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ASSTRACT 

Ships operating in ice in Canadian waters normally use open or ducted marine 

screw propders for propulsion. The operation of the vessel in an ice cover. especially 

during icebreaking operations, often results in the submergence of broken ice pieces at the 

bow. and along the length, of the vessel. As the vessel moves through the ice field. the 

propeller approaches the submerged piece or pieces of ice and contact or non-contact 

interference between the ice and the propeller occurs. 

This work examines the effects of blockage and cavitation on the hydrodynamic 

loads associated with non-contact propeller ice interaction. A series of experiments were 

done in medium sized cavitation tunnels with two 200 mm open propeller models and two 

200 mm ducted propeller models. Tests were also conducted in a towing tank with one of 

the open propellers. The tests were conducted in uniform flow and in blocked flow using 

simulated ice blockages installed upstream of the propeller. Measurements were made of 

mean and instantaneous propeller thrust and torque, duct thrust in uniform flow, block 

drag load and blade pass pressure on the face of the block adjacent to the propeller. 

Effects of blockage. cavitation and proximity of the ice piece were examined. 

Blockage of a propeller resulted in increased mean levels of thrust and torque over 

uniform flow values. Furthermore the blockage increased the oscillation of the loads 

about their mean. Cavitation reduced the mean loads associated with blockage but W e r  

increased oscillation about the mean. The development of severe sheet and cloud 

cavitation posed the risk of both fatigue and erosion to the propeller. 
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I. 1 Backaround 

Ships operating in ice covered Canadian waters normally use marine screw 

propellers for propulsion. The propellers may be open, as with the R-Class Icebreakers 

used by the Canadian Coast Guard (CCG), or ducted, as is the case with the W Roben 

Lemeur, a vessel owned and operated by Canadian Marine Drilliag Co. (Canmar) in the 

Beaufort Sea. The operation of a vessel in an ice cover, especially during breaking 

operations, often results in the submergence of broken ice pieces at the bow of the vessel. 

As the vessel moves through the ice field, the propeller approaches the submerged piece 

or pieces of ice and interference between the ice and the propeller occurs, resulting in the 

imposition of extreme loads on the propeller- 

Such loads can be divided into three categories. Impacts result &om initial contact 

of ice blocks with the propeller. Milling loads are developed when a propeller cuts its way 

through a block that is too large to pass through the propeller disk. Extreme 

hydrodynamic loads stem from the operation of a propeller in the wake ot; and in close 

proximity to, nearby ice bodies. The relative magnitude of the three loading mechanisms is 

primarily governed by the configuration of the propeller. An open propeller is exposed to 

impact by larger ice pieces and more prolonged milling events than is a ducted propeller. 

On the other hand, a ducted propeller is more regularly exposed to higher levels of 

extreme hydrodynamic loadings associated with blockage caused by ice pieces lodged on 

the duct and very near to the operating propeller. Results fkom fbll scale trials with the 

M'V Robert Lemezir (Laskow et al., 1986) and tests in an ice tank, (Keinonen and 

1 



Browne, 1990) show that the magnitude ofthe non-contact hydrodynamic loads for a 

ducted propeller is similar to those that arise fkom milling and impacts. Additionally, the 

duration of the event for a ducted propeller is affected by the configuration of the 

propulsion system of the vessel: a vessel propelled by a singfe ducted propeller, such as 

the WArct ic  would be likely to have a lower duration of blockage than that of the 

configuration of the W R o b e r t  Lenraa, a vessel with twin ducted propellers. During 

breaking operations of the former, blockage of the single propeller could result in a 

substantial loss of propeller t h m ~  forcing the vessel operators to take action to clear the 

biocked propeller- In tbe latter case, the blockage of one of the propellers could result in 

an insufficient level of propulsion loss to require remedial actions on the part of the crew. 

In an attempt to establish the magnitude of the loading regime during propeller ice 

interaction, with a goal of updating the Canadian Arctic Shipping Pollution Prevention 

Regulations and the S wedish-Finnish Rules for Baltic Navigation, the governments of 

Canada and Finland entered into a Joint Research Project Arrangement (JRPA-6). The 

responsibility of estimating the magnitude of non-contact loadings was given to the 

Institute for Marine Dynamics (IMD) ofthe National Research Council of Canada 

(NRCC). IMD subsequently contracted the Faculty of Engineering and Applied Science 

of the Memorial University of Newfoundland (MUN) to measure the e f f i s  of cavitation 

on the hydrodynamic loads on a propeller operating in ice-blocked flows. The research 

carried out in llfilment of that contract illustrated the complicated nature of the flow 

regime during propeller-ice interaction. Full investigation would require substantially 

more effort than was justified by the terms ofthe contract between MUN and [MD. The 



range of the research was subsequently expanded when Dr. Neil Bose of MUN and Dr. 

Stephen Jones of IMD succesdbIly applied for a Strategic Grant eorn the Natural 

Sciences and Engineering Research Council (NSERC) to investigate the operation of 

marine propellers in ice blocked flow. This thesis fonns a part of that research 

1.2 Objectives 

The work of th is  thesis aims to improve the understanding of the way in which 

cavitation affects the loads on an ice-class propeller operating in the immediate wake of an 

ice block and the effects on propeller blade performance of such a loading regime. Tests 

on model ice-class propellers were done at both atmospheric pressure in a towing tank and 

a cavitation tunnel and at reduced pressure in two cavitation tunnels. Measurements of 

mean and dynamic loads during simulated interactions were done. Dynamic measurements 

were corroborated with numerical work conducted by Neil Bose using a panel method 

(Bose, 1996) for similar conditions. The work that forms the basis of this thesis includes: 

cavitation tunnel tests of open and ducted propeller models over a range of 

propeller conditions and cavitation numbers; 

tests on an open propeller model in the MCM towing tank over a range of d o r m  

flow and simulated ice-blocked conditions; 

comparison of experimental results &om the cavitation tunnel and tank in blocked 

and unblocked flow over a range of cavitation numbers; 

comparisons between experimental and numerical results and; 

an assessment of the meaning and relevance of the results to the total propeller 

loading regime during propeller-ice interaction 



What follows is an assessment of the way in which cavitation affects the total 

loading regime on a propeller during propeller-ice interaction Chapter Two outlines 

previous work done in the area of propeller-ice interaction, both in terms of hydrodynamic 

loads and loads resulting tiom contact between the propeller and an ice piece. Chapter 

Three gives details of the experimental program fiom which the results were developed; 

the experimental program was conducted both at the Institute for Marine Dynamics and 

the University of Tokyo. Chapter Four describes results of blockage and cavitation on 

open and ducted propellers, including: mean and dynamic loads; cavitation patterns; and 

numerical comparisons. Finally, Chapter Five provides a discussion of the results of the 

comprehensive test program and outlines the conclusions of the research. 

The thesis presents the results of an experimental research program which focuses 

on one aspect of the loading regime: hydrodynamic loads including the effects of 

cavitation. The program was necessarily experimental for two reasons: numerically 

modeling a cavitating propeller operating in the shear flow behind a simulated ice blockage 

would represent new and substantial work in itselfand; to date, there has been no 

experimental data against which to compare such numerical predictions and prior to 

undertaking numerical work it is necessary to have a findarned understanding of the 

physics of the interaction. The program was restricted to non-contact loading for a 

practical reason: there was no cavitation tunnel available in which measurements of ice 

contact loads could be made at low ambient pressure. Any estimate of the total propeller- 

ice interaction loading regime based on experimental data incorporating the effects of 



cavitation must be made by superposition of independently measured contact and non- 

contact loads. 

The work was undertaken to examine whether cavitation of the flow around a 

propeller had any effect on the loading rewe to which ice class propellers are exposed. 

The thesis shows that the magnitude of hydrodynamic loads associated with propeller ice 

interaction, which are a significant proportion of the propeller loading regime, are 

dramatically changed by cavitation and predictions of t'ull-scale loads associated with 

propeller-ice interaction 60m model scale data should therefore take into account the 

effects of cavitation. Cavitation results in a reduction of mean forward directed 

hydrodynamic loads associated with propeller ice interaction and can increase the aftwards 

directed total load by as much as thirty percent. Furthermore, cavitation results in an 

increase in the oscillatory nature of the hydrodynamic loads, exposing the propulsion 

system to a risk of possible fatigue. Prior to this research, no other work has been done 

which quantitatively showed such effects of cavitation. 



2. LITERATURE REVIEW 

Research on the interaction of ice with propellers has historically concentrated on 

contact loads between propeller blades and ice. Prior to the mid 1980's there had been 

M e  published work on the hydrodynamic loads induced on the propeller as a result of an 

irregular blockage upstream of the propeller disc. Even less information is available on the 

effects of propeller cavitation on such loads. The following section presents an overview 

of work conducted in both the areas of contact and non-contact propeller-ice interaction, 

in order to provide a context in which propeller-ice interaction occurs. 

2.1 Cavitation Durina Pronelief Ice Interaction 

Lindroos and Bjbrkestam (1986) published one of the earliest works on modelling 

of hydrodynamic loads associated with the blockage of a propeller duct with ice in which 

the cavitation effects during blockage were addressed. The program was initiated by 

Valmet Shipyard in Helsinki to investigate any advantages of ducted propellers in ice 

conditions in order to develop a more efficient propulsion system for use in ice covered 

waters. 

The tests were done in the 1200 mm cavitation tunnel at Marintek in Norway using 

a propeller in an NSMB type 19A duct. The four bladed 250 mm diameter propeller had 

an expanded area ratio (e) of 0.55, a pitch to diameter ratio (P/D) of 0.90 and a 

modified Kaplan type blade. The e f f i s  of ice blockage on the propeller were simulated 

using a flat plate mounted on a hinged bracket in Eont of the duct. 

Tests were made at various advance coefficients, cavitation numbers, propeller 

speeds, blockage ratios and blockage geometries. For each test, measurements of several 



parameters were taken: shaft torque, shaft thrust, shaft bending moment, blade root 

bending moment, blade spindle torque and perpendicular and lateral blade forces. 

Cavitation was not recorded in any rigorous manner but some qualitative discussions were 

presented. 

The authors noted that considerable difEculties arose in measuring and d y s i n g  

quickly changing dynamic forces and recommended caution in the interpretation of their 

results. Notwithstanding that recommendation, tests at maximum blockage factors 

exhibited increases in the mean values of most parameters of around 2.5 times open water 

values. The only exceptions were blade spindle torque, which exhibited an increase of 

eight times open water results, and chordwise, in plane, blade force, which dropped to 

near zero. Peak values displayed considerably larger variations than did mean values. In 

all cases, peak values were increased by the worst case blockage condition, but there was 

no consistent level of elevation. Peak values varied fkom twice open water values for 

thrust to as high as 35 times open water values for blade spindle torque. 

The authors noted that blockage resulted in heavy pulsing cloud cavitation. The 

worst cavitation resulted in increased mean values of measured shaft loads to twice the 

values measured in tests at atmospheric conditions; this is opposite to the normal effect 

due to cavitation, which is to reduce mean values. No graphical or photographic record 

was made of the cavitation. Neither was there any discussion of likely scale effects from 

parameters such as dissolved gas content, or cavitation nuclei. 

The least significant effects on the loading regime were fiom blockage geometry 

and speed of advance. It was suggested that blockage geometq had no effect on the 



measured loads. While this may be true for a flat plate blockage, Keinonen and Browne 

(1990) have suggested that the flow around a flat plate is not representative of the flow 

around an ice block and the measurements taken during the course of the experiments may 

not be representative of full scale performance. 

The above conclusions are of interest since the work appears to be the first 

experimental work dealing with the cavitation etfeas of a propeller in the wake of a 

simulated blockage. Unfortunately, the lack of authors' confidence in the data acquisition 

and the inadequacy of information about the form and effects of cavitation renders the 

paper usefid only in a qualitative sense. 

