rates tested, the 

strength inaeases again. The results are shown to be to be highly accurate and consistent 

with data on freshwater and saline ice. 
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4.1 Abstract 

Preliminary results of a series of model scale propeller experiments are presented. A large 

(0270mm) model of a highly skewed controllable pitch propeller was tested in both open 

water and ice covered water in the ice tank at the Institute for Marine Dynamics. Both the 

open water and ice experiments were done at four different pitch settings. each over a 

range of advance coefficient. The ice strength and the depth cut into the ice by the 

propeller were varied in the ice tests. The main aim of the experiments was to measure 

the effects of these variables on blade loads9 in addition to their effects on shaft loads. 

Shaft loads were measured using conventional dynamometry. Loads and their locations 

on one blade were measured using a hub-mounted blade dynamometer designed and built 

for these tests. The blade dynamometer is described and some preliminary shaft and blade 

load measurements are presented and discussed. 

4.2 Introduction 

Propellers on ships that navigate in ice covered waters routinely contact large pieces of 

ice. These contacts greatly increase the loading on the ships 9 propulsion system and as a 

result can cause severe damage to an under designed system. At present these systems are 

designed using rule formulae based on ice torque. which is linked to the ice-class of the 

particular vessel. However, propeller failures still occur indicating that a revision to the 

design guidelines is required. 

To assist in detennining the extent of additional loading that needs to be accounted for in 

propellers designed for icc navigation. various model and full-scale experiments have 
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been conducted. Much of model propeller-ice interaction work conducted in the last 10 

years has been done on conventional (non-skewed) model propellers, both with and 

without ducts, (Minchev et al. 2001, Keinonen and Browne 1990, Browne et al. 1991, 

and Tamura et al. 1997). Results of tests with this style of propeller may apply to 

conventional propellers, but not to the highly skewed propellers used in passenger ferries 

and other vessels operating in ice. 

To address this gap in knowledge, Searle et al. (1999a) did ice milling experiments with 

both a highly skewed model propeller and a conventional ice-class propeller model in 

model EGJ AD/S ice. During these tests the thrust and torque on the shaft (total propeller 

load) were recorded a~ the model propellers milled into a sheet of EG/ AD/S ice, (a 

mixture of water, (e)thylene (g)lycol, (a)liphatic (d)etergent and (s)ugar), · in the ice tank 

at the National Research Council of Canada's Institute for Marine Dynamics (NRC-IMD) 

in St. John's, Newfoundland. One of the interesting findings of these experiments was 

that the ice loads were very sensitive to the operating conditions, in terms of angle of 

incidence, or alternatively advance coefficient. The magnitude and direction of the ice 

loads responded more dramatically to changes in operating conditions than did the 

hydrodynamic loads; funher, this sensitivity was more pronounced for the high]y skewed 

propeller than the more conventionally designed ice-class propeller. During the 

experiments, the model propeller blades bent -damage that corresponded qualitatively to 

damage experienced on the full-scale propeller, (Searle et al. 1999b). 
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A new set of experiments was designed to investigate ice loading on propeller blades in 

more detail, using Searle et al. (1999a) as a starting point. The experiments, which are the 

subject of this paper, incorporated a new hub mounted blade dynamometer to measure the 

blade loads and blade load location. As before, experiments were done over a range of 

advance coefficients, ice strengths and cut depths (see Figure 4-1). Further, tests were 

done at several pitch settings. 

1: 

+Center of Hub 

Figure 4-1 Definition of blade depth 

4.3 Test Setup 

4.3.1 Description of Test Tank and Ice Conditions 

The tests were conducted in the IMD ice tank, Jones (1987). The useable area of this tank 

for ice testing is 76 m long and 12m wide. It is 3m deep. In addition a 15m long setup 

area is separated from the ice sheet by a thermal door to allow equipment preparation 

while the ice sheet is growing. The carriage on this tank weighs approximately 80 tonnes 
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and is capable of velocities of up to 4.0 m/s. The carriage is designed with a central 

testing area where a test frame, mounted to the carriage frame. allows the experimental 

setup to move transversely across the entire width of the tank. In these experiments the 

test setup restricted the usable width to 6 m from the 3 m to the 9 m locations. 

Model ice known as EG/AD/S was used as the ice in these experiments. EG/AD/S ice is 

specifically designed to provide the scaled flexural failure strengths of real ice (Timco 

1986). The ice sheet is grown by first cooling the tank room to approximately -20 °C and 

then "seeding" the tank by spraying warm water into the cold air in a thin mist. allowing 

it to fonn ice crystals before it contacts the surface of the tank. The ice is then allowed to 

grow at approximately -20 °C until it has reached the desired thickness. The temperature 

of the room is then raised to above freezing and the ice is allowed to warm up and soften, 

a process called tempering, until the target ice strength is reached. 

Four separate ice sheets were used. The first sheet was intentionally soft to ensure that the · 

entire system was operating correctly and loads were within the expected ranges to 

prevent damage to the propeller. boat and dynamometer. The strength of the remaining 

three sheets was increase to better model the ice strength propenies. 

The first sheet was used to examine the testing procedure; it had a relatively weak target 

flexural strength of 30 kPa and nominal design thickness of 60 mm. The measured 

flexural strengths at the beginning and end of the test program for the first sheet were 
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27.4 kPa and 16.0 kPa. respectively. while average thickness was measured to be 59.0 

mm and 58.4 mm at the same times. 

The initial testing procedure involved placing longitudinal cuts approximately 0.75 m 

apart and 10 rnm deep along the length of the ice. Transverse cuts were then made at 

approximately 0.5 m spacing and 10 mm depths, as illustrated in Figure 4-2. These were 

provided to allow the ice to break when the propeller boat plow contacted it thus 

preventing the ice from rising off the propeller. The cut panem also caused the ice to 

break easily, preventing cracks from proceeding across the remaining ice sheet. The next 

test pass was then run alongside the previous one thus requiring only one longitudinal cut 

(the opposite edge being now open water). 

This method was used for the entire first sheet and resulted in a total of five separate 

tracks down the tank. Unfortunately, due to the near presence of the free surface on the 

second through fifth runs, the propeller experienced ventilation at all but the highest 

advance ratios and as such the results were not considered valid. Also, the depth of cut 

was not possible to measure after a test because the ice was so soft the ice sheet 

remaining above the propeller did not have enough integrity to maintain its milled shape. 

The second ice sheet had a target nominal thickness of 60 mm, and a target starting 

flexural strength of 40 kPa. The entire sheet was used; at the end the ice had a final 

strength of 20 kPa. To prevent the ventilation observed during the first ice sheet, the 
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number of tracks was reduced from five to three 0.75 m tracks, whose centerlines were 3 

meters apart. This left a minimum of approximately 2.5 m of ice sheet on the tank surface 

on either side of the propeller boat, which proved sufficient to prevent ventilation. Once 

again longitudinal and transverse cuts were made in the ice to facilitate controlled 

breaking and clearing. Depth of cut targets were verified by slowly advancing the 

propeller into the ice sheet then backing off to retrieve the milled section. This procedure 

worked well until the ice reached approximately 30 kPa in strength at which time the ice 

was too soft to maintain its milled shape. 
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Figure 4-2 Test pass diagram; 2ncL 3rd, and 4th ice sheet 

The remaining two ice sheets were prepared and tested in the same manner as the second 

with the target strength and thickness being 55 kPa at 60 nun and 55 kPa at 80 mm. 

respectively. Measured stan and finish values for these sheets were 54 kPa and 40 kPa at 

57 mm and 60 nun for the third sheet and 56 kPa and 35 kPa at 81 mm and 83 mm for the 

last sheet. 
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4.3.2 Propeller Boat 

A new propeller boat was constructed for the tests. The design incorporated an ice plow 

attached after the propeller. but forward of the housing as illustrated in Figure 4-3. 

I ~.. I 
Shalt : 

Figure 4-3 Propeller boat layout 

Attached to the upper part of the housing, a 3 kW, 3000-rpm electric motor was used to 

drive a vertical shaft into a 90° 3:1 reduction gearbox. The output shaft of this gearbox 

was connected to a shaft dynamometer through a flexible coupling. The opposite end of 

the shaft dynamometer was then connected to the propeller drive shaft through a "weak 

link" solid connection, designed to fail before the maximum load of either the 

dynamometer or the gearbox was reached. The drive shaft was supported at the propeller 

end of the stem tube by a water-cooled brass bearing and sealed with a rubber stem tube 

seal. The aft end of the drive shaft was supported by the in-line shaft dynamometer. 
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Access to the components in the housing was possible from both the top and side of the 

propeller boat through Lexan coven, though the side cover offered better access to most 

components. 

During open water tests, wave deflectors were fitted forward and aft to avoid swamping 

of the boat due to overtopping bow or following waves. The top cover was installed to 

keep water spray and waves out. For operation in the ice sheet the ice itself prevented the 

formation of a significant bow wave and the bow wave deflector was removed to allow 

the installation of the ice plow. 

4.3.3 Hub I Blade Dynamometer 

The loads experienced by a single blade were measured through the use of a newly 

designed hub mounted blade dynamometer. NRC-IMD designed and fabricated a 

stainless steel cylindrical dyno that was fitted inside the hub of the propeller and to which 

one of the propeller blades was mounted. Through a series of strain gauges mounted on 

the top and bottom of the dynamometer cylinder, the dynamometer was capable of 

measuring the fuiJ six components of load. Before calibration, the dynamometer was 

waterproofed and mounted inside the hub to eliminate mounting variation as a source of 

enor. Dimensions of the dyno are shown in Figure 4-4. 
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Figure 4-4 Dimensions of blade dynamometer 

As the propeller being modeled had controllable pitch, it would have been ideal to change 

the pitch while the model propeller was moving, as in the full-scale system. This was not 

practical and instead a series of tapped holes were milled into the hub in the three blade 

mounting locations on the hub. Holes in the blade allowed it to be lined up at positions 

corresponding to design pitch of 31.3°, a reduced pitch 7.2° below design, a reduced pitch 

15.2° below design and a reverse pitch 52.2° below the design pitch. The blade 

dynamometer was also required to provide the same mounting pattern. This was 

accomplished by attaching a pitch ring. with the correct hole sequence, to the blade side 

of the dynamometer. All mating of the dyno parts was conducted with stainless steel bolts 
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or grade eight bolts sealed with waterproofing to prevent rusting. The blades themselves 

were mounted with two stainless steel bolts each. 

In an attempt to reduce the amount of noise picked up by the strain gauges they were 

outfitted with an electrical pre-amplification of approximately 100 times. thereby 

reducing the amount of amplification required at the output. Wiring for the blade 

dynamometer was then run through the hub back through the drive shaft to a small circuit 

board. which connected it to a power supply through a set of slip rings. The same slip 

ring set was used to convey the resulting six outputs to the signal-conditioning box where 

further electrical amplification was conducted to increase the output values to a 

substantial ponion of the voltage required for full-scale deflection. Due to the high 

rotational speed and the requirement of a large number of data points over each blade-ice 

contact. each of these channels was sampled at 5000 Hz. 

The design load limits of the blade dynamometer were as follows: maximum forces in x 

andy directions were both 800 N, maximum force in z was 600 N. Moment maximums 

were 85 Nm about both x and y and 50 Nm about z. Figure 4-4 shows the definitions of x. 

y, and z directions with respect to the dynamometer; Figure 4-5 shows the orientation of 

these directiol)s with respect to the propeller. Note that in this picture the propeller would 

be rotating counter clockwise and progressing forward out of the page. 
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Figure 4-S Directions x, y, and z on the propeller 

Calibration of the blade ·dynamometer was conducted by securely mounting the hub, 

containing the dynamometer inside, in a known position and applying known loads and 

moments to the blade end of the dynamometer. These loads were applied in such a way 

that the dynamometer was exercised so that each of its six components were excited in 

both the positive and negative directions. To detennine interaction effects, the relative 

magnitude of forces and moments were varied for different calibration setups. The data 

was then analyzed to produce a calibration matrix. which was then confirmed using 45 

linearly independent loading conditions designed to simulate the expected operating 

range of the dynamometer during ice interactions. Once the tests were complete an 

abbreviated calibration was also conducted to ensure that no damage was done to the 

dynamometer during the tests. This showed that, with only very minor differences, the 

dyno maintained its original calibration properties. 
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A miscommunication during the blade fabrication resulted in the bases of the propeller 

blades being larger than intended; as such they protruded above the hub in a manner that 

was considered unacceptable from a hydrodynamic point of view. To fair the blade and 

hub together, Delrio fairing pieces were attached to the hub to increase its diameter to 

that represented by the blade bases. These pieces were then attached using a modeling 

sealer. To prevent the fairing from interfering with the dynamometer blade, the spacing 

for this blade was cut oversized by 30/IOOOths of an inch on the diameter. The maximum 

deflection of the dynamometer was calculated to be 711000ths of an inch through FEA 

analysis. It was subsequently demonstrated that this oversizing was sufficient. 

4.3.4 Description of the Blades 

Provided by Uoyd's Register, the model propeller blades tested were 1:19.259 scale 

models of a propeller design from Lloyd's Register identified as model number 6603. 

The blades were highly skewed with a PID at 0.7 radius of 1.337, and a skew of 50°. The 

model is a four bladed controllable pitch propeller, 270 mm diameter, similar in design to 

various propellers used on passenger ferries in Canada and Europe. Figure 4-6 shows a 

photo of the assembled propeller. 
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Figure 4-6 Assembled model propeller 

4.3.5 Other Sensor Equipment 

Other sensors were used to measure the shaft load, shaft speed, propeller depth, and 

carriage speed. 

Shaft loads were measured using an in-line dynamometer manufactured by Sensor 

Development Inc. that had a maximum thrust load rating of 890 N and maximum torque 

load rating of 110 Nm. The dynamometer had 100% overload capacity and maximum 

rotational speed of 20 rps. These two channels were also sampled at 5000 Hz. 

Shaft speed was measured by a tachometer built into the 3kW motor. The motor 

tachometer was calibrated using a laser tachometer. The motor was run through a series 

of settings and the rotational speed on the propeller side of the gearbox was measured 

using the laser tachometer. The settings for the correct motor speeds were then 
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detennined. Since the rotational speed was not expected to vary greatly in the ice it was 

sampled at I 00 Hz to conserve memory space. 

Propeller depth was measured using a potentiometer, in which the base unit was mounted 

to the carriage and the end of the wire attached to the test frame holding the propeller 

boat. The zero value for this potentiometer was set at the point where the upper edge of 

the propeller circle just failed to break the surface of the water. Once set. the venical 

position of the test frame did not change and as such it was sampled at only 50 Hz. 

Carriage speed was recorded from a tachometer built into the drive motors of the 

carriage. Carriage speed does not vary greatly with the propeller interaction event; it was 

sampled at 100 Hz as well. 

In addition to the sensors, three above water cameras were used to record the ice milling 

event. These recorded each test looking from the bow, starboard side and directly above 

the propeller. 

4.4Metbod 

The following tables describe the total test matrix performed for these experiments. Tests 

whose results are discussed in this paper are shaded. In the legends pitches are defined as 

the pitch at the 0.7 radius. For example a pitch of 24.0'P indicates a test performed at a 

0.7R pitch setting of 24.0-r», or 7.23° below design pitch of 31.30°. All tests were 

performed at a shaft speed of 10 rps. Below the pitch designation for each test are two ice 

strength values. These are the compressive and flexurdl strengths res~tively of the ice 
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in kPa. The values stated are estimated by linearly interpolating between the two 

measured values nearest the test case. 

Table 4-1 Test matrix for sheet number 2 -2 P.ReiD 
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Table 4-2 Test matrix for sheet number 3 
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Table 4-3 Test matrix for sheet number 4 ....... .. .... tJo 
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Prior to the ice tests. the propeller was also tested in open water at each pitch setting over 

a range of advance ratio from 0.05 to 1.5. All open water tests were performed at a shaft 

immersion of 1.50 or 405 nun below the surface. Once the open water tests were 

completed the following procedure was then used to conduct the tests in ice. 

4A.l Blade Preparation 

Blade pitch was verified to ensure the blades were all at the correct pitch for the 

particular set of tests. After placing each blade in the correct pitch setting the entire 

propeller boat ~as lowered to its zero position. The propeller was then raised out of the 

water and run through a series of shaft speeds from 8 rps to 14.5 rps in order to determine 

the frictional torque loads exerted on the system from the bearings and the slip ring. 

These loads w~ then used as the zero loading offsets to determine the load exerted on 
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the blade due to the ice and water. By performing these friction tests the centrifugal force 

exerted on the blade dynamometer could also be removed from the measured loads. 

After completion of the friction run, the propeiJer was lowered into the water such that 

the blade would cut into the ice at the target depth. To ensure this depth was correct the 

propeller was slowly advanced into the ice sheet at slow rotational speed to prevent 

disturbing the ice and the resulting cut depth. 

4.4.2 Test Run 

Once blade depth had been verified the test was ready to commence. The carriage was 

programmed to run for at least 3 seconds at the target constant speed. The data collection 

system was staned and the propeller held at zero rps for 3 seconds to establish a baseline. 

The propeller speed was then increased to 10 rps and a ballard pull recorded for 3 

seconds. The ballard was used between runs to ensure the blade dynamometer was not 

drifting. After the bollard pull, the carriage was staned and the propeUer was run into the 

ice for the programmed distance. As soon as the carriage was stopped the data collection 

was stopped and the carriage backed off so that the actual cut depth could be examined. It 

was found that as the ice softened it became impossible to measure cut depth after the test 

run since the ice path was totally destroyed. In these cases the measurement taken at the 

stan of the run was taken as the cut depth. 

After all of the tests at a panicular pitch were completed a friction test was run again. 
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4.5 Results 

The following results are from a single ice milling run perfonned at a pitch setting of 

24.0'r, and a single depth of cut9 measured to be approximately 45 mm. This run was 

comprised of four carriage velocities at a constant rotational speed of 10 rps. 

Corresponding to advance ratios of 0.20, 0.30, 0.40 and 0.60 all four of these runs were 

completed within one minute of each other. As such the results presented here show no 

ice strength or cut depth effects. Results in Figures 4-7 and 4-8 were calculated using the 

loads measured by the in-line shaft dynamometer. Figures 4-9 and 4-10 show results 

from the blade dynamometer measurements. 

Figure 4-7 shows the maximum. average, and minimum thrust coefficient for the ice 

milling test (as calculated from the in-line shaft dynamometer) versus the advance ratio. 

The mean thrust coefficient for the open water test is also plotted. Figure 4-8 illustrates 

the maximum. average and minimum torque coefficient (multiplied by 1 0) for each of the 

advance ratios for ice milling. and the mean torque coefficient from the open water test. 

The maximums and minimums were defined as the points at which 2.5% of the data 

points lie above and below these values, respectively. 
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As the propeller enters the ice at low advance ratios the thrust is augmented over that 

experienced in open water. As the advance ratio increases the amount of augmented 

thrust is reduced until at some value of advance ratio, depending on the pitch and depth 

of cut~ the ice load causes a reduction in the thrust. As illustrated in Figure 4-7, this point 

occurred at an advance ratio of just under 0.6 for this particular configuration. 

To prevent damage to the model blade tips, which results from negative resultant thrust 

being applied at the tips, the advance ratios were not allowed to increase to the point 

where total thrust reached the negative region. This response of thrust can be explained if 

one considers the mechanics involved. As the propeller advances into the ice sheet slowly 

each successive blade enters the ice and behaves as a screw, pulling that panicular blade 

forward, the result is an overall increase in the total thrust. As the speed of advance 

increases (increasing the advance ratio for constant shaft speed) the relative entry speed 

of the blades into ice increases, which makes "screwing" into the ice more difficult. 

Rather the blades are increasingly pressed into the sheet, causing loading on the suction 

side of the blade, which opposes the direction of travel, i.e. a negative thrust. 

The increase in thrust and torque can also be seen in the loads on an individual blade. 

Figure 4-9 shows the thrust coefficient for both the ice milling and open water conditions 

at an advance ratio of 0.4. 
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Figure 4-9 Thrust coefficient on individual blade 

As can be seen the increase in loading due to the ice interaction can be three to four times 

the load experienced by the blade while operating in open water. A plot of 10 x torque 

coefficient venus time for the same case is shown in Figure 4-10. 
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Figure 4-10 10 x Tmque coefficient on individual blade 
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Again, large increases in the torque are associated with the blade interaction with the ice 

sheet. Torque loads on the order of 5 times the open water torque load are observed for 

this particular case. 

Similar results to those illustrated here were observed for the 0.2 and 0.3 advance ratios. 

It was noted that the blade thrust loads increased with the decrease in advance ratio as in 

the thrust coefficient plot shown in Figure 4-7. At the 0.6 advance ratio, added thrust on 

the blade due to the ice was minimal, again as expected from the shaft load data. Torque 

on the blade showed little variation between the lower three advance ratios. but begins to 

drop off at the 0.6 advance ratio. 