Sinchez-Caja et al. (1 995) suggested the effects of cavitation during propeller-ice 

interaction could perhaps be used to explain high, forward directed blade bending loads 

seen in some fuli scale records. Using estimates of cavitation bubble collapse pressures 

and experimental results presented later in this thesis and previously published (Walker 

and Bose, 1994)' the authors suggested that cloud cavitation shed £torn the back of one 

blade and collapsing on the face of the subsequent blade could result in a forward directed 

hydrodynamic load. While this thesis will present results to show that cavitation shed 

from a blade can indeed impinge on the pressure side of the subsequent blade, Shchez- 

Caja's work provides no additional experimental results on which to base a load estimate. 

Coincident with the work presented in this thesis on the effects of blockage and 

cavitation on the mean and instantaneous performance of ice class propellers, Mr. Michael 

Doucet investigated the risks of cavitation erosion during propeller-ice interaction. Mr. 



Doucet's work forms another part ofthe research h d e d  by the NSERC Strategic Grant 

(Doucet et al., 1995; Doucet et al., 1996). 

Early performance tests of open propellers (Walker, Bose and Yamaguchi, 1994) 

and ducted propellers (Walker, Bose and Casey, 1995) within JRPA-6 research concluded 

that the extensive amounts of cloud cavitation present during propeller-ice interaction 

would likely pose a risk of cavitation erosion when propellers were blocked with ice. To 

fiuther investigate that risk Doucet et al. (1995) conducted a series of paint tilm tests with 

the R-Class open propeller over a range of cavitation numbers and advance coefficients. 

Subsequently, an analogous set of tests were conducted for ducted propellers (Doucet et 

al., 1996). 

The authors concluded fkom the results of the erosion studies that fbll scale 

cavitation erosion was a possibility, but far more Likely for ducted propellers than for open 

propellers. In each set of tests at model scale, both cavitation and erosion occurred even 

at atmospheric pressure. In all cases, extreme cavitation was coincident with high levels 

of vibration, fURher indicating a risk of fatigue on the propulsion system. In fact, recent 

examinations of full scale ducted propellers have shown similar locations of damage as 

was indicated in the experimental work. 

ln addition to the work outlined above, the work included in this thesis has been 

presented in a number of forums including: six refereed coaference papers and four papers 

published or accepted for publication in three journals. The topic of those papers is the 

substance of this thesis. They are listed in the refetence section at the back ofthis thesis. 



While there have been few studies concentrating on the hydrodynamic effects of 

cavitation during propeller ice interaction, several studies have dealt with the 

hydrodynamic loads associated with propeller-ice interaction, either exclusively, or as part 

of a more general research project. 

During the summers of 1983 and 1984, ftll scale measurements were recorded 

onboard the W R o b e r t  LeMeur by Laskow et al., (1986). Instrumentation was installed 

on the shaft line to record shaft torque, shaft thrust, blade bending moment and various 

other signals during open water, milling, single impact and blockage events. More than 

three hundred interaction events, each of seven seconds duration, were recorded. While 

there was no clear baseline by which to assess the interaction type? the authors defined a 

blockage event by an elevated level of shaft thrust for a period of more than three seconds. 

The authors found blockage to cause high increases in mean values of shaft thrust 

and blade bending and lower increases in mean levels of shaft torque. The increased mean 

loads were of about the same levels as for milling and impact loads. However, the highest 

peak blade bending loads resulted f?om impacts whereas loads resulting fkom milling and 

blockage were lower in magnitude but of longer duration The most characteristic feature 

of blockage was large and prolonged oscillation of the loads about the mean values. The 

prolonged nature of the blockage events resulted in high levels of vibration for the 

propeller, the shafting and the stem of the vessel, posing a risk of fatigue for the 

propulsion system. 



The work offers estimates of the effects ofblockage on a number of propulsion 

parameters. Most importantly, a comparison of blockage loads with contact loads was 

made. The lack of visual records during the tidl d e  trials precludes any estimate of the 

occurrence, severity or effkcts of cavitation and somewhat restricts the reliability ofthe 

classification of impact, milling and blockage events based on the data record. 

Further fidl scde work was carried out onboard the icebreaker CCGS Sir John 

Frcmklin during 1990 and 1991 by Williams et al. (1992). A series oftests were 

conducted in both open water and in ice. Bollard pull, ship speed, power and turning 

circle radii were measured in open water. Similar measurements were made in a variety of 

level ice conditions. Records were made of propeller thrust, torque and rotational speed 

as well as the power consumption of the electric drive moton. Measurements were made 

of the mechanical properties of the ice in which the tests were conducted. 

The paper provides information on the operational conditions of the vessel both in 

open water and during icebreaking. Measurements of thrust, torque, propeller rotational 

speed and ship speed showed the level of thrust and torque developed by the Sir Job 

Frmkiin over a range of advance coefficients. Plots of the thrust and torque coefficients, 

KT and &, against the advance coefficient, I, indicated that the vessel travelled at an 

advance coefficient of about J = 0.4 when operating in ice of 0.5 metres thickness and at 

about I = 0.8 in open water. Additionally, a simple expression was given for ice thrust, or 

the increased thrust required to make way in a particular set of ice conditions, given the 

required ship speed and the ice and snow parameters. 



The work is helpll in establishing full scale conditions in both open water and 

icebreaking operations for a known vessel for which there is a great deal of data available. 

both at model and fN scale. The available data can be used to provide basebe 

comparisons with data recorded in the course of experiments in the towing tank and 

cavitation tunnel. Since the Sir John F r d n  has open propellers, it is unlikely that any 

sustained non-contact blockage occurred throughout the course of the aids and the 

absence of a video record precludes clear determination of the types of interactions 

between the propellers and nearby ice pieces or the occurrence of cavitation. In addition, 

the ice thickness during the trials was very low and unlikely to have caused any propeller- 

ice interaction events. 

The flow of ice blocks into a ducted propeller and the hydrodynamic effects of 

blockage was studied by Laskow (1988) by using wax blocks in the clear water towing 

tank at IMD. The paper descnies a series of tests using a 1: 15 scale model of the ice 

breaker CCGS Louis St. Laurent, equipped with a centreline duct and two open wing 

propellers. The project was initiated to establish the blockage phenomena as a function of 

vessel design parameters. Of relevance to this research was an attempt to isolate the 

influence of blockage on the power, torque and thrust of ducted propeller systems. The 

author gives corroborative evidence to the findings of Lmdroos and Bjorkestam (1986) 

suggesting that blockage leads to increases in shaft thrust, shaft torque, vibration and 

absorbed power. In addition it was shown that blockage resulted in decreased duct thrust. 

The drop in duct thrust was greater than the increase in shaft thrust, resulting in a decrease 



in total system thrust. Since the work was done at atmospheric pressure, no estimate of 

the effects of cavitation were made- 

Keinonen and Browne (1990) systematically evaluated many parameters of ice 

loading on propulsion systems using model tests in the ice basin of IMD. The influence of 

ice thickness, ice strength, ice block site, feed rate, propeller revolutions, speed of 

advance and propeller speed were established. The effects were separated into contact 

and non-contact loads. Comparkons were made with data available Eom fU-scale studies 

of the ice breakers Jmasaar and Robert LeMaw. 

Relevant to this research, the authors found non-contact hydrodynamic loads were 

a significant component ofthe loading regime for both open and ducted propeUers when 

blocked with ice. For both torque and thrust, the induced hydrodynamic loads from 

nearby ice bodies resulted in elevated values ofabout twice the open water values. Ln 

addition, video photography of the experiments suggested that the flat plate model used by 

Lindroos and Bjorkestarn is not representative of blockages likely to occur &om 

icebreaking operations. In most cases, plate shaped blockages were oriented with one of 

the longer axes parallel to the direction of flow. 

Newbury et al. (1993) carried out an experimental examination of hydrodynamic 

non-contact loads during propeller-ice interaction. The paper suggests propeller loads 

during milling can be d s e d  as  the combination of hydrodynamic non-contact loads, 

crushed ice extrusion loads, direct ice contact loads and open water hydrodynamic loads. 

Each may occur simultaneously during milling and may occur at different areas of the 

blade. The paper presents an evaluation ofthe hydrodynamic non-contact propeller forces 



that occur during propeUer/ice interaction by measuring m i h g  loads in air and water and 

compares the results to experimeats measuring only the hydrodynamic loads during 

operation of a propeller behind a proximate blockage. 

Two types of tests were performed. The first, done in air, measured thrust, 

torque, blade bending and blade spindle torque during ice milling- It was designed to 

measure the loads imposed on the propulsion system by only ice milling and ice piece 

extrusion for a range of parameters: propeller pitch; relative axial velocity between the 

propeller and ice piece; propeller rotational speed; size of the ice block; and ice strength. 

The second, done in water, repeated the test conditions of the first series, measuring the 

contact loads and the additional hydrodynamic loads resulting from operation in water. 

The latter being a combination of open water forces and loads resulting from operation of 

the propeller in the extreme wake ofthe proximate ice block- In addition, measurements 

were taken with the propeller operating in close proximity to the ice piece, with 

measurements of test parameters made over a range of distances between the propeller 

and the adjacent block. The authors suggest that by subtracting the results of the first 

series fkom those of the second series, the non-contact hydrodynamic loads can be isolated 

from the contact loads. They found that there was a large hydrodynamic component in the 

torque measured during the milling process, similar in magnitude to values of torque 

measured in the same conditions during tests in which the propeiler was run adjacent to, 

but not in contact with, the ice block. 

Difliculties recognised by the authors include: a great deal of scatter in the data 

due to the variation in ice mechanical properties and in the ice crushing mechanism and; a 



limited data set from the underwater experiments resulting because the ice pieces used in 

the experiments oftea broke while being milled to match the propeller blade swept profile. 

Shih and Zheng (1992) developed a two dimensional boundary element method to 

estimate the e f f i s  of proximity of an ice block to a propeller blade. The method 

assumed a block moved toward a blade section at the same speed as the mounding fluid. 

As a result, there was no wake e f f i  tiom the flow about the blockage. While this 

assumption imposes a limitation on the accuracy of the results, since the effect of 

operation in the wake is neglected, the paper does illuminate the increased hydrodynamic 

loading on a foil that is in close proximity to an adjacent surface. The authors found that 

proximity resulted in an increase in the peak load on the blade of about six times the open 

water values. 

Shih and Zheng (1 993) extended their numerical modei to a three dimensional case 

using a similar boundary element method. Results &om the three dimensional model 

suggested that maximum values of thrust and torque in blocked flow can be fifty percent 

higher than in open water conditions. Loads on individual blade sections can be as high as 

four times the associated open water results. The values are considerably lower than those 

presented in the authors' two dimensional model and it is suggested that this is as a result 

of radial flow over the blade in the three dimensional case. 

The model bad limitations imposed by computing capacity, including limited wake 

length and a coarse mesh. In addition, the flow about the block was considered to be 

ideal. No consideration was given to separation ofthe flow along the trailing edge of the 

block or to the boundary layers close to the block and blade. As a result, the model has 



only limited application as the blade gets very close to the block and fails to model the 

case of a stationary block in fkont of the operating propeller. In addition, no attempt was 

made to consider the effects of a milled d a c e  adjacent to the rotating propeller. As a 

result, proximity is only iastantaneously modelled for one particular blade section whereas 

at the fid scale, one could expect a considerable portion of the blade to be in close 

proximity to the ice block. While the method predicted lower loads associated with 

blockage than did the two dimensional case, the restrictions ofthe model limit the 

usefblness of the results. 

Combining the results of model experiments, outlined in Newbury et al. (1993) 

with the two dimensional panel method discussed by Shih and Zheng (1992), Browne 

(1 993) and Newbury et al. (1 994) presented a semi-empirical model for hydrodynamic 

loads during non-contact propeller ice interaction with an ice block in close proximity to 

the propeller. Theoretical predictions were made by applying the numerical model (Shih 

and Zheng, 1992) to the geometry of the propeller model at a number of blade sections. 

Examples of numerical results were presented, with a sample of the pressure distribution 

over the back and face of the blade at the instant of peak loading and a trace of blade 

pressure at the leading edge as the blade section passes behind the blockage at various 

distances from the block. Predictions of pressure for trailing edge and leading edge 

locations were made for various blade positions with respect to the blockage. 

A tabular comparison of the measured and predicted values was presented. It was 

shown that the predicted values of thrust and torque during blockage were an order of 

magnitude higher than the measured values. Predicted open water values were also high, 



but to a lesser degree. The authors suggest that the ditferences were due to viscosity, 

radial flow over the propeller blade not modeiled by the 2-D panel method, cavitation and 

overprediction of leading edge pressure drops. 

Yamaguchi (1 993) investigated the performance ofthe JRPA open propellers used 

in the ice tank and cavitation tunnel experiments for both d o r m  and blocked flow using 

a lifting &ace code. For the blocked flow case, the author modelled the wake of the 

block as a step function such that the water flow speed was equal to the free stream 

velocity outside the blocked region and zero in the blocked region Yarnaguchi suggests 

that the effect of blockage can be broken into two components: the separation effect 

results in stalled flow behind the blockage due to the separation offlow about the ice 

piece; the displacement effect redts in increased flow speed over the propeller blade back 

due to the wall effect of an ice piece in close proximity to the operating propeller. This is 

also called the p r o w  effect. While the lifting surface code was not capable of 

predicting the displacement/proximity effect, it was usefid in predicting what portion of 

increased loads could be attributed to the separation effect Comparing such a prediction 

to experimental results, which include both the displacement/proximity and separation 

effects, will permit an estimation of the magnitude of the displacement e f f i .  

The author firrther investigated the effects of proximity by making a two 

dimensional steady flow calculation of a hydrofoil operating near a solid boundary using a 

numerical code developed by the author (Yamaguchi, 1988). Two cases were examined: a 

Mly potential flow case and; an iterative solution talaing the eEkcts of the boundary layer 

into account. The calculations showed that while fuily potential flow calculations suggest 



the lift coefficient can increase to hfMy as the distance between the wall and the foil is 

reduced to zero, the boundary layer calculations show that the practical limit of this 

increase is between five and ten times the d o r m  flow lift coefficient. 

The work plainly d e m i  the physics associated with non-contact propeller ice 

interaction and clearly illustrates many of the issues which must be addressed in 

developing an understanding ofthe loading regime to which a propeller is exposed during 

such interactions. Additionally, the work outlines the complexity of the problem and 

proposes a number of strategies for dealing with specific constituent problems as a piece- 

wise approach. 

Based on a study of many hours of videotape records from fLlI scale tests, Veitch 

and Laukia (1993) have discussed the mechanics of propeller ice interaction in terms of 

the approach of the block towards the propeller and the effects of blockage and contact. 

They suggest that interaction can be divided into three components: approach, blockage 

and contact. In the approach, the block can either be considered to be moving at the 

speed of the fluid, or slightly slower. As a result, the wake behind the block has very Little 

effect on the hydrodynamic performance of the propeller. In the second phase, just prior 

to contact, the block is very close to the propeller and it is suggested that the wake effects 

may not be negligible. The authors demies the wake behind the block as turbulent, with 

very low axial velocity with respect to the propeller. The ha1 phase is the contact of the 

ice block with the propeller. This latter phase was not the primary subject of this research 

and will not be discussed in detail here, however it has been extensively discussed by the 

author in his doctoral thesis (Veitch, 1995). 



During the blockage phase, the authors suggest that the hydrodynamic load 

associated with the extreme wake behind the ice block can be estimated by the use of lift 

and drag coefficients. The coefficients can be estimated for the blade both in the 

obstructed area of the propeller disk where the flow would be stalled and in the 

unobstructed area of flow where the flow would not be stalled. The total load fiom the 

operation of the propeller in such conditions would be the sum of the loads resulting tiom 

the two flow regions. 

The validity of Veitch's approach is dependent on whether it is an appropriate use 

of the lift and drag coefficients which were developed in the absence of an obstruction. 

More importantly, the method neglects the effects of proximity, as discussed above (Shih 

and Zheng, 1992 and 1993). Veitch (1995) followed up his 1993 paper with a simulation 

of the propeller-ice interaction in a numerical model developed as part of his doctoral 

thesis. In this work he continued to use a simple model of hydrodynamic loads associated 

with the interaction event; this is less of a concern for the case of the open propeller, used 

as a case study by the author, however it represents a considerable error in the case ofthe 

ducted propeller. In addition, the simple model f d s  to account for any variation of 

hydrodynamic loads due to the relative position of a blade with respect to the ice 

blockage. W e  his results may represent realistic solutions for the mean performance of 

the propeller, the approach does not adequately predict the instantaneous loads associated 

with blockage and cavitation during an interaction event; neglecting the effects of 

cavitation merely offset the error associated with neglecting the effects of proximity. 



Similar to Veitch (1995), Koskinen et aI. (1996) have presented the results of a 

simulation model, developed as part ofthe JRPA-6 between Canada and Finland. The 

work presents a comprehensive description of the propeller-ice interaction process and 

develops a simulation model with which interaction loads can be predicted. The authors 

compare their results to some available fU scale data, specifically using the case of the 

U'S Gudingen, for which propeller blade bending loads and shaft thrust and torque loads 

exist- 

The authors have developed a contact load model for both open and ducted 

propellers, and describe in some detail the types of interactions to which each propeller 

type might be exposed. Unlike other authors who place contact loads into two categories. 

milling and impacts (Laskow et ai., 1986; Keinonen and Browne, 1990), Koskinen et al. 

propose a third category: tip loads caused by the tip of the propeller slicing through an ice 

piece traveling in a tangential duection to the motion of the propeller. In addition, they 

have described the blockage of a ducted propeller as two distinct processes: ordinary 

blockage, the case ofa single large ice piece blocking the entrance of the duct and; 

dynamic blockage, caused by a rubble build up of smaller ice pieces in ti-ont of the duct. 

Similar to Veitch's simulation (Veitch, 1995), the authors present a very simple 

model for hydrodynamic loads during propeller-ice interaction The authors estimate the 

pressure on the back of the propeller blade to be a uniform distriiution of pressure, 

equivalent to the leading edge pressure as calculated by Brown (1993), acting on that 

region of a propeller blade that is blocked by the ice piece. The authors attempt to 

account for the effects of cavitation by limiting the minimum level of pressure in that 



blocked region to the vapour pressure of water. The authors suggest that such a simple 

model is justified due to the lack of understanding of the true hydrodynamic phenomena 

during the interaction 

Tamura and Yamaguchi (1995) have commenced a research project to examine the 

hydrodynamic loads during propeller ice interaction as part of an extensive research 

project examining the navigation of ships through the Northern Sea Route. In the paper, 

the authors proposed a loading scenario for propeller ice interaction which is comprised of 

three load components: ice contact loads; non-contact hydrodynamic loads and; loads due 

to the inertia of the ice and the added mass ofthe ice. The work proposes a research 

project in which an attempt is to be made to estimate separately the magnitudes of the 

three components fiom an experimental test program using a ducted propeller model. In a 

manner similar to the work presented in this thesis, the hydrodynamic loads are to be 

measured as an ice piece is brought in close proximity to the operating propeller, allowing 

the authors to ascertain the coincident effects of proximity and blockage. At this stage, 

the authors have merely presented their test program, along with some very preliminary 

data records. No significant analysis has been done and the program, to be conducted in 

an ice towing tank, will not account for the effkts of cavitation. 

Bose (1996) produced a potentid flow panel method computer program to predict 

the hydrodynamic effects of propeller operation in the wake ofa nearby ice piece. The 

software forms a part of the NSERC b d e d  research project under which this current 

thesis falls. The time domain method can be used for the prediction of unsteady propeller 

performance and incorporates the effect of a proximate milled surface. Bose used a rigid 



wake model and constant potential distributions on hyperboloidal shaped panels. The 

panels had a cosine distriiution over the blade chord with the spanwise distribution beins 

determined by the input. The predictions shown were obtained with 20 panels over the 

chord and 7 panels over the span. P a d s  were located on the hub and on a hub cone 

downstream of the hub but no bladehub fillet was modeled. An estimate of the effects of 

flat plate frictional forces was made by summing the tangential forces on each panel 

resulting &om a constant drag coefficient of 0.005. The work presents a numerical 

baseline against which measurements ofthe dynamic nature of propeller loads can be 

compared. 

Recent work conducted by a number of the participants of the IRPA-6 

endeavoured to provide additional insight into the full scale phenomena during propeller- 

ice interaction. A blade of the controllable pitch propeller (CPP) of the USCGS Polm 

Star was instrumented with a series of optical strain gauges designed to measure 

instantaneous values of blade bending. Additional instnunentation was installed on the 

propulsion machinery to measure propeller thrust and torque, among other propulsion 

parameters. While no written documentation was available fiom the research in time for 

inclusion in this thesis, images from videotape taken by underwater cameras during a 

number of interaction events was insightll since high levels of cavitation were apparent 

during contact between the propeller and incident ice pieces. 

A comprehensive literature review of propeller-ice interaction has been done by 

Iussila and Soininen (1991). The authors have reviewed nine papers on propeller-ice 

interaction models, seven papers on firll scale data and four papers on laboratory 



experiments. Only two papers present any discussion of hydrodynamic loads during 

propeller-ice interaction. The first, on the M scale measurements of the Robert LeMmr 

by Laskow et al. (1986) is reviewed above. The second paper, by Kanoari (1988), 

descriies a W scale study of the effects of a duct on the propellers of the ice breaker 

Karhi, but discusses the hydrodynamic effects of the blockage on the shaft loads in a 

cursory manner- 



3. METHODS, MODELS AND EQUIPMENT 

3.1 Method 

3.1 .I Propellers 

1 General Information 

The research has modeled at reduced scale, the hydrodynamic eEects of cavitation 

during propeller-ice interaction The first phase of the research, conducted as part of the 

IRPA-6. used propeller models selected by the JRPA-6 project team b r  comparison with 

results acquired during experiments in the ice tank at IMD- The propellers. based loosely 

on a concept design for the Polar-8 icebreaker. represented no existing fbll scale vesseL 

but rather what was considered to be typical of open and ducted ice class propellers. 

Accordingly, no dimensions for a lull scale vessel can be presented. 

For the second phase of the research conducted as part of the NSERC strategic 

grant. the propeller designs were selected based on the availability of hli scale data 

(Michailidis and Murdey, 1981; Williams et al.. 1992; Laskow, Spencer and Bayly. 1986). 

The design of the open propellers of the Canadian Coast Guard R-Class icebreaker was 

selected for the open propeller model. General particulars of the R-Class icebreaker 

CCGS Sir John Franklin are presented in Table 3-1. The Kaplan type ducted propeller of 

the Canmar W R o b e r t  Lemeur was selected for the ducted propeller model. Table 3-2 

presents the particulars of the Lemeur. While this thesis presents no results of tests with 

the model of the Lemeur 's propellers, the propeller configuration of the vessel is not 

M e  the ducted propeller configuration used in the earlier phase of the research and the 



vesse 1 description is included for completeness. 

To provide a fiame of reference by which to assess the correctness of the models. 

photographs of I11 scale configurations are presented on page 3 1. Figure 3-1 presents a 

typical codiguration of  the open propellers of Canadian Coast Guard ice breakers. The 

photograph, taken by Mr. Michael Doucet, is of the Type 1 100 propeUer on the poa side 

of  the icebreaker CCGS Ann Harry during a docking at the Newfoundland Dockyard 

Corporation. Figure 3-2 shows the analogous portion ofthe WVRobert Lemezir. 

provided by Canadian Marine Drilling Limited. While neither vessel can be considered 

representative o f  all open or ducted propellers. the photographs show typical geometrical 

arrangements imposed on the propeller-ice interaction phenomena. 

The photograph ofthe Ann Harvey suggests that the occurrence of non-contact 

blockage of the propeller is unlikely, since there is no structure near the propeller against 

which a stationary ice block might be supported without contacting the propeller. While 

there may be some possibility of an ice piece being lodged between the shaft and the hulL 

the situation is sufficiently unlikely to be irrelevant. For the open propeller, hydrodynamic 

loads should be considered to be constituent components of a contact loading regime 

imparted by moving ice pieces as discussed by Veitch (1995). 