4.6 S11mmary and Conclusions 

A new blade load dynamometer was described and the preliminary results from an 

experimental program designed to investigate the effects of propeller-ice interaction on a 

highly skewed model propeller have been presented. The results correspond to a pitch 

configuration reduced from that of the propeller's design pitch. The loads experienced on 

the shaft were presented for four advance ratios and were compared to open water 

propeller performance at the same advance ratios. As well, the thrust and torque 

components ~xened on an individual blade during the ice milling interaction were 

discussed. 

The magnitudes of the added loading in both thrust and torque indicate that ice loads are 

critically imponant design issues when considering propellers for ice navigation. The 
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cyclic nature of this loading, coupled with the high loading experienced indicates that 

fatigue considerations should also be seriously considered in the design process. 

Further work on the remainder of the tests described here is ongoing to detennine effects 

of cut depth, pitch setting and advance ratio on the loads experienced by an individual 

blade during the propeller-ice interaction event and whether this can be used to improve 

the design and operation of highly skewed propellers for ice navigation. 
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5.1 Abstract 

A model of a highly skewed controllable pitch propeller was tested in both open water 

and ice covered water in an ice tank. Both the open water and ice experiments were done 

at four different pitch settings. each over a range of advance coefficients. The ice strength 

and the depth cut into the ice by the propeller were varied in the tests. The main aims of 

the experiments were to measure the effects of these variables on blade loads. in addition 

to their effects on shaft loads. Shaft loads were measured using conventional 

dynamometry. Loads on one blade were measured using a six component hub-mounted 

blade dynamometer designed and built for these tests. The blade dynamometer is 

described and shaft and blade load measurements are presented and discussed. lt was 

discovered that in cenain conditions the individual blade experienced bending moments. 

thrust and torque loads that were on the order of ten times the mean cycle load during the 

ice milling event. 

5.2 Introduction 

Navigation of ships in ice covered waters around the world is increasing with a number 

of cruise ships and ferries making regular trips in ice covered waters. Propulsion systems 

on these vessels are exposed to loading from ice contact. The resulting loading can 

greatly increase the demands on the propeller and propulsion system and as a result can 

cause severe damage to an under designed system. Presentlyt these systems are designed 

using rule formulae based on ice torque. which is linked to the ice-class of the panicular 

vessel. A revision of these rules is required since propeller designs based on them still 
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experience damage and failure. Bose et al. (1998) and Doucet et al. (1999) have proposed 

a new method for ice class propeller design and analysis, as have Katsrnan and 

Andnaishin (1997) and Koskinen et al. (1996). The matter is currently the subject of a 

joint international effort under the lACS banner. 

Various model and full-scale tests have been completed to help detennine the extra 

loading caused by propeller interaction with ice. To date, however, the majority of this 

work has been completed on the more conventional propeller blade geometries, both with 

and without ducts, fitted to icebreaker designs. While the results of these investigations 

may be applicable to other conventional propellers, their extension to the highly skewed 

propellers used on passenger ferries and other vessels navigating in ice is questionable 

and requires additional investigation. 

With the intention of addressing this gap in knowledge, Searle et al. (1999) completed a 

series of ice-milling tests with both highly skewed and conventional propeller models. 

During the tests in EO/ AD/S model ice, the shaft loads resulting from propeller-ice 

interaction were recorded for a highly skewed propeller model and a more conventional 

icebreaker propeller model. Perhaps the most interesting result from these tests was that 

the ice loading was more highly dependent on operating condition, in tenns of advance 

coefficient and hence blade angle of attack, than the hydrodynamic loads. Funhennore, 

this sensitivity to blade angle of attack was more apparent for the highly skewed propeller 

than for the conventional ice class propeller. 
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To assess the effect of ice loads on a single propeller blade when operating in ice the 

experiments described in this paper were conducted. A new propeller blade dynamometer 

was designed and built to measure the six components of load on an individual blade. The 

loads on a single blade during the propeller-ice interaction event were recorded for a 

range of operating conditions. including various advance coefficients and pitch settings. 

as well as a series of depths of cut into the ice. 

5.3 Method 

5.3.1 Description of lee Tank and Ice Conditions 

The tests were conducted in the National Research Council of Canada's Institute for 

Marine Dynamics (IMD) ice tank. The useable area of this tank for ice testing is 76 m 

long and 12 m wide. It is 3 m deep. In addition. a 1 S m long setup area is separated from 

the ice sheet by a thermal door to allow equipment preparation while the ice sheet is 

growing. The carriage on this tank is capable of velocities from 0 to 4.0 m/s. The carriage 

is designed with a central testing area where a test frame, mounted to the carriage frame, 

allows the experimental setup to move transversely across the entire width of the tank. In 

these experiments the test setup restricted the usable width to 6 m across the middle of 

the tank. More infonnation on the IMD can be found in Jones ( 1987). 

Model EG/AD/S ice was used in these experiments. A mixture of water, (e)thylene 

(g)lycol9 (a)liphatic (d)etergent and (s)ugar, EG/AD/S is specifically designed to provide 

the scaled flexural failure strengths of real sea ice (Timco 1986). The ice sheet is grown 

by fmt cooling the tank room to approximately -20 °C and then useeding'9 the tank by 
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spraying wann water into the cold air in a thin mist, allowing it to fonn ice crystals 

before falling to the surface of the tank. The ice is then allowed to grow at approximately 

-20 °C until it has reached the desired thickness. The temperature of the room is then 

raised to above freezing and the ice is allowed to warm up and soften, a process called 

tempering. until the target ice strength is reached. 

Four ice sheets were used. The first sheet was used to examine the testing procedure; it 

had a relatively weak target flexural strength of 30 kPa and a target thickness of 60 mm. 

The remaining sheets were stronger with flexural strengths of 50 kPa. The second and 

third sheets were 60 mm thick. and the last sheet was 80 nun thick. 

The initial testing procedure involved placing longitudinal cuts approximately 0.75 m 

apan and 10 nun deep along the length of the ice. Transverse cuts were then made at 

approximately 0.5 m spacing and 10 mm depths. as illustrated in Figure 5-1. These were 

provided to allow the ice to break when the propeller boat plow contacted it, thus 

preventing the ice from rising off the propeller. The cut pattern also caused the ice to 

break easily. preventing cracks from proceeding across the remaining ice sheet. The next 

test pass was then run alongside the previous one, thereby requiring only one longitudinal 

cut (the opposite edge being open water). 
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Figure 5-1 Test pass diagram 

This method was used for the entire first sheet and resulted in a total of five separate 

tracks down the tank. Due to the close proximity of the free surface on the second 

through fifth runs. the propeller experienced ventilation at all but the highest advance 

ratios and as such the results were not considered valid. Also, the depth of cut was not 

possible to measure after a test because the ice was so soft the ice sheet remaining above 

the propeller did not have enough integrity to maintain its milled shape. 

The second ice sheet had a target nominal thickness of 60 mm, a target starting flexural 

strength of 40 kPa and a compressive strength of approximately 120 kPa. The entire sheet 

was used; at the end of the test period, the ice had a flexural strength of 20 kPa. To 

prevent the ventilation observed during tests in the first ice sheet, the number of tracks 

was reduced from five to three, whose centerlines were 3 meters apan, as shown in 

Figure 5-1. This left a minimum of 2.5 m of ice on the tank surface on either side of the 

propeller boat, which proved sufficient to prevent ventilation. Once again, longitudinal 

and transverse cuas were made in the ice to facilitate controlled breaking and clearing. 

Depth of cut targets were verified by slowly advancing the propeller into the ice sheet. 
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then backing off to retrieve the milled section. This procedure worked well until the ice 

dropped to approximately 30 kPa in strength at which time the ice was too soft to 

maintain its milled shape. 

The remaining two ice sheets were prepared and tested in the same manner as the second. 

with the target flexural strength and thicknesses of 55kPa and 60rnm and 80mm. 

Measured stan and finish values for these sheets were 54 kPa and 30 kPa at 51 mm and 

60.4 mm for the third sheet, and 65 kPa and 25 kPa at 74.4 mm and 81 mm for the last 

sheet. 

5.3.1 Propeller Boat 

A new propeller boat was constructed for the tests. The design incorporated an ice plow 

attached after the propeller, but forward of the housing as illustrated in Figure 5-2. 

Figwe 5-2 Propeller boat layout 

A 3 kW, 3000-rpm electric motor attached to the upper part of the housing was used to 

drive a vertical shaft into a goo 3: 1 reduction gearbox. The output shaft of this gearbox 
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was connected to a shaft dynamometer through a flexible coupling. The opposite end of 

the shaft dynamometer was then connected to the propeller drive shaft through a ··weak 

link,. solid connection, designed to fail before the maximum load of either the 

dynamometer or the gearbox was reached. The drive shaft was supported at the propeller 

end of the stem tube by a water-cooled brass bearing and was sealed with a rubber stem 

tube seal. The aft end of the drive shaft was supported by the in-line shaft dynamometer. 

Access to the components in the housing was possible from both the top and side of the 

propeller boat through Lexan covers, but the side cover offered better access to most 

components. 

During open water tests, wave deflectors were fined forward and aft to avoid swamping 

of the boat due to overtopping bow or following waves. The top cover was installed to 

keep water spray and waves out. For operation in the ice sheet, the ice itself prevented the 

formation of a significant bow wave and the bow wave deflector was removed to allow 

the installation of the ice plow. 

5.3.3 Hub I Blade Dynamometer 

The loads experienced by a single blade were measured through the use of a specially 

designed hub mounted blade dynamometer. NRC designed and fabricated a stainless steel 

cylindrical dynamometer, with varying wall thickness, that was fitted inside the hub of 

the propeller and to which one of the propeller blades was mounted. It was capable of 

measuring the six components of load through a series of strain gauges mounted on two 
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gage rings. see Figure 5-3. which were designed with thinner walls (0.356 nun) to ensure 

peak stress was concentrated in these areas. Strain differences between conesponding 

gages in the upper and lower gage rings were used to calculate the applied x and y forces 

and moments. A separate set of gages attached to the lower gage ring only was used to 

measure z force and moment loads. Some main dimensions of the dynamometer are 

shown in Figure 5-3. 

Before calibration, the dynamometer was waterproofed and mounted inside the hub to 

eliminate mounting variation as a source of error. 

Oinensioos in m 

Figure 5-3 Dimensions of blade dynamometer 
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As the propeller being modeled had controllable pitch. it would have been ideal to change 

the pitch while the model propeller was moving as in the full-scale system. This was not 

practical and instead a series of tapped holes were milled into the hub in the three blade 

mounting locations on the hub. Holes in the blade allowed it to be lined up at positions 

corresponding to the design pitch of 31.3°, a reduced pitch 7.2° below design. a reduced 

pitch 15.2° below design and a reverse pitch 52.2° below the design pitch. The blade 

dynamometer was also required to provide the same mounting pattern. This was 

accomplished by attaching a pitch ring. with the correct hole sequence, to the blade side 

of the dynamometer. All mating of the dynamometer parts was conducted with stainless 

steel machine screws or grade eight machine screws sealed with waterproofing to prevent 

rusting. The blades themselves were mounted with two stainless steel bolts each. 

In an attempt to reduce the amount of noise picked up by the strain gauges. they were 

outfitted with an electrical pre·amplification of approximately 100 times. thereby 

reducing the amount of amplification required at the output and allowing higher voltages 

to be transmitted over the slip rings. Wiring for the blade dynamometer was then run 

through the hub back through the drive shaft to a small circuit board. which connected it 

to a power supply through a set of slip rings. The same slip ring set was used to convey 

the resulting· six outputs to the signal conditioning box where further electrical 

amplification was conducted to increase the output values to approximately 75% of the 

voltage n:quired for full-scale deflection. Due to the high rotational speed and the 

requirement of a large number of data points over each blade-ice contact, each of these 

channels was sampled at 5000 Hz. 
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The design load limits of the blade dynamometer were as follows: maximum forces in the 

x andy directions were both 800 N. maximum force in the z direction was 600 N. 

Moment maximums were 85 Nm about both x andy axes and 50 Nm about z axis. Figure 

S-4 shows the definitions of x. y, and z directions with respect to the dynamometer. It also 

shows the orientation of these directions with respect to the propeller. Note that in this 

picture the propeller would be rotating counter clockwise and progressing forward out of 

the page. 

Oynononeter 
Blade 

Y-Direct ion 

X-Direction 

Z-Oirection 

Direction of 
Advance 

Direction of 
~ ~ototion 

Figure 5-4 Directions x. y. and z on the propeller 
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Calibration of the blade dynamometer was conducted by securely mounting the hub. 

containing the dynamometer inside, in a known position and applying known loads and 

moments to the blade end of the dynamometer. These loads were applied in such a way 

that the dynamometer was excited in the positive and negative directions of all six 

components. To detennine interaction effects. the relative magnitude of forces and 

moments were varied for different calibration setups. The data was then analyzed to 

produce a calibration matrix, which was then confirmed using 45 linearly independent 

loading conditions designed to simulate the expected operating range of the dynamometer 

during ice interactions. Once the tests were complete an abbreviated set of calibration 

loads was also applied to the dynamometer to ensure that no damage was done during the 

tests. This showed that, with only very minor differences. the dynamometer maintained 

its original calibration properties. 

5.3.4 Description of the Blades 

The model propeller blades were provided by Uoyd's Register. They were 1:19.259 scale 

models of a propeller design identified as model number 6603. The blades were highly 

skewed with a PID at the 0.7 radius fraction of 1.337, and a skew of 50°. Expanded area 

ratio of the blade was 0.542 and the projected area ratio was 0.449. The model was a four 

bladed adjustable pitch propeller. 270 mm in diameter, similar to that described by Searle 

et al. ( 1999) and similar in design to various propellers used on passenger ferries in 

Canada and Europe. Figure 5-5 shows a photo of the assembled propeller. 
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Figure 5-5 Assembled model propeller 

5.3.5 Blade Quality Control 

To ensure that the blades provided were of a quality hjgh enough to remove 

hydrodynamic variation as a source of error all four blades were checked. To complete 

this quality check a mounting stand for the blade was first designed and constructed. This 

mounting block was designed to attach to a rotary table and rotate about the shaft axis 

location. At the same time the blade being tested was mounted at the correct radius to 

simulate the actual propeller radius. Positions on the blade could then be measured using 

a milling machine and a touch probe, and the angular location of the rotary table to give 

an accuracy of within +1- 0.001". 

5.3.6 Other Sensor Equipment 

Other sensors were used to measure the shaft load, shaft speed, propeller submergence, 

and carriage speed. 
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Shaft loads were measured using an in-line dynamometer manufactured by Sensor 

Development Inc. that had a maximum thrust load rating of 890 N and maximum torque 

load rating of 110 Nm. The dynamometer had 100% overload capacity and maximum 

rotational speed of 20 rps. These two channels were also sampled at 5000 Hz. 

Shaft speed was measured by a tachometer built into the 3kW motor. The motor 

tachometer was calibrated using a laser tachometer. The motor was run through a series 

of settings and the rotational speed on the propeller side of the gearbox was measured 

using the laser tachometer. The settings for the correct motor speeds were then 

detennined. As the rotational speed was not expected to vary greatly in the ice it was 

sampled at 100 Hz to conserve memory space. 

Propeller submergence was measured using a potentiometer. in which the base unit was 

mounted to the carriage and the end of the wire was attached to the test frame holding the 

propeller boat. The zero value for this potentiometer was set at the point where the upper 

edge of the propeller circle just failed to break the surface of the water. Once set9 the 

vertical position of the test frame did not change and as such it was sampled at only 50 

Hz. 

Carriage speed was recorded from a tachometer built into the drive motors of the 

carriage. Carriage speed did not vary greatly during the propeller interaction event. It was 

sampled at 100 Hz as well. 
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In addition to the sensors, three above water cameras were used to record the ice milling 

event. These recorded each test looking from the bow, starboard side and directly above 

the propeller. 

5.3. 7 Test Matrix 

The foJiowing tables (Tables 5-l, S-2, and 5-3) describe the test matrix used to guide 

these experiments. In the ledgends charts pitches are defined from zero pitch, i.e. the 

design pitch is 31.300. All tests were perfonned at a shaft speed of 10 rps. Below the 

pitch designation for each test are two ice strength values. These are the compressive and 

flexural strengths respectively of the ice in kPa. The values stated are estimated by 

linearly interpolating between the two measured values nearest the test case. 

Table 5-1 Test matrix for sheet number 2 
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Table S-2 Test matrix for sheet number 3 
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Table 5-3 Test matrix for sheet number 4 ....... 
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5.3.8 Blade Preparation 

Blade pitch was fint verified to ensure the blades were all at the correct pitch for the 

particular set of tests. After placing each blade in the conect pitch selling the entire 
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propeller boat was lowered to its zero position and then raised out of the water and run 

through a series of shaft speeds from 8 rps to 14.5 rps in order to determine the frictional 

torque loads exerted on the system. These loads were then used as the zero loading 

offsets to determine the load exerted on the blade due to the ice and water. By performing 

these friction tests the centrifugal force exerted· on the blade dynamometer could also be 

removed from the measured loads. 

After completion of the friction run, the propeller was lowered into the water such that 

the blade would cut into the ice at the target depth. To ensure this depth was correct the 

propeller was slowly advanced into the ice sheet at slow rotational speed to prevent 

disturbing the ice and the resulting cut depth. 

5.3.9 Test Run 

Once blade submergence had been verified the test was ready to commence. The carriage 

was programmed to run for at least 3 seconds at the target constant speed. The data 

collection system was started and the propeller held at zero rps for 3 seconds to establish 

a baseline. The propeller speed was then increased to 10 rps and a bollard pull recorded 

for 3 seconds. The ballard pull result was used between runs to ensure the blade 

dynamometer was not drifting. After the ballard pull test, the carriage was staned and the 

propeller was run into the ice for the programmed distance. As soon as the carriage was 

stopped the data collection was stopped and the carriage backed off so that the actual cut 

depth could be examined. It was found that as the ice softened it became impossible to 
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measure cut depth after the test run as the ice path was totally destroyed. In these cases 

the measurement taken at the start of the run was taken as the cut depth. 

After all of the tests at a particular pitch were completed a friction test was run again. 

5.4 Results 

The following graphs, Figures 5-6 to S-8 show the maximum, mean and minimum values 

for thrust and torque coefficient at three pitches, 31.30°, 24.07°, and -20.93°. These are 

shown for a similar depth of cut of approximately 34 nun for the first two pitch settings 

and a depth of cut of 28 mm for the -20.93° pitch setting. The following three figures 

(Figure S-9 to 5-11) show the mean values for the remaining depths of cut at these same 

pitch settings. Four additional depths of cut are presented for the design pitch (31.30'). 

seven at the reduced pitch of 24.0-r», and three at the reverse pitch setting of -20.93°. (To 

maintain standard propeller coefficient convention, torque coefficient is multiplied by a 

factor of 10). 

Based on the thrust and torque coefficients, it was shown that in general as the depth of 

cut increases the additional shaft loading as a result of the ice is more pronounced on the 

torque than on thrust. This is shown in the graphs by comparing the average thrust and 

torque curves for both a low and high depth of cut to the open water curves for the same 

pitch setting. For example, in Figure S-9, at the design pitch and depth of cut of 20.5 mm 

the thrust coefficient is approximately 0.05 higher than the open water curve. Similarly, 

the 10 x torque coefficient curve for the same depth of cut is up to about 0.2 above the 
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open water curve. In the same figure at a depth of cut of 60.0 mm the thrust coefficient 

curve is up to 0.4 above the open water curve, while the 10 x torque coefficient curve is 

over 1.0 higher than the open water case. Similar results can be seen at the other pitch 

settings and cut depths. 

It was also found that the increase in loading on shaft loads occurred at progressively 

lower cut depths as the pitch was reduced from the design pitch. That is, conditions 

farther from the design conditions increase the amount of ice loading. For example, at the 

reverse pitch setting of -20.93°, Figure 5-11, the average thrust and torque coefficients are 

larger at the lowest cut depth of 8.0 mm than in the open water case. However, at a 

reduced pitch of 24.07° and a cut depth of 18.0 mm. Figure 5-10, thrust and torque 

coefficient curves are only marginally different from the open water values. At the design 

pitch of 31.30° and cut depth of 20.5 mm. Figure 5-9, these curves are slightly higher 

than those for open water, but not as much as in the reverse pitch of -20.93°. 

As the cut depth increased from open water to 60mm for the design pitch, shaft loading 

was observed to increase. At advance coefficients less than 0.3 this increase was less 

pronounced than at advance coefficients between 0.3 and 0.6. where the increase was 

seen to be on the order of the original open water thrust and torque values. As the 

advance coefficient increased beyond about 0.6 the thrust and torque values were seen to 

begin to drop quickly. 
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At the reduced pitch of 24.0-r>, the increase in thrust with advance ratio and cut depth 

seen in the design pitch data was observed (Figure 5-10), but was not as marked as in the 

design case. The torque load, however, did show the same near 2 times increase in load 

between advance coefficients of 0.2 and 0.5. The drop in shaft load observed above an 

advance coefficient of 0.6 in the design case was seen at a lower advance coefficient in 

the reduced case, staning at a value of around 0.5. 