The configuration presented in the photograph of the Lemeur, however, presents a 

case in which non-contact loads could be easily expected. Large ice pieces lodging on the 

leading edge of the robust duct structure could significantly restrict the flow of water to 

the propeller. Ice pieces protruding into the duct can be milled by the propeller until the 



rotating blades closely pass the milled d a c e  of the lodged ice piece without making 

contact. [n such a situation, the propulsion system is exposed to relatively pro longed 

hydrodynamic loads resulting &om the extreme wake and the proximity of the ice piece. 

3.1.2 Similitude 

1 Necessitv of cavitation tunnel tests 

As was discussed in the review of relevant Literature, predictions of the loading 

regimes to which the two propeller configurations are typically exposed have been based 

on results fkom hll scale trials and model scale and laboratory experiments in towing 

tanks. Full scale efforts have attempted to measure the actual loading phenomena 

associated with the interaction between propellers and ice (Laskow et al.. 1986: Wrlliams 

et al.. 1 W2), however, such measurements are diflicult and expensive. As a result. 

considerable effort has been put toward measuring analogous loads in model scale 

experiments (Keinonen et al-, 1990; Newbury et al., 1993; Veitch, 1995). The use of 

model scale experiments raises the question of similitude between fU and model scale. 

Model scale pro peUer-ice interaction experiments have been typically conducted in 

facilities such as IMD's towingke tank (Keinonen and Browne, 1 992, Newbury et al.. 

1993, Newbury et al., 1994). Similitude between full and model scale conditions has been 

attempted by the use of EG/AD/S ice to model the mechanical properties of ice (Timco. 

1986) and the execution of towing tank tests at full scale Froude numbers. In such towing 

tank tests, the inability to vary the ambient pressure precludes ensuring similitude between 

model and full scale pressure and therefore the effects of cavitation have been incorrectly 

modelled. 



2 Definition of cavitation number 

To investigate the effects of cavitation on the hydrodynamic loads associated with 

an interaction event, most of the experiments forming the current research were conducted 

in cavitation tunnefs. Throughout the course of the test program, effort has been directed 

at ensuring similar cavitation numbers at model and firll scak. This was done by fwrning 

cavitation tunwl test programs near scale cavitation numbers. The cavitation number 

used for comparison was defined in two ways. The first, used in the earlier part of the 

research was based on water flow speed past the nearby ice piece: 

av = (Po - P V ) / ( K ~ V * ~ )  

The second used in the more recent experiments. was based on the rotational speed of the 

propeller; 

DN = (Po - ~ V ) / ( l / z ~ ( n ~ ) ~ ) .  

While the two definitions are closely related, the effect of the difference in 

cavitation numbers on the model tests was to change the manner in which a constant 

cavitation number was maintained throughout a test series. For the former definition the 

advance coefficient. J. was varied during a test series by changing the rotational speed of 

the propeller. In the latter case, the advance coefficient was changed by changing the flow 

speed in the tunnel test section. The selection of the former definition in the earlier phase 

of the research was made because it was felt that cavitation on the propeller would be 

influenced by the shear flow past the bluff body. However, it was subsequently found that 

the effect of cavitation during an interaction event was fm less sensitive to flow speed than 



to rotational speed md unacceptably low Reynold's numbers occurred when low propeller 

rotational speeds were used. 

3 Cavitation number at full and model scale 

Table 3-3 presents parameters &om which cavitation numbers were calculated for 

a typical operating condition for an R-Class icebreaker. The fdl scale values are based on 

measurements presented in Williams et al. (1992) and the model scale values are presented 

for cavitation tunnel experiments (at fbIl scale cavitation numbers) and for to wing tank 

experiments (in which full scale Froude numbers were maintained). The table illustrates 

that minimum cavitation numbers achievable in a towing tank are far higher than full scale 

values: such numbers result in Little or no cavitation during an interaction event. As will 

be seen the absence of cavitation as a result of such high cavitation numbers substantially 

changes the level of measured hydrodynamic loads. 

4 Discussion of gas content, nuclei 

Other factors affecting the correlation between M scale and model scale 

cavitation behavior include gas content and distn'butions of microbubbles and nuclei in the 

water (Gorshkof& 1 975; Peterson et ai, 1975, Kuiper, 198 1 ; Gindroz, 1995) and the 

roughness of the propeller blade leading edge (Billet and Holl, 1980). Cavitation at full 

scale occurs in water at or near to the gas saturation point. To ensure similar conditions 

at model scale, low pressure experiments were run at gas content ratios, ahs equal to the 

ratio of the ambient test pressure to atmospheric pressure, P A P A W  (Kato et al., 198 1). 

where the gas content was measured by hand held oxygen content meters (such as a WTW 

Oxi 92 Oxygen Meter). Neither of the facilities at which cavitation tests were conducted 



had the capability to measure cavitation nuclei distxiiutions. However. Gindroz ( 1995) 

suggests that bkde surface cavitation, as is typical during propeller-ice interaction is less 

susceptible to nuclei distrr'butions than tip vortex or bubble cavitation Additionally. since 

preliminary experiments indicated that some cavitation inception occurred in the wake of 

the ice blockage at pressure ratios as high as PA/E'ATM = 1.09, leading edge roughness was 

not required to initiate cavitation in a blocked flow. In fact, cavitation inception at such 

high pressures indicates that reasonable modeling of cavitation during pro peller-ice 

interaction can be achieved just by ensuring tests are conducted at correct cavitation 

numbers. Parameters such as nuclei distri'butions and leading edge roughness are critically 

important in establishing the inception point: a point which is irrelevant in the current 

work. 

5 Comparison with towing tank and full scale data 

Finally, an assessment of similitude was made by comparison of results of tests 

conducted in the cavitation tunnel at the University of Tokyo with tests conducted in the 

towing tank at Memorial University (Lunik et al., 1995), results o f  towing tank tests on a 

scale model o Pan R-Class icebreaker (Murdey, 1 980) and results of two series of full scale 

trials on the R-Class icebreaker CCGS Su John Franklin (Michailidis and Murdey, 1 98 1 : 

and WLUiams et al.. 1 992). 



Length Waterline (m) 

Beam Maximum Waterline (m) 

Draft Maximum (m) 

Gross Tonnage (tomes) 

Propellers 

Power (kw) 

92.12 

19-1 

7.2 1 

7718 

2 Open 

10.200 
- - - --- - 

Table 3-1 Principal Dimensions of the R-Class bebreakers 

Length Overall (m) 

Beam Moulded (m) 

Draft Summer (m) 

Gross Tonnage (tomes) 

Propellers 

Power (kW) 

82.80 

18.0 

5.7 

3186 

2 Ducted 

7,162 

Table 3-2 Principal Dimensions of the W Roberl Lemeur 

N (Wm) 
0 (m) 

VA (mjs) 

PA 

J 

Fn 

0 v 

urn 

Full Scale Tunnel Tank 

160 1200 726.2 

4.1 2 0.2 0.2 

4.4 1-6 1.0 

101 -3 17.24 101.3 

0-4 0.4 0.4 

2.093 0.766 2.093 

14.72 14.72 219.1 1 

2.35 2.35 35 

Table 3-3 Comparison of full scale and model scale cavitation numbers 



Figum 3-1 Full Scab Configuntion of a Type 11 00 icrbnaker 

Figun 3-2 Full &.k Contigumtion of the WRoW knnw 



3.2 Promller Models 

3.2.1 JRPA Open Propeller 

1 General dimensions 

The JRPA open propeiler model was matlufktured fioom manganese bronze by 

Otfshore Research Limited of Vancouver. The propeller was loosely based on a B-Series 

design (Oosterveld and van Oossanen, 1975) modified for operation in ice. The propeller 

had a relatively large hub/d0iter  ratio representing typical dimensions of a controllable 

pitch propeller (although the model was &ed pitch) and excessively thick blade sections. 

Nominal chord lengths and thicknesses for the propeller are presented in Table 3-5. 

Principal dimensions for all propeller models are given in Table 3-4. The JRPA open 

propeller is shown in Figure 3-4. The manufachlrer supplied no drawings for the 

propeller, nor was there any information available in previously published literature. 

2 Blockaae 

This open propeller was first tested with a 0.28 m x 0.28 m x 0.089 m simulated 

ice blockage fabricated from high density polystyrene foam, based on the dimensions of an 

ice block used in similar tests conducted in the ice tank at MD. A recess was cut in the 

blockage with a 48 mm cut depth to simulate a milled channeL A second, more robust 

blockage was constructed &om epoxy coated wood, subsequent to the erosion of the 

polystyrene block by cavitation. The test apparatus for typical open propeller experiments 

is illustrated m Figure 3-3. The JRPA-6 blockage is shown in Figure 3-5. 



3.2.2 R-Class Open Propeller 

I General dimensions 

Ln the second series of open propeller tests, the propeller used was a 200 mm 

model of the four bladed 1200 series propellers used on the Canadian Coast Guard R- 

Class icebreakers. The propeller was manufactured by Dominis Engineering on a CNC 

milling machine to a tolerance of *0.05 mm based on design drawings supplied by the 

Canadian Coast Guard. Principal dimensions of the propeller are presented in Table 34 .  A 

drawing of the propeller and experimental apparatus is presented in Figure 3-3. A 

drawing of the propeller is presented in Figure 3-6 and the section dimensions are 

presented in Figure 3-7. 

2 Blockaae 

The simulated ice blockage used with the R-Class pro pellet measured 0.2 1 0 m by 

0.2 1 0 m by 0.75 m and was fabricated f?om high density polyethylene (HDPE). The 

installation is shown in Figure 3-3. Again, a milled recess was cut into the downstream 

face of the blockage, matching the profile contour of the propeller. The blockage was 

fabricated &om three laminates of HDPE to allow a range of blockage configurations to 

be tested. Teas in the Uaiversity of Tokyo's tunwl were conducted for the fblI blockage 

case at a 2 mm gap. Tests in the towing tank at MUN were conducted for a number of 

blockage cases and a range of proxirnities. The blockage dimensions are presented in 

Figure 3-8. 



3.2.3 JRPA Ducted Propeller 

1 General dimensions 

Ln the ducted propeller experiments, two propeller models were used. Again 

manufaftured fiom manganese bronze by Ofihore Research Limited the designs were 

selected based on the requirements of the lRPA-6 team. The propellers had Kaplan type 

blades (van Gent and Oosterveld, 1983) of similar design to each other but with different 

pitches. One had a pitch/diameter ratio, PID. of 1.17 and the other with P/D = 0.8. 

Similarly to the IRPA open propeller, they had relatively large hubjdiameter ratios. 

representing typical dimensions of controllable pitch propellers (although the models were 

of fixed pitch design) and thick, ice class blade sections. Nominal chord lengths and 

thicknesses are presented in Table 3-6. The propellers are shown in Figure 3-9. Again. 

the manufacturer supplied no drawings for the propeller. nor was there information 

available in previously published literature. 

2 The duct 

The ducted propellers were fitted with a MARIN Type-37 accelerating n o d e  (van 

Gent and Oosterveld, 1983) manufactured fiom transparent polycarbonate by Technical 

Services at Memorial University. The duct was attached to the tunnel ceiling by means of 

an aluminum bracket instrumented with strain gauges to allow the measurement of the 

axial thrust developed by the duct. Electronic signals produced by the strain gauges were 

amplified using a Measurements Group model 2100A Strain Gauge Conditioner System. 

Output &om the amplifier was fed to an 80386 microcomputer through a 12 bit Keithley 

S570 data acquisition board. The duct configuration is presented in Figure 3- 10. 



3 8lockaoes 

The ducted propellers were both tested with 0.140 m x 0.140 m x 0.063 m 

wooden blockages. The fices adjacent to the propellers were cut to match the leading 

edge profiles of the respective propellers, simulating a milled surface. In addition. the high 

pitch ducted propeller was tested with a 0.1 14 rn x 0.1 14 m r 0.056 m wooden blockage 

with three pressure sensors installed in the face of the blockage adjacent to the propeller. 

The sensors were located adjacent to the 80 mm radius of the propeller, one at the 

centerline of the tunnel and one at 37" either side of the centerlie. Electronic signals &om 

the pressure sensors were processed in the same way as those for duct load measurement. 