Below the graphs for thnast and torque coefficients are two graphs that illustrate the effect 

of two different ice strengths, 29.7 kPa and 40.9 kPa flexural strength, on the thrust and 

torque coefficients. In the first, Figure 5-12(a), the effect of the depth of cut at a constant 

advance ratio of 0.3 is illustrated. It can be seen that at the lower cut depth the softer ice 

appears to cause more thnast load. At the higher ice strengths the torque is higher than at 

the lower ice strength. 

Figure 5-12(b) shows the effect of ice strength on the thrust and torque coefficients over a 

range of advance ratios. As noted previously, the thrust coefficient was influenced less by 

ice strength than the torque. This is shown in the percentage increase in thrust coefficient. 

The higher ice strength resulted in about a 10% increase in thrust at higher advance ratios 

(J > 0.4) where it appears to result in a nearly constant difference. In the same region the 

torque coefficient was approximately 30 to 50% higher. At lower advance ratios the 

thrust coefficient shows little change with change in ice strength, while the torque 

continues to increase significantly at the higher ice strength. 
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Following the results from the shaft dynamometer are a series of charts depicting the 

loads recorded by the blade dynamometer. The first three figures, Figure 5-13 to Figure 

5-15, illustrate the resultant blade loads as a result of ice milling for two complete blade 

cycles, at a pitch setting of 24.or. an advance coefficient of 0.2 and a depth of cut of 

34.0 nun. These loads include the hydrodynamic effects on the blade but have the 

centrifugal loads removed through the taring process. Mean open water loads for the 

same pitch setting and advance coefficient are also shown. The orientations of the blade 

loads are defined using the axis convention shown in Figure 54. 

The blade load results are seen to follow patterns similar to those calculated numerically 

by Doucet et al. ( 1998), where ice milling and hydrodynamic loads on several 

conventional. non-skewed. propellers were calculated. Uu et at. (2000) published results 

that show a decrease in both the thrust and torque experienced by the blade immediately 

before the blade contacted the ice feature. This was followed by a subsequent increase as 

a result of the ice interaction. A similar dip can be observed in both the thrust (negative 

X-Force) and torque (X-Moment) directions, Figure 5-13(a) and Figure 5-13(b) at a time 

of 0.09 seconds. While there was no method provided in these experiments to determine 

exactly when the instrumented blade entered the ice sheet, the similarity between the 

physical model results and numerical predictions lends credence to the assumption that 

the entry occurs at the point where the loads begin to inaease, i.e. at a time of 0.1 

seconds. Based on the shaft loads observed for this situation, Figure 5-7(a) and (b), the 

thrust and torque were both seen to increase above the open water value. This is also 

shown in the blade load data in that the x force and x moment see increases in load. Note 
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that an increase in thrust loading results in the value of x-force becoming more negative 

in the blade dynamometer loads as a result of the dynamometer axis orientation. 

Figures 5-16 to 5-18 show the maximum, mean and minimum thrust and torque 

coefficients experienced by the single blade. In this case the maximum and minimum 

loads are defined as the average of the top (bottom) 1% of the data points from five 

consecutive milling cycles, or approximately the highest (lowest) 25 points in a series of 

approximately 2500 data points. 

In Figures 5-16 to 5-18, blade thrust and torque coefficients are plotted as a function of 

advance ratio at the same pitch settings and cut depths as in the previously discussed 

shaft loads. These figures illustrate how the load experienced by a single blade is affected 

by the milling process, including the measured maximum and minimum loading. The 

following charts, Figures 5-19 to 5-21, show the mean blade loads observed for the other 

cut depths at these same blade pitches. Also included on all these chans are the mean 

open water curves divided by four to account for an individual blade. 

It is shown that as the depth of cut increases the mean as well as the maximum load 

experienced by _the blade increases from the open water load. For example~ at the design 

pitch and a depth of cut of 20.5 nun the mean thrust and torque coefficients were 

approximately 50% and 25% higher. respectively, than the corresponding open water 

values. At a depth of cut of 60mm these same values were approximately 100% and 

150% higher (Figure 5-19). 
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Figures 5-22 and Figure 5-23 show the minimum. mean and maximum individual blade 

results of thrust and torque coefficients plotted against the pitch angle for two depths of 

cut, mean depths of 17.6 mm and 31.0 mm, at advance coefficients of 0.2 and 0.3 

respectively. These charts illustrate the off design concerns discussed previously. In the 

off design conditions. such as reverse pitch. large percentage changes in open water loads 

occur at low advance ratios and depths of cuts. These same relative changes are not 

observed at pitch angles closer to the design pitch until the propeller is operated at higher 

advance ratios or deeper depths of cut. These charts also support the observed occurrence 

of m~imum loads, which can be several times greater than the open water or mean cycle 

loads. 

The final set of plots. Figures 5-24 to 5-29, shows the out of plane and in plane bending 

moments that were recorded about the base of the blade. In this case the blade plane is 

defined as the plane containing the root section pitch line (pitch angle of 42.3° when the 

blade is at the design pitch). 

When the mean value of the out of plane bending moment is calculated and compared to 

the open water curve for the design pitch, Figure 5-24(a), the load shows a moderate 

increase at low adv~ coefficient. However, for the same conditions the maximum 

observed out of plane bending moment is almost two times larger than the open water 

results. Similar trends are also seen in the plot of in plane bending moment, Figure 5-

24(b ), where the maximum loads have a magnitude that is approximately 2 to 4 times 

larger than the open water results. One noteworthy result that was observed is that while 
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the direction of the out of plane bending did not normally change from mean to 

maximum value. the maximum in plane bending moment in ice was often of different 

sign than that of the open water result. 

At reduced pitch the out of plane bending moment maximums were observed to decrease 

from those measured at the design pitch. For example. at the same nominal cut depth of 

approximately 34mm. the out of plane bending moment at 24.0'r, Figure 5-25(a), had a 

maximum of approximately 16Nm. At the design pitch, Figure 5-24(a), the maximum 

was observed to be approximately 25Nm. The maximum and mean in plane bending 

moments were observed to be approximately the same in both the design case and in the 

24.0'r case for the same depth of cut. 

For the -20.93° pitch, Figure 5-29(a) and (b) the mean out of plane bending moments 

were slightly lower than the open water situation. The in plane bending moment was 

larger than the open water case, but only marginally so. The minimums, Figure 5-26(a) 

and (b) were observed to be approximately 5 times the open water results. 

A summary of the maximum and minimum values for blade thrust, torque, and out of 

plane bending moment observed at each pitch is included in Table 5-4. The advance 

coefficient and depth of cut at which the maximum and minimum occuned are also 

included (in this table the depth of cut (h;) is measured in mm). For comparison the mean 

open water ballard values are also included. 
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Table 5-4 Maximum and minimum blade load table 

S..Lolld 
PiletiM ThiWI(I II l Out cf Plane BM (Nm) 

C1N Mall Min aN Max Min aN Mu Min 
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J.0.3, J..0.3. 
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5.5 Conclusions 

The results from a series of model propeller ice interaction tests have been presented. 

These detail the results from both a shaft dynamometer measuring shaft thrust and torque 

and a blade dynamometer measuring six components of load on an individual blade 

during the ice milling process. Using a highly skewed model propeller the thrust and 

torque loads were measured as the blade milled into a sheet of model ice at various pitch 

settings and depths of cut. The loads on the blade were observed to increase as a result of 

the propeller milling into the ice sheet. 

The maximum thrust and torque loads on an individual blade, as well as the out of plane 

bending moment, were observed to reach values equal to or greater than the total 

propeller open water values in cenain ice milling conditions. For example the maximum 

out of plane bending moment for an individual blade in the design condition was 

53.22Nm while the ballard pull value for the same pitch was 8.40Nm. Maximum blade 
. 

thrust in the design condition reached 338.2N as well, which was greater than the total 
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propeller design pitch ballard pull value of 331.2N (82.8N per blade). The cyclic nature 

of this extreme load on each blade (once per propeller revolution) indicates that 

allowances for fatigue should figure prominently in the design of propellers and 

propulsion systems used in ice navigation. 

5.6 Acknowledgements 

This research was funded primarily through a joint project between Transport Canada. 

Uoyd's Register, and the National Research Council Canada. The first author 

acknowledges with gratitude the financial support of the Natural Sciences and 

Engineering Research Council (Canada) and the Government of Newfoundland & 

Labrador. 

Thanks are due to the people from Oceanic Consulting Corporation, An Bowker Inc, and 

Memorial University's Technical Services Department for their help in the experimental 

work. Special thanks are extended to the ice tank crew at IMD for their assistance in 

conducting the experiments. Finally, we acknowledge the valuable contribution that Mr. 

John Bell and Mr. Ed Kennedy made to the research, panicularly their role in the blade 

dynamometer design, fabrication and calibration. 

5. 7 References 

Bose, N., Veitch, B. and Doucet, M. 1998. A design approach for ice class propellers. 
Transactions, Society of Naval Architects and Marine Engineers, Vol. 106. 

Doucet. J.M., Bose, N., and Veitch, B. 1999. Selection of scantlings for an ice class 
propeller: A case study for the MV lkllluk. Proceedings, Offshore Meclumics and 
Arctic Engineering, American Society of Mechanical Engineers, 8 pp. 

84 



Doucet, J.M., Liu, P .• Bose, N .• and Veitch. B. 1998. Numerical prediction of ice-induced 
loads on ice-class screw propellers using a synthesized contact/hydrodynamic code, 
Ocean Engineering Research Centre Report No. OERC-1998-004. 

Jones. SJ. 1987. Ice tank Test Procedures at the Institute for Marine Dynamics. Institute 
for Marine Dynamics Repon No. LM-A VR-20. 

Katsman. F.M .• and Andruishin. A.V. 1997, Strength Rates for Blades as Intended/or the 
Propellers of Ice Breakers and lee Ships, Russian Maritime Register of Shipping. 

Koskinen. P .• Jussila, M. and Soininen. H., 1996, Propeller Ice Loads Models, Technical 
Research Centre of Finland, Research Notes 1739. 

Liu, P .• Doucet. M., Veitch, B .• Robbins, I., and Bose, N. 2000. Numerical prediction of 
ice induced hydrodynamic loads on propellers due to blockage. Oceanic 
Engineering International, Vo1.4, No.I, pp.Jl-38. 

Searle, S., Veitch. B., and Bose, N., 1999, Ice-Class Propeller Perfonnance in Extreme 
Conditions, Transactions, Society of Naval Architects and Marine Engineers Vol 
107. 

Timco, G.W. 1986. EG/AD/S: A New Type of Model Ice for Refrigerated Towing Tanks. 
Cold Regions Science and Technology. Vol. 12: pages 175-195. 

85 



5.8 Figures 

l 
1 I :: ::::::: ::·--~- ·- --~ 
I ! "' f ·--., 

.; 0.2 r 1--.: ... , ... . ....... ~ 
oi'-ON 

0 0.2 0.4 0 .6 0.8 
~ CO.ttlclent (•) 

Figure 5-6 a) KT- t/) = 31.30°- h; = 34.0 mm 

- 0.8 f 
1 ,.:_. 0.6 -c .. l! 0.4 

• B o.2 -• ~ 
~ 0 ... 

IC 1 • lllduced (24.07,. ft 1 (M.0111111) 

&. 

~Avo 
.. .Q ..... ifl ............ . 
-ow ·-

·0.2 '-----------'--------
0 02 OA 0~ 

Adwanct Cotttlcltfti(-J 

Figure 5-7 a) Kr- 4J = 24.or - h; = 34.0 mm 

K,·-•ne<-...,·111 (a.Dmm) 
or -

:I: -o.1 ~-- - Q. 
•• • •• • • •Ct. ••• • •• • ·G 

~~r---~~~~~d~-----
! -o.:s . • • 

i .0.4 

! .0.5 

. . :.~---··· - . 

·----~·:·•· . ·1--···--1 ........ 
-ON 

-o.e '-----------_...;====--
-o.4 .0.3 .0.2 .0.1 0 

........ COittlcllllt (·) 

Figure 5-8 a)Kr- ,Z, = -20.93°- h; = 28.0 mm 

86 

IC 0 ·DNign(31.3Cr)·ll, (34.0mm) 

:I: 1.6 ll I u [ A- ••• ···-6··· ....... 

I o.a 

· .... 
'•A. 

! 0.4 t~~~o _ • .. ...... MIJI 
!! -ON 

0 . 

0 ~2 Q4 Q6 QB 
AdWn• CO.Hiclenl (·) 

b)Ka- 4J = 31.30°- h; = 34.0 mm 

' 
i 0.8 [ .. 
.II 
~ 0.6 
0 
u 
: 0.4 , 
; 
~ 0.2 

IC 0 • Rtductel (24.~ • ft 1 (M.O M •) 

... -~·- ..... ·. 
A- ~ ···tJ.'. -~ 

~Av 
- ... g ..... ift . ......... . 
-ow 0 - o L....:::==:=:::_ ______ _ 

0 0.2 0.4 0.6 
AdYiftCI Cotttlcltnl (-) 

b )Ka- t/) = 24.0r - h; = 34.0 mm 

- o.;.~. ~ ---~ ........ o 

·----..... -----
. .6 

·1 ~--~~~--~--~-~--~-~---- --·--~--~ 
.0.4 .0.3 ..Q.2 -o.t 0 All•• coemca.ne E-1 

b)Ka- ,z, = -20.93°- h; = 28.0 mm 



I lleen K, • O.elgn Pllctl431 . .., 

I 

I:::: 0.8 • I .a. 
X c 

J = 
! 
ii :a 

I 
0.8 

0.4 

a a t. 
·a-

a 

a 0.2 I 
o 20.5nm 
a 43nm 
A 46nm 
x 60nm 

-CIN 
0 ~--------~------------~---

0 0.2 0.4 0.8 0.8 
AdWftal Coefficient(·) 

Figure 5-9 a)Kr- tiJ = 31.30°- Range of h; 

o.s r 
:::: 0.4 

c 
:1 0.3 = • 0 
~ 0.2 
• :1 

~ .... 0.1 

0 
0 

llun K, • Rld•c•d 424.07., + . . . . 
t. )( 

• 
o 8mm 
c t8mm 
t. 20mm 
o 28mm 
x 40 mm 
ll 41.6 mm 
+ Stmm 

-ow 

+ 
)( 

0.2 0.4 

+ 

At1v1nce Coettlcltnt (-) 
0.6 

Figure 5-10 a)Kr- 4' = 24.0-r>- Range of h; 

-c .. 
;! 

• 0 
u -• :a .. 
& .... 

0 

·0.1 

·0.2 

II lift I( T • .... ., .. (•20.JPt 

0 oa 
A t. D 

o amm 
a 16mm 
A 24.51Mt . 

-ow 

·0.3 L...-----------........ -----------' 
·0.4 ·0.3 ·0.2 ·0.1 0 

Advance Cotttlcllnl[-1 

Figure 5-11 a)Kr- ,Z, = -20.93°- Range of h; 

87 

:::: 2 
c ,1.8 
! 1.2 

I ! 0.8 

• 0.4 
0 ... 

0 

lleen K 0 • Dlaign Pilch (31_.., 

• ! 

! c 
a D a 

a 

0.2 0.4 0.6 0.8 
Addi'ICII Coefficient [·I 

b )KQ - tiJ = 31.30° - Range of h; 

= 0.8 c .. 
.!l = 0.6 • 0 
u 
: 0.4 .. 
; .... 
• 0.2 
~ 

lie an K 0 • Rltluced (24.07., 

+ + 
)( X X . .. 

A 
0 . 

o amm c llmm 
A 20 mm o 21 mm 
x 40 mm x 41.6 "'"1 
+ Stmm -ow 

+ + 
)( 

0 ~====c=======~--~---
0 0.2 0.4 0.6 

Adwuce Coeftlcltnt [-1 

b)Ka- tiJ = 24.07°- Range of h; 

Mean K 0 • Rewerae (•20.tS., 

= 0 r 
I -0.2 r · ~ ~&":'m J 

! .... 0 

. 1;1 . 

o A 

c 
6 . 

·0.8 '-----~--------........_ ___ ___. 
·0.4 ·0.3 ·0.2 ·0.1 0 

Adw1nce Cotfflcllnt H 

b )Ka - 4' = -20.93° - Range of h; 



Ice Strength Bfect1 .. J • 0.3 

f 

~ ::: f ::~· -:··· · · · : 
i 0.4 r , .! • ... 

__.,_Kt29.7 kPa 
~ 0 .2 r --o--Kq 29.7 kPI 

• Kt40.9 kPI 
O .. -•· • • Kq 40.9 kPI 

111.0 211.0 31.0 41.0 

Cut O.pth (mm) 

Figure 5-12 a) Effect of Ice Strength vs. Cut Depth 

-.: r 
.:.. I 

• ! o.e .. 
c :!: 0.4 

.. 0.2 

Ice Strlnttlll BleCtl• 11 1 - 40.1111 Ill 

•.... ·~ .... .... ·•-.. 

.. ·•-.. 
r---~--:K:::-1-=-:29::-::. 7:-:-11=-Pa..., 
___.,_ICq 29.7 kPa . 
. .... • • ICI 40.9 kPI 
•• · •·. • Kq 40.9 IIPa 

·- . . ..• 

ol.:=::=====-------------' 
0.15 0.25 0.35 0.45 0.55 0.15 

Adw1nco Cooftlcont (·J 

Figure 5-12 b) Effect oflce Strength vs. Advance Coefficient 

88 



X ..... Force (...,. 'hruet) w Tillie x ..... Moment (llalft Torque) w Tlll'le 

~ ~ 

!: .«) 

) .., 
·120 

·180 
0.00 0.05 0.10 0.15 

Tillie (a) 

Figure 5-13 a) X-Force on Individual Blade 

60 

-100 

·140 
0.00 

I 

0.05 0.10 0.15 

111M l•J ~ 
Figure 5-14 a) Y-Fon::e on Individual Blade 

z ..... ,.,_ w Tlnle 

80 

.. 1=-:~ . 

-80'--------------'-----" 
0.00 0.05 0.10 0.15 

Tillie l•J 

Figure 5-15 a) Z-Fon::e on Individual Blade 

2 

0 ~--~----------~------
0.00 0.05 0.10 0.15 

Time (a) 

b) X-Moment on Individual Blade 

,. ..... Moment w Time I 
i 

·2 

I 
-I 

! 
·14 ~=======__.__ _____ _____ 

0.00 0.05 0.10 0.15 0 
Time 1•1 

b) Y-Moment on Individual Blade 

z ..... Moment(....,.... Torque) w Time 

3 

2 

-1 

·2 .___ __ __, ___ _.._ ___ ___.. __ __. 

0.00 0.05 0.10 0.15 
Tllne I•J 

b) Z-Moment on Individual Blade 

89 



IC- -Dielgn(I1.3Qit)·lt1 aM.Oiftlft 

::::::0.6 r~~~~ . 
- ~ 1 0.4 r -ON . _ . .... _ 

! f a· ..• · · -a· 
~ ... 0.2 -a ·A· •·6- . 
: ~ I ~ 
~ 0 I o-: ... .. g ••• a::: ----=-···-o .. 

••••• :Q 

0 0.2 0.4 0.8 0.8 
~ co.n~aent [·J 

1.2 -.:. 
c 
1 o.a 

! 

"-- -a .. lgn (31..., -It 1 • M.O "'"' 

· . . . 
··a 

! r:t ._ _______________ _ 
0 0.2 0.4 0.6 0.8 
~ Coeffk*nt (·J 

Figure 5-16 a)KTBIIIIlr- t/J = 31.30°- h; = 34.0 mm b)KQBladr- t/J = 31.30°- h; = 34.0 mm 

IC ... • Alduced (24.07., • II 1 • M.O ,. M IC- - Redllced (24.07., • II 1 • M.O 111"' 

0.4 

... .. -····· . . · ............. ~ c .. 0.2 
.!1 = • .. a • ·a- ... .. . . 
Cll 
u -• :II 

~ ... 
0 

... 
o • ... o •.. . o ••• ·Q. • •• -o 

··o. .. ............ .. I':-::::::~~;, -ow 
-0.2 '--=====---___. ____ _ 

0 0.2 0.4 0.6 
ldftllCt Cotftlcllftt [-) 

Figure 5-17 a)KTBIDM- t/J = 24.<rr»- h; = 34.0 mm 

IC- ·RIWrM(•21.17-)·It1 a2&01ftm 
0.1 

::: 
~ 0 

I r------~---------~-----= a .0.1 

J-o.2 I ~ -· ... 
~---··" .0· . - · 

.0..3 ...__ __ ......_ ________ ~ 

.0.4 .().3 -G.2 -o.. 1 0 

~C.fflclent[•] 

0.8 - . - I __._,.y 
.:. ·- .o. --Min 
c I ---a·- ·M•• _. o.s r -ow 
Jl I = I . .a· ! 0.4 ~ .. .. 