Dimensions of the blockages are shown in Figure 3- 1 1.  The positions of the pressure 

sensors are shown in Figure 3- 1 2. 
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P/D 
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Blades 
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R-Class JRPA Open JRPA Ducted 

Table 3 4  Propeller model general dimensions 

Radius 
mm 

Tabk 3-6 JRPA Ducted Propeller Dimensions 
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Figure 3-3 Open Propelkr Test Configuration 

Figure 3 4  JRPA Open Propeller 



Figure 3-5 JRPA Open Propeller Blockage 

Figure 3-6 Profiles of an R-Class Propeller 



Figure 3-7 Blade Sections of an R-Class Propeller 
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Figure 3-12 JRPA Block Instrumented with Pressure Gauges 



3.3 Equipment 

3.3.1 IMD Cavitation Tunnel 

The cavitation tunnel at the Institute for Marine Dynamics was used for 

experiments with the open and ducted propellers tested in the earlier part ofthe research 

program as part of the IRPA-6. The faility has been descriid in detail in previous 

documentation (Doucet, 1992)- Aspects of the facility of relevance to this work are 

summarized below. The general characteristics of the tunnel are outlined in Table 3 -7. A 

photograph of the [MD cavitation tunnel is presented in Figure 3-13. 

1 Thrust and toraue measurement 

Propeller thrust and torque were recorded by using two different dynamometers. 

For all tens, a Kenpf and Remmers mechanical dynamometer was used. The apparatus 

measured the average thrust and torque dewIoped by the propder by means of 

mechanical balance scales connected directly to the upstream protruding end of the 

propeller shaft. The principal advantage of an upstream dynamometer is that it allows the 

development o fan unobstructed hub vortex. The main disadvantage is the inability of the 

facility to test a propeller in fully uaifonn flow: this was not relevant for the current 

research. 

Tests to measure the dynamic effects of cavitation on thrust and torque during 

blockage of the open propeller model were conducted using a strain gauged dynamometer 

in parallel with the mechanical apparatus. A description of the equipment and its 

performance is descnid in previous documentation (Bose, 1993). The instrument 

provided a basis on which to compare the dynamic nature of torque in uniform flow with 
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torque resulting fkom propeller operations in blocked flow with and without cavitation. 

Dynamic measurements of thrust were not possible due to: the s t s e s s  of the load cell: 

cross talk between bending and thrust; a bent propeller shaft and; water damage OF the 

thrust strain gauges. 

2 Flow speed measurement 

The tunnel at IMD has two types of manometers: mercury and water (Doucet. 

1992). Flow speed during the tests in the [MD tunnel was measured using water 

manometers only. The maximum accuracy of flow measurement using manometers is 

limited to estimating the height of the water column to within a halfa division. or 0.5 mm 

The flow speed, governed by the selection of the cavitation number. e ~ ,  was at a level 

such that M.5 mm resulted in an error oFM.S% using the water manometers and M.3% 

using the mercury manometers. As the mercury manometer lines introduced locations tor 

the development of vapor bubbles and were not required for flow speed measurement. the 

mercury ma.ometer/barometer system was disconnected 

The operation of a propeller or the installation of a bluff body in the flow ofa 

cavitation tunnel introduces changes to the pressure distributions wit hia the test section. 

In facilities where the test section flow speed is calculated Earn the pressure differences 

between two locations in the flow, corrections must be made for changes in pressure at 

one or both locations caused by changes other than variations in flow speed. 

Water velocity in the cavitation tunnel at IMD is calculated fiom the pressure 

difference between a location upstream of the diffuser and a location in the test section 



downstream of the diffuser. The ratio between velocities upstream and downstream o f the 

difbxr is known since it is a fimction of the cross-sectional area ratio of the two 

locations. This relationship permits the measurement of flow speed based on the principle 

of a venturimeter (Mironer, 1979). The measurements are influenced by both the 

operation of the propeller m the restricted test section and by the installation of t  he 

blockage in the flow. 

Velocities have been corrected br the effect o f propeller operation in the 

restricted test section according to the method outlined by Lindgren ( 1 963). To correct 

for errors as a result of the installation of the blockage, a series of two dimensional panel 

method calculations were done by Yamaguchi (1 993). The result of his work showed that 

the effect of blockage was a uniform increase in the advance coefficient of 1 -5%. Velocity 

measurements were corrected accordingly. 

3 Pressure measurement 

Ambient pressure at the shaft Line was measured indirectly by recording the gauge 

pressure at the fkee d a c e  in the vacuum chamber of the tunnel and the depth of water 

from the shaft line to the f?ee surface. The ambient pressure was calculated as the sum of 

the gauge pressure and the hydrostatic pressure associated with the head of water above 

the st& he. 

Since the mercury manometerharometer system was not in use for the series of 

tests on the JRPA propellers, the pressure at the shaft line was not directly measured. The 

lack of direct measurement at the shaft line precluded the compensation of the tunnel 

pressure for pressure reductions due to [low through the tunnel test section. However. 



since the flow speeds used in the tests were low. the errors associated with the pressure 

changes were not significant. 

4 Cavitation  att terns 

Cavitation patterns were filmed using an S-VHS video camera with motion slowed 

or &ozen by a variable frequency strobe light. Some still photography was taken of initial 

tests. however it was bund that video proved to be a better medium for subsequent 

analysis and assessment and the photography was discontinued. 

3.3.2 University of Tokyo Cavitation Tunnel 

The University of Tokyo's cavitation tunuel bas been descrikd by Kato et aL. ( 198 1 ) 

and was used to measure the pertbrmance of the R-Class propeller model over a range of 

cavitation numbers. The fkirity is well imtrumented and controlled. Experiments conducted 

at the faf ility provided bight into the dynamic nature of the loads associated with cavitation 

and basehe results against which to compare additional work conducted at the [nnitute for 

Marine Dynamics. Principal dimensions of the cavitation tunnel relevant to this research are 

given in Table 3-8. 

1 Thrust and toroue measurement 

Propeller thrust and torque were recorded using an electronic dynamometer 

downstream of the propeller. The apparatus measured the average thrust and torque 

developed by the propeller by means of an instrumented load cell. The propeller shaft was 

powered through a bevel gear gearbox driven by an electric motor installed on the top of 

the tunnel. The low natural £kequency of the load cell and mechanical noise introduced by 

backlash in the gearbox precluded dynamic measurement of thrust and torque. Unlike the 
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mechanical dynamometer in the IMD tunnel, the facility in Tokyo can measure propeller 

performance in true uniform flow since it is located downstream of the propeller. 

However the effects of a hub vortex on propeller performance cannot be modelled. 

2 Block load measurement 

Tests in blocked flow at the Tokyo facility were conducted with the blockage 

mounted on a three component load cell capable of measuring forces with and across the 

flow direction and moments about the load cell axis. During each test. records were made 

of each component. AD time domain sigrals were recorded by a series o Fmemory banks at a 

sampling rate of 5000 Hz for a period of 1.6 seconds and subsequently downloaded to diskette 

using a microcomputer. Measurement of the mean load on the blockage permitted the 

calculation of the total system thrust inclusive of the drag load associated with the blockage. 

This permitted the estimation of the propulsion system eEiency. The time domain record of 

block load gave an indication of the instantaneous blockage loads, with and without cavitation. 

The load cell had a natural fkquency. N, ofaround 140 Hz,  higher than both that of the 

propeller dynamometer (a = 60 Hz) and the blade pass exciting kquency (a = 80 Hz). As a 

result. it was %It that the ratio of the excitation kquency to the natural kquency of the 

dynamometer (ado. = 0.57) was sufficiently low enough to give an indication of the dynamic 

nature of the loading regime. 

3 Flow soeed measurement 

FIo w speed was manually monitored and controlled. Variations tiom required 

values during testing required manual intervention, however very little variation from 

initial settings occurred during this test program. Flow speed was measured both by using 



pressure sensors upstream and downstream of the tea section contraction. as in the IMD 

tunneL and by a laser Doppler velocimeter (LDV) focused on a point in the flow outside 

the region afKected by the propeller and blockage. 

Results from tests at the University of Tokyo presented in this thesis use only the 

flow speed measured by the LDV. By focusing the crossed laser beams emitted by the 

LDV at a point at which there was minimal influence by either the action of the propeller. 

or by the installation of a bluff body forward of the propeller. no velocity correction was 

required. The measurement point was selected based on the past experience of personnel 

at the University of Tokyo and by a series of velocity profiles conducted with the blockage 

installed in the tunnel. 

4 Pressure measurement 

Pressure was automatically monitored and adjusted by the control system of the 

Tokyo tunnel. The system automatically compensated the test section pressure for head 

loss associated with flow speed through the test section, based on the origioal setting 

entered by the system operator. Once a target pressure was set. no fbrther operator 

intervention of pressure control was required throughout a test series at a given pressure. 

The automated control system proved to be beneficial, since pressure measurement 

and control was more critical in the series of tests conducted in the Tokyo series, due to 

the different definition of cavitation number, Since the cavitation number. a,~. is 

maintained at a constant value throughout a test by maintaining a constant rotational 

speed, n the advance coefficient was changed by varying the flow speed, VA. As a result. 

tlo w speeds in the test section ranged as high as V, = 2.8 m/s. The dynamic head loss 



associated with this flow speed is around 4000 Pa nearly four times the head loss 

associated with the maximum flow speed used during tests in the LMD tunnel. 

3.3.3 Memorial University Towing Tank 

The towiug/wave tank at the Ocean Engineering Research Center was used to 

measure the performance of the R-Class propeller at atmospheric pressure for a range of 

blockage conditions. The tank is 58 meters long, 4.6 meters wide and has a maximum 

water depth of 3.0 meters. Experiments were conducted in the tank in both uniform and 

blocked flow. The blocked flow tests were done for two levels of blockage and for a 

range of propeller-block gaps. The test plan and apparatus was developed as part of the 

research for this thesis. as was the interpretation of the results. The tens were conducted 

and data reduction done by a cooperative work-term student in 1994 (Lunik et aI.. 1995). 

1 P ro~eller Test Boat Conficluration 

The towing carriage is electrically driven with a maximum velocity of 5.0 m/s. A 

propeller performance test boat was mounted on the carriage as shown in Figure 3-14. 

The propeller was driven by a 220 VAC, three phase, single speed motor with a rotational 

speed of 1750 RPM. The propeller rotational speed, N, was controlled by the selection of 

the drive pulleys. With a pulley ratio of approximately lA.3, the minimum rotationai 

speed with this equipment configuration was 1320 revolutions per minute. 

2 Data Acquisition 

During performance tests in the towing tank, records were taken of propeller 

thrust and torque using a Kempf and Remmers Model R-33 electronic dynamometer. 
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Propeller sbaft rotational speed was measured using both an analog tachometer and a 

pulse generator positioned to produce o w  pulse per revolution. Carriage speed was 

measured with an optical sensor which measured the rotatiod speed of an accurately 

machined idler wheel in contact with the carriage rails. With the exception of the analog 

tachometer which measured propeller rotational speed, all signals were logged using a 16 

bit Keithley S575 data acquisition system and recorded using an 80286 microcomputer. 

The d o g  measurement of propeller speed was shown on a separate electronic display 

and manually recorded. 



Table 3-7 1MD 1 unrrel Dimensions 

Test Section Dimeasion 

Maximum Water Speed 

Maximum Propeller Speed 

Test Section Pressures 

0.5 m x 0.5 m x 2.2 m 

10.0 m/s 

60 rps 

0. l - I -0 atm 

Table 3-8 University of Tokyo Cavitation Tunnel Oimensions 

Test Section Dimension 

Maximum Water Speed 

Maximum Propeller Speed 

Test Section Pressures 

0.45 m x 0.45 m x 2.1 rn 

11.2 d s  

50 rps 

0.1 - 3.0 atrn 
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Figure 3-14 Towlng Tank Trot Appmtua 



4. RESULTS 

4.1 JRPA Onen Pmmller 

Tests with the JRPA open propeller in the cavitation tunnel at IMD, both in 

uniform and blocked flow. were iohially done using a mechanical dynamometer for 

average load measurement. Subsequentiy, an electronic dynamometer was installed and 

time domain measurements of thrust and torque were recorded. Tests in uniform flow 

were compared to predictions &om polynomial equations fitted to the experimental results 

of the B-Series propellers (Oosterveld and Oossanen, L 975). Propeller performance in 

uniform flow provides a benchmark against which to compare mean and dynamic 

measurements of thrust and torque in blocked flow. 