.· 
4' 

••• .& : I 

~~f· 0.2

0 

I.__-_·--~--_....;._ __ _...:~~..:;.:..;:A;....·· _ _ _ 
~ ............. : ..........___. 

0 .. • • .0.. • . G. :::Z · ·o·· · · . . _ ... . a· · ·· 
0 0.2 0.4 0.6 

Advtnce Coelllcllnt [·) 

b )KQBltMir - t/J = 24.0-r> - II; = 34.0 mm 

IC- ·Riwrae(•...,·lt~•J&O•m 

0.2 r . ::: 
0 i . 

A- ....... ·• 0 ••• ····6 c 
I = a -G.2 

I 
! .0.4 
• 0 -

:o· 
0. ••••• •• · 0 .. •. -o.e .__ _____________ __. 

..0.4 ..0.3 .().2 .0.1 0 
~COefficient(·] 

Figwe 5-18 a)K'Tlllllb- 1/J = -20.93°- h; = 28.0 mm b)Ka~J~tM~r- t/1 = -20.93°- h; = 34.0 nun 

90 



I ···"-····-·'"-

:;: ... f : I ~ 
c 
I 

0 
a 

~ 0.1 -i !.l.!~ ~ ~=I 
0.0 t...=============:::..... __ __ 

0.0 0.2 0.4 0.6 
Ad¥Mce Coetncient (·) 

0.8 

Figure 5-19 a) KTB/ad~- 4> = 31.30°- Range of h; 

llo•IC-.. vs . .J, Ncftal'l_.. 

0.6 " 

c 
I: 8 a 
I 0.4 r .. z 

ll 
0 
·a 

~ 0 ! 0.2 r:-. ________ o __ _ 

• 
a 

a • 
~ [II: ~:: 
- o.o L_ ==============------

0.0 0.2 0.4 0.6 0.8 
........ Coefllclent (·) 

b) Kashllk - 4> = 31.30° - Range of h; 

l llo1n IC ,._ ••· J, Pltcll • 24.111- I .-----.. -.-... -IC-_..--•• - .-J-, -,"-c-,.-.-2-4.-07-.----, 

0.15 r 6 -. -c .. 0.10 
.It = • 0 
u 
: 0.05 h--o----:8:-mm---a-~---. 
~ o 20 mm z 
':! 6 40mm x ---ow a 

0.00 l!:::::=:::::::s========--~ 
0.0 0.2 0.4 0.6 

Aclnace Coofflcllnt [·) 

= I j 0.2 ~ 

• I 0 

X 

I 
0 

0 

X 

6 

• ' 

)( 

6 
)( 

)( 

~ i----
: 0.1 .,. 
0 .... 
• 
~ 

a.o 

o 8mm 
o 20 mm 
6 40mm 

-ow 

a 
ll 
X 

0.2 0.4 0.1 
Advance CooHicllnt [-J 

Figure 5-20 a) KTBIDd~- 4> = 24.0'P- Range of h; b) Kas~~~M- 4> = 24.0'P- Range of h; 

..... I(- ... J. ..... • .... .. ... If_.. ... J, Pllcll• ..... 

• 

0.00 r 
z -

o lnm 
o 1emn 
o 24.5m 

---ON I ~ 
~ .0.05 r-r ~- "-:""'. ~- - ""-!'. ---·8....;...· ...;.,.,;..,.;· ·...;_ 

e ~" D 

~ I .0.10 ~.......-__________ ___ 
0 

.0.3 .0.2 .0.1 0.0 
Ad¥Mce eo....-.. [·) 

Figure 5-21 a)KTllllltk - 4> = -20.93° -Range of h; 

91 

o.1 r -

I ~-1 
!~,r-. -. ~~~.~~~~~----
: Q o 1 nm a 18 ""' ,. 
.,. o 24.5 mn -ON . 

.0.2 L..---========:::::..-

0 

.0.3 .0.2 .0.1 0.0 
u.- Clllfllclent (·) 



K-.. VI. P, olrr42, ll 1•17.1mm I I(-.. VII. P, J~ II 1•17.1mtn I 
0.3 

I 
0.81 "':"" -::: 0.2 A - A c 

::1 - :r; 

I 
I A c A .. 0.1 I · :r; 

i! • 0 ! I 
! 0 A 

I • 
.. : 1 

- A 
l 0 

:a 0 i ·0.1 61<TMix 
- C) .,. 

I lt.KOMD I ~ 

~ eKTMMn ~ leKQ,.._ 
,~ .0.2 0 . oKTMn • . ;~~~ ZI<TON 0 

I 
p 0 

-o.3 ·0.4 

I 
·30 ·15 0 15 30 

I 
·30 ·15 0 15 30 

Plcl'l Ang• M PltciiAni•M 

Figure 5-22 a)KTBttMk vs. t/J {17.6 mm Mean Cut) b)KasttUJ, vs. t/J (17.6 mm Mean Cut) 

I 

I .3

1 

K-.. VII. P, olrJJIU, It 1-31Jimm K-.. VI. P, .1.0.3, It ,.:n.amm 

A 0.1, 

I~ 0.2 

A ::::: A KOMD .A ,t._ - 0.8 • KQMNn • • c 

I 
0 KQMn 

IC 
I · 

:r; 0.4 :r;KQON :1 0.1 0 I ~ 6 :r; a ! 0.2 I 

! 0 • 0 

• I 0 A :r; • -..0.1 • 61<TMix ! .0.2 
I • :a •KTMMn a ..().2 0 I<TMn 

:r; I<TON • ..().4 

I 0 

-o.3 I 0 

I 
p 0 

I 
-o.e 

I ·30 ·15 0 15 30 ·30 ·15 0 15 30 
Plc:hAngleM Pltctl Angle [, 

Figure 5-23 a)KTBIDd, vs. t/J (31.0 mm Mean Cut) b)KQsbk vs. t/) (31.0 rnm Mean Cut) 

• 

92 



OOP811 • Dlelgn (31.301) • It 1 • 34.0 nun •u · Dlalgn (31.30") - It 1 • 34.0 nun 

30 

! 
20 I 

I 10 

0 j a 

.•.... . .· ... ~ ... ·. 
•.. • ._ -··--••.• . . ·a 

, . 2 . , 
I 

ol :::.::~~--~ ·· ..... 0 _ 

... o •.. a.tri ' 
···•···~ ·o .• • .a 
-aN 

! .. 
I o 

I 
5 :t '-_0_·_· _· ·_··_·_4_-_· ·_0_· ·_·_· ·_·_-.o __ ._·_· _· ·_. ·_"_ 

A. • •• A· •• ·A 
• • • .A ••••••• ·•·.-----:---. 

··-.,..·· ~ .........._•val I •• . o •.• a.tn • 

! 
........ ~, 
.-CINt 

0 0.2 o.• o.6 o.e 0 0.2 0.4 0.6 0.8 
AdnMe Coetfldent [·) Addnce Coefflctant (·) 

Figure 5-24 a) OOPBM- tP = 31.30° -h; =34.0 mm b) IPBM- t/J = 31.30°- h;=34.0 mm 

OOPIII ·Reduced (24.07., ·It 1 • M.O • M IPIII ·Reduced (24.07., ·It 1 • M.O 111111 

ro ~ 

15 

! 10 
I 
: 5 

l. 0 
0 

.•··. ·•·· -· A. .· -
A· ••• ,;' .. ~ . :. : ... 

o .. . -o ..• -o. .o ..•. o •.. ·0 ... -·· ~ ·5 [ 

·10 '--------------
0 0.2 0.4 0.6 

AdWince Coefficl .. t H 

10 

i 0 
I 
: ·10 .. 
~ 

.s ·20 

·30 
0 

••. 4.-. 
a----•···· -.\' ··a- ....... --4 -- ~. 

.• •• o .. 
Q •••• Q •••• ..Q •••• Q •••• .o· 
~A!G 
.. . o •• ·Min 
. -·•· ...... -ow 

0.2 0.4 0.6 
Adw1nce CHfflcllnt (-] 

Figure S-25 a) OOPBM- tP = 24.0'r -h;=34.0 mm b) IPBM- tP = 24.0'r- h;=34.0 mm 

001'., - fllwrM NILIP) • 11 1 • ao mm 

22 

- ,. 
l , .. 
I 110 
'I I 

- A •• : 