4.1 .f Performance In Uniform Flow 

4.1.1.1 Mean Loads 

4.1.7.1.1 Test Conditions 

Tests in wiform flow were conducted at a flow speed of VA = 1.0 m/s. The 

rotational speed of the propeller was varied &om n = 5.4 rps to n = 30 rps, corresponding 

to a range of advance coefficients &om J = 0.16 to I = 0.92. All tests in uniform flow 

were conducted at a pressure ratio, PA/PATM, of 1 .O9. the sum of atmospheric pressure and 

the static head of water above the propeller shaft line. 



4.1.1.1.2 Results 

13 Expeninental results 

Figure 4-1 presents the results of tests in unblocked uniform flow. Thrust and 

torque were measured with the mechanical dynamometer. Individual points are plotted for 

the thrust coefficient, KT, and torque coefficient, KQ. A quadratic polynomial was fitted to 

the thrust data using a least squares c w e  fit. A similar cubic polynomial was fitted to the 

torque data Provided for comparison are performance c w e s  for a B-4.100 propeller. 

which most closely matches the model blade geometry: the actual blade area ratio of the 

ice class propeller was reduced by the large hub diameter. 

ii) Polynomial comparison 

The experimental values of thrust were similar to those ofthe B-series propeller. 

however the model propeller results displayed a lower slope than the B-4.100 in both the 

thrust and torque curves. The correlation is reasonable since the 8-4.100 data represents 

experimental results for a propeller which is only approximately sirnilat to the ice-class 

model. The experimental values of thrust coefficients were slightly lower for the model at 

low advance coefficients and slightly above the predictions at higher advance coefficients. 

The values of the torque coefficient for the model displayed a similar trend but are higher 

than for the B-series predictions for almost the entire range of advance coefficients. 

However. the standard B-series data is for a Reynolds number of Rnc4.7 = 2x10~ whereas 

in these tests the Reynolds number varied fiom Rnc+.7 = 1 .5x106 to b 4 . 7  = 3.1~10' for 

advance coefficients of J = 0.2 to 0.9, respectively. The low Reynolds numbers were 

especially problematical at high advance ratios: low rotational speeds resulted in Reynolds 



numbers at which lamioar flow was likely, resulting in increased section drag and higher 

values of the torque coefficient m comparison to the B-series results. AIso contributing to 

increased values of torque are the large hub size of the model and the increased thickness 

of the ice class blades causing an increased form drag of the blade sections. 

iii) Dynamic.character of toque 

Figure 4-2 presents a record of torque at an advance coefficient of J = 0.2 1. The 

measurement was taken over a period of one second at a rotational speed of n = 1 1.9 rps 

and a pressure ratio. PA/P*TM . of 1 -09- The figure shows a slight oscillation of = 

H.010 about the mean value of & = 0.037. Most ofthe variation was due to random 

electrical noise. present at similar levels with no propeller rotation. 

4.1.2 Performance in Blocked Flow 

4.1.2.1 Mean Loads 

4.1.2.1 - 7 Test Conditbns 

i) Veloc& Pmsure and Shaft Speed 

Three series of tests were dow in blocked flow, during which the propeller load 

was measured with the mechanical dynamometer. The first was conducted at a pressure 

ratio of PAPATM = 1.09. The latter two were conducted at reduced pressure. PAPn~M = 

0.43. The test done at atmospheric pressure was run with a water speed of 1 -0 m/s. Low 

pressure tests were run at water speeds of VA = 1.0 m/s and VA = 1.5 m/s with 

corresponding cavitation numbers of c r ~  = 85 and crv = 37, respectively. Again the 



rotational speed was varied throughout the tea program to produce a range of advance 

coefficients. 

@ Gap 

In aJl blocked flow teas with the IRPA open propeller, the ratio of the gap 

between the propeller and the adjacent face of ice blockage, G, and the propeller diameter. 

D. was approximately G/D = 0.01. Due to compliance of  the shaft system, the gap 

required continuous adjustment throughout the course of the experiments to compensate 

for variations in the gap between the block and the propeller which was caused by changes 

in the thrust developed by the propeller. Since adjustment was based on a visual estimate 

of t  he gap size through the tunwl window, there was considerable variation in gap fkom 

one test to another. The scatter apparent in the tea data shown in Figure 4-3 and Figure 

4-4 reflects this variation. 

4.1.2.1.2 Mean Results 

i )  Effects of Blockage 

Results fiom tests in blocked flow at atmospheric pressure are shown in Figure 4- 

3. As with the uniform flow resuhs, polynomial least squares lines have been fitted to the 

data. The Liws fitted through the uniform flow data in Figure 4-1 are repeated for 

comparison. The figure shows that the maximum level of thrust and torque in blocked 

flow occurred at an advance coefficient of J = 0-2. which was the minimum achievable 

advance coefficient in the tunnel. The thrust coefficient increased ftom KT = 0.27 in 

uniform flow to & = 0.40 in blocked flow. The torque coefficient went fiom & = 0.039 

for the unblocked case to KQ = 0.051 in blocked flow. 



f l  Effects of Proximity 

The increase m thrust and torque can be explained in part as the effect of a 

segment of the propeller operating in the stalled flow of the simulated ice piece. That 

portion of the propeller behind the ice piece was effectively at bollard pull, or an advance 

coefficient of J = 0.0, and generated higher thrust and torque than the segment of the 

propder operating outside the wake of the block. which was at an advance coefficient of 

J = 0.2. This is only a partial explanation, however. since the figure indicates that for a 

propeller operating in such blocked conditions. the values of thrust and torque coefficients 

at an advance coefficient of J = 0.0 would be around KT = 0.43 and KQ = 0.058. In 

uniform flow on the other hand, the values of thrust and torque coefficients at Ward pull 

conditions would be around KT = 0.34 and & = 0.046. If the increases of thrust and 

torque coefficients were only due to the effect of a part of the propeller operating at 

boUard pull, the results of experiments in uniform and blocked flow should be 

approximately equal at the bollard pull condition 

Shih and Zheng (1992) showed that the operation of a two dimensional foil section 

adjacent to a nearby solid surface resulted in increased Lift on the foil section due to 

accelerated flow over the foil back. Bose (1 996) showed that for the case ofa propeller in 

blocked flow, this proximity effect resulted in an increase in the thrust coefficient in excess 

of that attributable to the operation of a segment of the propeller disk at the bollard 

condition. This was substantiated by tests subsequently conducted in the towing tank at 

Memorial with the R-Class propeller. Those tests are descnid in section 4.2.2.1.2. 

iio Effects of Cavitation 



The curve fitted results of performance tests at atmospheric pressure in blocked 

flow are repeated in Figure 4-4. along with the results of tests at cavitation numbers o~ = 

84 and ov = 37. Since the advance coefficient was changed by varying the rotational 

speed throughout the test. no single value of a cavitation number, an~, based on rotational 

speed can be presented. O&t errors between the curves resulted kom the difficulty in 

maintaining a constant gap between the block and propeller for each tea and preclude a 

precise quantification of changes in KT and KQ due to cavitation. However. the reduced 

levels of thrust and torque coefficients at low advance coeflicients as the cavitation 

number was decreased indicates a reduction in the mean level of hydrodynamic load on the 

propeller as a result of cavitation. 

4.1.2.1.3 Dynamic Results 

i) EWects of Blockage 

A comparison of the time domain signals in unblocked and blocked flow for 

experiments with similar flow conditions qualitatively shows the effect of blockage on the 

oscillation of instantaneous values of the thrust and torque coefficients. Figure 4-5 

displays results typical of tests in blocked flow. The test conditions for the experiment 

were similar to those illustrated in Figure 4-2, with a propeller rotational speed of n = 1 1.9 

rps. and an advance coefficient of J = 0.21. There was little or no cavitation present 

during the test. 

The torque signal in Figure 4-5 exhibits a regular periodic oscillation at the blade 

pass fkequency of 48Hz which was not measured in the torque signal in uniform flow as 



presented in Figure 4-2. The standard deviation of = 0.395 represents an increase in 

oscillation about the mean value of over three times that shown in Figure 4-2, where the 

standard deviation about the mean was _a = 0.1 16. The mean value of torque. Q = 2.4 

Nm. corresponding to & = 0.053 is an mcrease of 46% over the mean value in uniform 

flow of Q = 1.7 Nm (& = 0.037) and agrees with the results presented in Figure 4-3. 

where blockage resulted in an increase in the torque coefficient fiom KQ = 0.039 in the 

unblocked case to a value of & = 0.051 in blocked flow at an advance coefficient of l = 

0.2. 

ii) Effects of Cavitation 

Figure 4-6 and Figure 4-7 present the time domain torque measurements recorded 

during tests in blocked flow for two cavitation numbers. Results presented in Figure 4-6 

were taken during a test conducted at a propeller speed of n = 20.0 rps and an advance 

ratio of J = 0.1 3. The pressure ratio was PA/PAT~ = 1 -08- Associated cavitation numbers 

were c r ~  = 8 1 8 and 4~ = 1 3.4. Figure 4-7 illustrates the torque record for a similar 

experiment run at a reduced pressure of PAPATM = 0.33. In that test. the induced water 

speed of VA = 0.38 ink corresponded to an advance coefficient of J = 0.09 and cavitation 

numbers of ov = 434 and a , ~  = 3.89. While no f U  scale data was available for the JRPA 

class propeller, typical cavitation numbers for a full scale R-Class propeller at a similar 

advance coefficient would be around o v  = 1 55 and a,,~ = 2.0. 

During the test at the lower cavitation number (om = 3 -89) substantial cavitation 

was developed and the time record shows an increase in the oscillatory nature of torque 

about the mean value. At a pressure ratio of PA  PA^ = 1.08 (Figure 4-6) the standard 



deviation of the oscillation about the mean was g = 0.47. At a pressure ratio of PA /PATM = 

0.33 (Figure 4 4 ,  the standard deviation o f  the oscillation increased to g = 1.06. This 

increase in oscillation was accompanied by an increase in noise and vibration discernible 

%om the outside of the tunnel, 

4.1 2.2 Patterns of cavitation 

Violent cloud cavitation with many mall entrained vortex cavities. resulted from 

the propeller working in the extreme wake of the blockage. Figure 4-8 illustrates the 

pattern of cavitation as a propeller blade enters and exits the milled recess in the simulated 

ice block. While the severity was dramatically increased at lower cavitation numbers. the 

pattern was often exhibited even at atmospheric pressure. 

When the angle. 0, was 0". the blade had not yet entered the recess and was 

working in the unrestricted flow beneath the block. Cavitation which was visible was a 

result of normal operation in uniform flow. At atmospheric pressure. an intermittent tip 

vortex cavity was seen but there was no evidence of any other cavitation on the blade. At 

the lowest cavitation number. m, = 37, and at an advance coefficient of around J = 0.2. the 

blade exhibited a fully developed tip vortex cavity and a leading edge sheet cavity over 

approximately 10% of the back of the blade. The sheet cavity and tip vortex cavity 

combined towards the tip of the blade, forming a single twisted core downstream from the 

blades. 

As the blade entered the recess. the leading edge vortex interacted with a 

horizontal shear flow vortex formed at tbe lower edge of the blockage recess. In this 

region the two vortices were approximately parallel and were rotating in the same 



direction As a result. they merged fonning a large vortex cavity covering that area of the 

blade which was inside the recess. This was most apparent at a blade angle of $ = 4s'. 

As the bhde moved across the recess the shear flow behind the block and leading 

edge vortices became progressively misaligned. When the blade angle, $, was 90". the 

diameter of the merged vortex cavity could be seen to be rapidly increasing and decreasing 

in an oscilhtory manner, and the length of the cavity had become shorter. Occasionally 

two or more separate unstable vortex cores could be seen As the pressure dropped in 

tiont of the leading edge the shear flow vortex formed a separated vortex cavity along the 

lower left edge of the recess. 