··.6,... :, 

1~-::t .. ........... 
_-ON _ _ -

. ·-~ 

a 2 ~ ......... --------....;...;...---------
~~~---~-o--_·_··_-_ .. _._.o_ .. _._··_·_··-·0_. ___ __ 

-o.ot -o.3 .0.2 -o., 0 

..... Coetfllienl(•) 

•• ·fllwrH(•aaP)·It, •almm 

4 r . 
2 ~ . 

I o ~ . 

a ... 
. .• · . . . ... -· • . .. "·6 . 

I .zr---~--------------~-~~--J_.. 
.s 

~ '-----------------~ 
..CJ.4 0 

Figure S-26 a) OOPBM- tP =-20.93°-h;=28.0 mm b) IPBM- tP = -20.93°- h;=28.0 mm 

93 



OOI'IJII va J • Dlalln (31.-, 

15 

-! Jt Jt Jt 
6 6 a 

I 10 . i§ . c .A -
c 

'I 
.____ 

0 a 
Q c 6 

0 0 "1j 0 s 

a I o 20.5 ""' a anm I 
6 48""' 

-ON 
Jt 60""' 

oe===========~----
0 0.2 0 .4 0.6 0 .8 

Adv8Ma Coefficient [·J 

Figure 5-27 a) OOPBM- t/J = 31.30°-Range of h; 

001'1111 va J • AldUCIH (24.CPt 

10 

! I : ~= ! H.g: I 
X 51 nm -aN

1 ""l 
I 

I 5 

0 

0 ' _f : X 
)( . . 

f 0 

a -
0 

0 0.2 0.4 0.6 0.8 
...... Coeftlcleftl (·) 

Figure 5-28 a)OOPBM- f/J = 24.07°-Range of h; 

! 3 ~. 
I 

001'., va J • RtwrM (·JD.II'I) 

I ~ 8 nm a t6 mn I 
... 24.5nm-aN 

• J 2 

w ~-----------------------

& :r~_· _- _-_-__ --- ~- -- --0----~----------~ 
.0.3 .0.2 .0.1 0 

~Coefficient(·) 

Figure 5-29 a)OOPBM- f/J = -20.93° -Range of h; 

94 

! 
I 

J 
.E 

! 

o r 
I 

,., - J ....... (31.3P) 

0 

a a 

-t 0 

·S ~------------------------
0 0.2 0.4 0 .6 0 .8 

AdYMCe Coefficient [•) 

b) IPBM- t/J = 31.30° - Range of h; 

0 r 

I ·2 

J 
Ji 

o amn 
1 

o 20nm 
. • 40""' 
I )( 51 nm 
I d ... ..._ _ ____. ________ _ 
0 0.2 0.4 0.6 0.8 

Advenclt Coefficient (·) 

b) IPBM- t/J = 24.0~- Range of h; 

0 

•• va.J-Rtwr .. (•2D.Ir) 

.... 0 

. .. 
o amn a 18 nm 1 
6 24.5""' -aN . 

·3~--------------------------~ 
.0.3 0 

b) IPBM- t/J = -20.93°- Range of h; 



Cbapter6 

Summary 

Damage to the propulsion systems of vessels due to navigation in ice can lead to serious 

risk to personnel and property. In an attempt to limit these risks, regulations such as the 

Finnish-Swedish Ice Class Rules and the Canadian Arctic Shipping Pollution Prevention 

Regulations set rules governing the design of propulsion systems used in ice. Most 

current ice class propeller design rules are based on the value of an ice torque dependent 

on the vessel's ice class. These ice torques and subsequent propeller design parameters 

have been developed and verified based on experience with conventional propeller 

geometry, i.e. low-skewed and low-rake designs, both with and without ducts. 

Consequently, use of these rules for highly skewed designs is not entirely accurate. 

However, highly skewed propellers have become common on some ice class passenger 

ferries, cruise ships and other vessels due to their low vibration and noise characteristics 

in open water. 

This research has been completed to improve the understanding of highly skewed 

propellers behavior in ice. To accomplish this a series of model tests was completed 

comprised of various operating conditions for the controllable pitch propeller being 

modeled. The loads experienced by both the total propeller and the loads on an individual 

blade were recorded and examined. 
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In addition to the propeller-ice interaction tests, a series of model compression tests was 

conducted. The results from this series of tests presented a failure pattern dependent on 

the strain rate that can be used to estimate the compressive strength experienced by the 

propeller during the milling process. This strength, when combined with the geometric 

scale of the propeller, can be used to scale loads to the full scale propeller. This was not 

attempted in this thesis, however. 

After performing the series of compression tests on EG/ AD/S ice at three temperatures 

and a range of strain rates it has been concluded that EG/AD/S ice behaves in a manner 

similar to that of real fresh and salt water ice. That is, the model ice displays creep at the 

lower strain rates (below approximately 10"3 s·1
), which proceeds to shear plane failure as 

the strain rctte inaeases (between approximately 10"3 s·• and 10° s"1
). lncteasing the strain 

rate above 10° s·• causes the model ice to fail brittlely at an elevated peak stress as 

observed in polycrystalline fresh water ice and Baltic Sea ice. As expected the model ice 

became stronger as the temperature decteased. 

Various operating conditions were investigated for the highly skewed propeller model, 

including four pitch settings. multiple advance ratios, and multiple depths of cut into the 

ice sheet. In addition to these controlled variables, the strength of the ice sheet varied 

over the course of testing as a result of the tempering process. After analyzing the results 

from all the tests the following conclusions have been drawn. 
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The maximum observed shaft thrust and torque loads occur during ice milling at the 

design pitch. The magnitude of these maximum loads was, in some cases, more than 

twice the propeller open water loads. In addition to the shaft loads experienced during the 

ice milling tests the loads measured on one instrumented blade also show relevant results. 

During the ice milling the individual blade experienced thrust loads approximately equal 

the open water ballard load recorded by the total propeller. The maximum thrust 

coefficient experienced by the individual blade was approximately 0.65, which 

corresponds to an individual blade thrust of approximately 340 N, or approximately equal 

the total open water ballard thrust for the same pitch setting. Blade torque loads were 

observed to be up to approximately 30 Nm, or twice the total open water bollard load. 

Similarly the maximum out of plane bending moment experienced by the blade during 

ice milling was approximately 55 Nm. The corresponding maximum open water value 

was lONm. 

At advance coefficients below 0.5 at the design pitch, the thrust and out of plane bending 

moment experienced a continual increase in load. These loads were in the direction for 

which the blade is designed to withstand its maximum load and as such should pose little 

risk. However9 at advance ratios greater than 0.5 both the thrust and out of plane bending 

moment experienced a drop in load which continue on to the highest advance coefficient 

tested of 0.8. As this drop in load continued the out of plane bending moment became 

more negative. That is, ice loading is experienced more on the suction side of the blade, a 

situation that is of concern for two reasons. The first reason is propellers have been 

known to suffer more ice damage by being bent backwards, or the negative out of plane 
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direction. This is likely due to being designed for maximum loads in the forward ship 

direction, i.e. forward bending moment. Secondly, in highly skewed propellers the tip of 

the propeller is susceptible to suction side load deformation as illustrated in Figure 6-1 (a) 

and (b). In this figure pressure side.loading (Figure 6-1 (a)) can be seen to act to bend the 

blade into the stronger part of the blade section. Figure 6-1 (b), shows how the suction 

side loading causes the blade section to deflect inward, a situation where the load can 

deform or even fail the blade as observed by Searle et al. ( 1999a) on both a model and 

full scale propeller. 

Q) b) 

Figure 6-1 Dlustration of Tip Loading 

To prevent loads from reaching this negative thrust and out of plane bending moment 

conditions, and thus prevent the possibility of damage caused by such, it is advisable to 

operate the propeller at advance coefficients of less than 0.6 in ice covered waters. In the 

case of this propeller, operation at the design condition (point of highest efficiency at the 
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design pitch) would result in an advance coefficient of approximately 1.0. To drop this 

advance coefficient would require decreasing the ship speed by reducing the pitch on the 

blades and/or increasing the shaft rotational speed. Since increasing the shaft speed 

would normally result in increased thrust this would be counter productive. As such, 

operating the propeller at a reduced pitch in ice covered waters would be one possible 

solution. 

When testing at the reduced pitch of 24.0~ and advance ratios greater than 0.6. the 

propeller experienced a drop in thrust and out of plane bending moment similar to that 

observed at the design pitch. However, the peak open water efficiency observed for this 

pitch condition occurred at an advance coefficient of approximately 0.8. It would 

therefore be possible to operate the propeller at its peak efficiency for this reduced pitch 

condition without as much risk of damaging the propeller blades. The trade off in this 

situation is the increased transit time from operating at a reduced pitch and subsequently 

reduced thrust coefficient, (at peak efficiency for the design pitch the thrust coefficient is 

0.2 while at the reduced pitch of 24.0~ it is only approximately 0.13). However, this 

trade off may be justifiable if it prevents the damage or loss of an expensive highly 

skewed propeller blade. 

A second option to reduce the risk of damage to the relatively weak tips of highly skewed 

propellers would be a limit on the amount of skewed pennitted in propellers for ice class 

vessels. By limiting the skew the section thickness at the blade tip can be increasecl. 

without major hydrodynamic penalties. thus reducing the possibility of damage. 
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The results published here describe the first time individual blade load measurements of a 

highly skewed propeller model in ice were perfonned. Based on these tests it was 

concluded that during the ice milling event an individual blade experiences loads 

comparable in magnitude to the total propeller in open water. The out of plane direction 

of these loads at higher advance ratios results in loading that could result in tip and blade 

damage to the highly skewed blades. Based on these observations it is concluded that 

operation of highly skewed propellers for ice navigation should be at reduced speed. or 

limited to less extremely skewed designs. 
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Appendix I - Propeller Blade Geometry 
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Appendix D- EG/AD/S Compression Test Error Analysis 
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T bl ll 1 Erro A al . OfEG/AD/S C a e - r n lYSIS OM1 resston T ests 

I s-:re'!- :~· 
T1 rz W1 W2 L. v• HIP w A ~ P5 

0.019 0.019 0.011 0 .011 0.002 0.016 0.014 0.027 0.015 0.031 0.016 0.034 
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Error~ For EGIADIS Ice Compt 111ion T_.. 

Form..,. 
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...... 
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High as a result of ..rtace variation. 

sn:. tte widlh wu machNd ila IUrface variation ia aJIPKtiiCf to be cloM 1D uniform 
'T'herebe the varialan wu not a..., u wtl'lthelhidulftS. 
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.......... Length wa n-..,.. with a IIMf ruler wilt 1 mn divilions 
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1.5180 I'I'II"IVa 

15.1800 """'• 

0.0100 
0.0100 
0.0100 
0.0100 

0.0127 
0.0243 
0.0032 
0.0486 

1% of ClOSe hHd 8PMd bued on 
F8CIOfY Calbratlon Specific:ation. 

Enor ia baed an c.llbfaiOI• enor in lw ~cella tor 1M two lower....,. ratn. 
AI lw Nghest a1rU'I raae a dynamk: .n.ctln 1M aysf8m is oblelwd. The platen begins tD 
,._. prtar tD rMCNng fall ta1ure toed. It is otlleNed that at w. speec1 tw pea lo.tia 
likely to be between 10 and 100% of 1te 18C01ded pea toad. Giving an enor of -30% 

Enor in lolld cella 
4.6E-o7 1./s +I· Ratio 0.0100 
4.8E-03 1/a +1- RatiO 0.0100 
4.8E.Q1 1/a +I- Ado 0.0100 

4.8E+CIO 1/a +1- Ado 0.0100 

[)ynlmic Vartalon • Ratio 0.4000 AI highest Str111n ra• only. 

Totll Biu Enar 
4.1E-o7 1/a +1- RatiO 0.0100 
4.1E-G3 1/a +I· Ado 0.0100 
4.8E.01 1/a +I· RatiO 0.0100 

4.1E+CIO 1/s +I· RatiO 0.4001 

108 



Appendix m- PropeUer-lce Interaction Test Error Analysis 
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Error Analysis For Pfatleller tee Miling Tests 
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Appendix VI - Blade Bending Moments versus Advance 

Coefficient Charts 
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Figure VI-7 a)OOPBM: 1/J = 24.0r - h; = 18.0 mm b)IPBM: f/J = 24.0r- h; = 18.0 mm 
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Figure VI-16 a)OOPBM: t/J = 16.03°- h; = 23.0 mm b)IPBM: (/) = 16.03°- h; = 23.0 mm 
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Figure VI-18 a)OOPBM: t/J = -20.9r- h; = 16.0 mm b)IPBM: 4' = -20.9r- h; = 16.0 mm 
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