As the blade angle rotated to 4 = 1 3 5", the leading edge vortex and the shear flow 

vortex approached a perpendicular orientation with respect to each other. This resulted in 

violent cloud cavitation which included many small. unstable vortex cavities as well as a 

large number of bubbles. At atmospheric pressure, the cloud ranged from the edge oft he 

blockage to cover the extent of the blade remaining in the recess. At the cavitation 

number a v  = 37, it extended as fu as the face of the foollowing blade, posing a possible 

erosion risk to both blades. As the blade subsequently moved out of the recess. the cloud 

progressively disappeared and was nearly dissipated by the time the blade angle had 

changed to 4 = 180". 



Propeller Performance 

Figure 4-1 JRPA Open Propeller Performance, Uniform Flow 
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Figure 4-3 JRPA Open Propeller Performance, Blocked Flow 
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Figure 4 4  JRPA Open Propeller Performance, Blocked Flow 
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4.2 R-Class Open Pro~eller 

Results of tests with the JRPA open and ducted propellers served to provide 

substantial insight into the effects of cavitation during propeller-ice interaction. However. 

the experimental nature of the electronic dynamometer, the geometrical accuracy of the 

propeller models and the choice of cavitation numbers all contriiuted to uncertainty levels 

which preclude definitive conclusiom. Subsequent tests with the model scale R-class 

propeller provided much more detailed results on the operation of an open propeller in 

blocked flow, 

The R-Class propeller model was tested in both the cavitation tunnel of the 

University of Tokyo and the towing tank of Memorial University. The experimental 

results provided data fkom which to assess: the average and unsteady effects of cavitation 

during propeller ice interaction; the effects of proximity between the ice and the operating 

propeller; and the effects of variations in blockage level. Full scale and previous model 

scale performance results are used to provide a baseline against which to compare uniform 

flow test results itom both the tunnel and the towing tank The effects of blockage. 

proximity and cavitation are then compared with those uniform flow results. 



4.2.1 Performance In Uniform Flow 

4-2.1.1 Mean Loads 

4-2.7. I. 1 Test Conditrbns 

I] Cavitation Tunnel 

As the cavitation number was based on the rotational speed of the propeller. tests 

run in the cavitation tunnel ofthe University of Tokyo were conducted at a constant 

rotational speed. The advance coefficient was varied by changing the water flow speed. 

Teas in d o r m  flow were conducted at a rotational speed of n = 30 rps. All tests in 

blocked flow were conducted at a rotational speed of n = 20 rps. This resuhed in a blade 

pass fkequency (the rate at which propeller blades pass into the recess of the simulated ice 

blockage) of 8OHz. 

ii) Towing Tank 

Tests in the open water of the towing tank at Memorial were conducted by Mr. 

Luksa Luznjk, a co-operative engineering student bked for two work terms to assist in the 

research project. Test pkns and the interpretation of results were done by the author as 

part of this research. Mr. Luznik canied out the test plan as outlined and was responsible 

for data reduction. 

Due to inflexiiility of the drive configuration of the propeller test boat, alI tests 

throughout the experimental program in the towing tank were conducted at a rotational 

speed of n = 22 rps. The propeller advance coefficient, J, was controlled by the propeller 

advance speed, VA, by changing carriage speed. The apparatus was installed at an 



elevation such that the shaftline submergence was 200 mm, equal to the diameter of the 

propeller. 

4.2. I. 1.2 Results 

Results @om both the tunnel tests and the tank tests in uniform flow are presented 

in Figure 4-9. Measurements of thrust and torque were taken over the range of advance 

coefficients fiom J = 0.2 to J = 0.7 at increments of AJ = 0-05 in the tunnel and AJ = 0.1 in 

the tank. The figure presents the advance coefficient dong the horizontal axis and the 

coefficients of thrust KT, and torque, IOKQ, along the vertical axis. It shows very good 

correlation between tests run in the two facilities, with a rnaxirnwn difference in the thrust 

coeEcients of 0.006 and a maximum difference m the torque coefficients of 0.00 1 (2.5% 

and 0.9% of the values measured in the towing tank, respectively). The excellent 

correlation between data recorded in the tunnel and the measurements made in the 

unrestricted flow of the towing tank, coupled with velocity profile measurements made 

with the laser doppler velocimeter (LDV) in Tokyo, indicates no correction is required for 

blockage effects of the tunnel walls (lindgren. 1963)- 

For comparison, a line fitted to full scale results presented by Michailidis and 

Murdey (1981) is shown for both the thrust coefficient and the torque coefficient in Figure 

4-9. The tidl scale results were corrected for wake using the Taylor wake hction 

(Harvald. 1 983) calculated kom self- propulsion data using stock propeller models 

(Murdey, 1980). Model and full scale torque coefficient measurements are very close. 

with a difference ranging from 0.002 to 0.017. with the better correlation between the two 

sets of data at low advance coefficients. Model scale thrust coefficients, on the other 



hand, are somewhat higher than the full scale results over the MI range of advance 

coefficients, with a difference ranging fiom 0.0 1 7 to 0.03 8. Notwithstanding the 

differences, the full scale results show the model's performance is a reasonable estimate of 

the performance of the propulsion system of the R-Class icebreakers. 

Differences can be attributed to scale effects, ditliculties in making accurate 

scaie measurements and uncertainties associated with the calculation of  wake hctions. 

which had maximumvalues ofwT = O M  and WQ =0.14. In addition, the measurement of 

thrust at the hU scale is often inaccurate due to the very low strain leveIs which occur in 

the shaft system. This is likely a contributing factor to the discrepancy between full and 

model scale. The full scale results presented in the referenced paper give performance 

estimates for four different conditions: open water; operation in a broken channel: 

icebreaking operations in 0.65 rn thick ice; and icebreaking in 0.80 m thick ice. Typical 

advance coefficients for each operation were near values of Js = 0.72. .& = 0.65. Is = 0.3 

and h = 0.15. respectively; the model tests covered a similar range. 

4.2.2 Perfomance In Blocked Flow 

4.2.2.1 Mean Loads 

4.2.2.1-1 Test Conditions 

i )  Cavifation Tunnel 

All tests in blocked flow m the cavitation tunnel at the University of Tokyo were 

conducted at a rotational speed, n, of 20 rps. Tests were conducted at a number of advance 

coefficients for pressures ranging tom = 1 -09 to PA/PAm = -16 1. associated with 



cavitation numbers h m a m  = 13.5 to oa = 1.8, respectively. The tests were conducted at a 

gap ratio of G/D = 0.0 1 d a cut depth ratio of WD = 025. 

ii) Towing Tank 

Tests in blocked flow conducted in the towing tank at Memorial University were 

run at the same conditions as those tests conducted in uniform flow: the rotational speed 

was n = 22 rps and the advance coefficient, .( was varied by changing the carriage speed. 

The tests in the towing tank were were run over a range of values of both the gap ratio. 

GID. and the cut depth ratio, EUD. 

4.2.2. I. 2 Results 

i) Effects of Blockage 

Figure 4- 10 presents the mean values of thrust and torque coefficients versus the 

advance coefficient for tests conducted in blocked flow. The tests were conducted at an 

ambient tunnel pressure oPPA/PA~ = 1 .O9. the non-cavitating condition The associated 

cavitation number was om = 13.5. Polynomial curves are plotted through the data using least 

squares curve fitsts. The lines fitted to the uniform flow data presented m Figure 4-9 are 

repeated for comparison 

The operation of the propeller in blocked flow resulted in an increase in the 

coefficients of both thrust and torque over the full range of advance coefficients examined. 

At an advance coefficient of J = 0.2, the lowest advance coefficient tested in blocked flow. 

thrust was increased fiom & = 0.28 to KT = 0.41; torque was increased h m  & = 0.034 

to KQ = 0.046. At the highest advance coefficient, J = 0.7, thrust was increased £iom KT = 

0.09 to KT = 0.27 and torque was increased fkom & = 0.01 6 to KQ = 0.033. The 
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difference between uniform flow and blocked flow results became larger as the advance 

coefficient increased, indicating hydrodynamic loads due to blockage are insensitive to the 

velocity of the water flowing past the block. 

ii) Effects of Blockage Ratio 

Figure 4- 1 1 and Figure 4- 1 2 present results of experiments conducted in the 

towing tank with two different blockage cut depths, 25 mrn and 50 mm 0 = 0.125 and 

WD = 0.25, respectively). A g a i ~  polynomial c w e s  were fitted to the data. In each case 

the polynomial curves f3ted to uniform flow data measured in the towing tank as shown in 

Figure 4-9 are presented for comparison. 

Blockage caused an increase in propeller loading for both cut depth ratios across 

the full range of advance coefficients, except for the test at an advance coefficient of J = 

0.7 and H/D = 0.125. At the lowest tested advance coefficient, J = 0.2. the thrust 

coefficient increased fi-om KT = 0.28 in d o r m  flow to KT = 0.3 1 and KT = 0.41 for the 

15 rnrn and 50 mrn blockage depths, respectively. At this advance coefficient. the torque 

coefficient increased Eom KQ = 0.034 in uniform flow to KQ = 0.038 in the case of a 25 

mm blockage and KQ = 0.047 with the blockage depth of 50 mm. At the highest advance 

coefficient, I = 0.7, the thrust coefficient in uniform flow was & = 0.09 and the torque 

coefficient was Kp = 0.016. Similar to lower speeds of advance, the 50 rnm blockage 

resulted in an increase in both the thrust and torque coefficients, to G = 0.25 and KQ = 

0.032. However, the 25 mm cut depth case resulted in a reduction of the mean load on 

the propeller. The thrust coefficient dropped to & = 0.05 and the torque coefficient 

dropped to & = 0.01 1. Since there is no data available for the wake behind the blockage 



during these experiments. it is &&cult to explain M y  the reason for the large drop in the 

smaller blockage case, however it is thought to be as a result of ventilatio n behind the 

block at high speed, since in the case of the reduced blockage, the bottom surface of the 

block was closer to the fiee s h c e  of the water. A simiiat reduction was seen in the 

results fiom tests with a two millimeter gap, and consistent results are apparent in the 

records of both the thrust and torque coefficients for the two series of tests. In any case. 

the drop occurs at high speed, outside the range of icebreaking operations. 

iii) Effects of blockage on tunnel =SUNS 

Figure 4- 13 presents the results of tests in both the cavitation tunnel and the 

towing tank for similar conditions. The towing tank results are fkom tea series with gaps 

of both G/D = 0.005 and G/D = 0.0 1. For that series. the figure presents the average of 

four data points conducted in the same nornioal condition; difEculties in exactly 

establishing the gap resulted in a substantial difference between the high and low values. 

since the gap ranged 6.om around one to about two millimeters. 

The figure shows a reasonable correlation between the minimum tea results fiom 

the towing tank and the cavitation tunnel. While there is scatter associated with 

ditFculties in establishing the gap ratio in towing tank tests, the tank results closely follow 

the trend of the tunnel results. The minimum value resuhs (for a gap ratio of GlD = 0.0 1) 

are almost identical to the cavitation tunnel results, with the exception of the values 

measured at the highest advance coefficient. Other than at that point. the maximum 

difference of KQ was 0.0008; the analogous differences in KT was 0.004. Similarly to the 

case in uniform flow, the figure indicates that there is no need to correct the cavitation 



tunnel results for effects associated with the installation of the bluff body blockage since 

the LDV velocity measurement were independent of blockage effects. 

iv) Effects of Proximity 

Figure 444 presents the relationship between the proximity of the ice block to the 

propeller and the mean performance of the propeller. In this figure the horizontal axis 

gives the gap ratio, G/D. Again, the vertical axis gives the values of the thrust coefficient. 
C 

KT. and the torque coefficient. 1 O&. AIl tests presented in the figure were done at an 

advance coefficient of J = 0.4 with a blockage cut depth ratio of WD = 0.25. For 

comparison. the values of the thrust and torque coefficients in uniform flow at the same 

advance coefficient are plotted as horizontal hes. 

The figure again shows blockage resulted in elevated mean values of the thrust and 

torque coefficients over uniform Bow values. However, it further indicates the increased 

loading can be considered to have two main components. The first was a fixed increase 

due to the operation of the propeller in the wake of the blockage. The second component 

was a wall effect which is a non-linear function of the gap between the blade and the block 

surface; the so-called proximity effect. 

In blocked flow. the upper part of the propeller operated in the slow fluid of the 

separated wake of the blockage. This resulted in an effective decrease of the local 

advance coefficient of the blade sections and an associated increase in thrust and torque 

coefficients. Although the wake structure does vary with distance &om the block. the 

increase in load associated with this reduced mean axial wake flow can be considered to 

be the difference between the horizontal lines representing the thrust and torque 



coefficients in uniform flow, with KT = 0.21 and & = 0.028. and the values measured in 

blocked flow at gaps equal to or greater than 10 mm, & = 0.25 and IQ, = 0.033: increases 

of about 19% and 18% over uniform flow values. respectively. 

As the distance between the propeller and block was reduced. the flow velocity 

over the back of a given bkde increased due to the operation of the blades in close 

proximity to the solid boundary of the block. The increased flow speed resulted in 

decreased fluid pressure and, as a result. increased thrust and torque. This is seen in 

Figure 4- 14 where the gap ratio was less than about 0.05. While experimental scatter. as 

discussed above in Section 4.2.2.1.23, precludes stating an exact value. the increases 

were up to a level between 65% and 75% higher than the uniform flow values for both the 

thrust and torque coefficients. 

The mounting apparatus resulted in an accuracy in the distance between the 

propeller and the block ofabout *0.5 m .  This was not a concern in tests where the gap 

was not varied or when the gap was greater than five millimetres, in which cases the 

uncertainty was small in comparison to the total distance. It did have an effect when the 

gap ratio was less than or equal to G/D = 0.01. As is seen in the Figw 4-14. two tests 

with a nominal gap of o w millimetre (G/D = 0.005) resulted in dEerences in thrust and 

torque coefficients of A& = 0.024 and A& = 0.046. 

V) Effects of Cavitation on KT and KQ 

Figure 4- 1 5 and Figure 4- 1 6 show the thrust and torque coefficients against advance 

coefficient over the range of cavitation numbers examined. Figure 4-1 5 shows the change in 

the thrust coefficient as tunnel pressure was reduced &om aa = 13.5 to om = 1.8. Figure 4- 16 



gives the analogous information for the torque coefficient- The resuits fir tbrust and torque 

coefficients for the noncavitating condition presented in Figure 4- 10 are included. Axes in the 

two figures again show the load ccxfficients on the vertical axis and the advance coefficient on 

the horizontal suds. 

Wdh the exception of torque coefficient measurements at c = 8.2, the eE i t  of 

decreased cavitation number, and subsequently increased cavitation, on mean propeller 

performance was a reduction in both the he and torque coefficients over the M range of 

advance coefficients. At J = 0.2, average thrust dropped 6om KT = 0.41 at  an^ = 13.5 to KT = 

0.26 at crm = 1.8. At the same time, torque decreased h r n  & = 0.046 to = 0.035. 

Similarly. at an advance coefficient of J = 0.7, thrust dropped fiom & = 0.27 to KT = 0.14 and 

torque decreased h m  & = 0.033 to KQ = 0.022. At a slightly reduced cavitation number.  an^ 

= 8.2. minimal cavitation resulted in a slight hxxease m the torque coefficient and no noticeable 

change m the measured values of thrust. This is shnikr to the effects of cavitation m uniform 

flow where the initial development of a cavity increases the form drag of the foil section by 

effectively hrreasing its thickness but with no analogous effect on section lift. 

To illustrate more clearly the effect of reduced pressure on mean performance. Figure 

4- 1 7 through Figure 4-22 present the same data, but with the thrust and torque coefficients. 

plotted against cavitation number. In each of the figures the thrust and torque coefficients. KT 

and 1 0 K ~  are presented on the vertical axis and the cavitation number: o, is plotted on the 

horizontal axis. AU data points presented on a given figure were recorded at the same advance 

coe6cient. 



At high cavitation numbers, say for oi > 5.0, the propeller perfbrrnance showed only a 

limited sensitivity to changes m cavitation number. In the range of 3 -0 c om < 5.0. coefficients 

of thrust and torque showed the greatest rate of change with respect to changes in pressure. 

At values less than era = 3.0, the serrsitivity to o . o n  number was again reduced 

For example, at an advance coefficient of J = 0.4, shown in Figure 4-1 9. the rate of 

change of the thrust coefficient with respect to cavitation number was lowest between a.~ = 

13.5 and crd = 8.2. with AKT/AG~D = 0.000. Between od = 3.3 and G,,D = 4.2, AKT/AonD = 

0.033. which was the maximurn value achieved. Within the range &om a.~ = 2.6 to am = 1.8. 

the rate of change of the thrust coeficient had dropped to bKT/AunD = 0.0 19. The torque 

coefficient showed a shnihr trend, going h m  AKQ/AG,,D = -0.0003 m the first interval to 

A&$AonD = 0.0038 m the second and reducing again to LU6/Aan~ = 0.001 1 in the third. 

At the fbU scale, the s M  rotational speeds of R-Class icebreakers during icebreaking 

operations range f?om N = 120 to N = 170 rpm (Williams et d. 1992; Mickdidis and Murdey. 

1 98 1 ). Such rates result m cavitation numbers Eom about a~ = 4.0 to around am = 2.0. 

respectivehl; these numbers are witbin the region of reduced performance due to cavitation. 

Full scale blockage of an open propeller is often associated with milling contact between the 

propeller and the obstructing blockage. Since reductions in thrust and torque due to cavitation 

occur as a result of such blockages, milling loads are coincident with reduced hydrodynamic 

loads. The effect is an increase in the overall aftwards directed load on the propeller, the sum 

of the aftwards directed contact force and the reduction m the brward directed hydrodynamic 

bad. For example, at a full scale rotational speed ofN = 160 and an advance coefficient of J = 

0.2, a reduction in the thrust coefficient of 0.15 as a result of cavitation corresponds to a drop 



in 111 scale hydrodynamic thrust of around 300 kN. In unblocked flow. at shnElar operating 

conditions, the propeller would develop around 600 kN o f f .  In this case. the increase in 

aftwards directed load due to cavitation is about one halfthe ma@tude of the thrust that 

would be developed by the pmpek in unbbcked flow. 

vi) Patterns of Cavitation 

Typical cavitation patterns visible on an open propeUer m blocked flow have been 

described m detail above and the forms of cavitation incident on the R-Class propeller were 

consistent with those resuIts. Figure 4-23 shows the nature of cavitation incident on the 

propeller bkde as it passes into and out of the d e d  recess of the blockage at an advance 

coefficient of J = 0.2 and a cavitation number. o,~, of 1 -8. A horizontal Line has been drawn at 

the location of the lower edge of the blockage recess. While the most severe cavitation was 

visible at this advance coefficient and cavitation number, cavitation was visl'ble m each test. 

Prior to entering the separated flow behind the blockage, a leading edge sheet cavity 

was vistlle on the blade, beginning at r R  = 0.9. This merged with a tip vortex cavity, hcming 

a twisted core downstrean As the blade entered the recess a vortex cavity formed between 

the blade and the block within the area of overlap. Progress of the blade across the recess 

resulted m the vortex cavity becoming unstable. The cavity had begun to break down into 

cloud cavitation by the time the bkde had reached an angle of $ = 45'. At an angle of (I = 90". 

when 60% of the blade was m the recess, severe cloud cavitation llly covered the obstructed 

area of the blade and filled the region between the back of the reference blade and the h e  of 

the subsequent blade. As the biade returned to unobstructed flow outside the wake of the 



block the cloud cavitation dissipated and patterns seen prior to the blade entering the blockage 

recess were again vislible on the propeller. 

vii) Efect of Cavitation on Kg 

Figure 4-24 gives the nondimensional block load, measured simultaneously with 

the results presented in Figure 4- 15 and Figure 4-1 6 using a three axis load cell. The 

figure includes the effects of both the bluff body drag resulting from the flow of water past 

the block and the suction effects of the nearby propeller for the range of cavitation 

numbers tested. The horizontal axis again presents the advance coefficient, J. The vertical 

axis presents the nondimensional block load coefficient, &. where the block load 

coefficient is presented as positive in the downstream direction and is defined as: 

KB = F / ( ~ ~ D ~ ) ,  

Total block load increased as the advance coefficient increased. but decreased as 

the cavitation number was reduced. The figure shows that at o = 13.5, block Ioad 

increased Eom Kg = 0.25 at J = 0.2 to & = 0.37 at J = 0.7. Similarly at a = 1.8, block 

Ioad increased Eom Ks = 0. t 1 to Ke = 0-19 for the same advance coefficients. The level 

of total block load was comparable in magnitude to the thrust developed by the propeller. 

At a cavitation number of a = 13.5 and an advance coefficient of J = 0.52, the block load 

coefficient was equal to the propeller thrust coefficient of about & = 0.3 1 : at this point, 

the total system thrust of the propeller combined with the block (KT + Kg) was zero. 

viii) Block bads and efficiency 

Figure 4-25 again presents the performance of the propeller in blocked flow at the 

highest cavitation number. The vertical axis shows the coefficients of thrust. torque and 



block load as well as the propeller efficiency, q.. Efficiency was calculated using the 

combined load of the propeller thrust and block load coefficients. The addition of 

blockage loads to the overall thrust equation redted in a dramatic reduction in the 

performance of the propulsion system At this cavitation number, a = 1 3 -5, the maximum 

efficiency over the range of advance coefficients tested was q, = 0.128. tn comparison 

the peak efficiency ofthe propeller in uniform flow was q, = 0.60. Efficiency dropped to 

zero as the total mean system thrust decreased to zero at J = 0.52. This is consistent with 

discussions in earlier literature (Laskow. 1988: Walker et ai.. 1993) where it was 

suggested that while blockage resulted in higher propeller efficiency. total propulsion 

system efficiency would likely be decreased. SimilarIy, the performance at lower 

cavitation numbers in blocked flow was poor. 

ric) Block Load vs. Thrust 

Figure 4-26 presents the nondimensional block load with the mean fluid drag on 

the block subtracted -6om the total measured load. The axes present the same parameters 

as in Figure 4-24. [t is assumed that the modified block load coefficient results only ffom 

the operation of the nearby propeller. This gives an indication of the loading on the 

propeller blades when they were adjacent to the block and provides additional insight to 

the results presented in Figure 4- 15 aml Figure 4- 16, which showed the mean performance 

of the entire propeller. 

Comparison of Figure 4-26 with Figure 4- L 5 shows that reductions in the block 

load coefficients due to cavitation are coincident with almost identical drops in the thrust 

coefficient. At an advance coefficient oPJ = 0.2. the block load coefficient dropped by 



A& =0.14. from Ks = 0.24 at a= 13.5 to Ke = 0.10 at a= 1.8. This compares with a 

drop in the thrust coefficient by AKT = 0.14. @om KT = 0.41 at cr = 13.5 to KT = 0.26 at 

o = 1.8. At an advance coefficient OM = 0.7, the block load coefficient dropped by A& = 

0.18. from Kg =0.27 at o= 13.5 to KB =0.09 at o= 1.8. Analogously, the thnrst 

coefficient dropped by = 0.13, &om KT = 0.27 at a = 13.5 to KT = 0.14 at a = 1 -8. 

The majority of  the reduction in thrust on the propeller, then., occurred within the region 

of the propeller disk subtended by the blockage and measurements of changes in block 

load are indicative of changes in the load on the propeller. 

4.2.2.2 Dynamic Effects 

i )  Effects of cavitation in blocked flow 

The mean results only present a partial description of the loading regime in which a 

propeller blade operates as it enters and exits the blocked region. To illustrate the 

unsteady loading associated with blockage, t irne do main records of the block load 

coefficient can be assessed. For each test condition examined, propeller thrust and torque 

and block load were measured during a 1 -6 second period which was started when a 

reference blade was about to enter the milled recess of the block. Figure 4-27 shows a 

series of five angular positions of the propeller, where 4 = 0" is the angukr position at 

which a propeller blade is about to enter the milled recess and 4 = 90" represents a quarter 

rotation of the propeller, when the subsequent blade is at the same position. Figure 4-28 

presents the wake behind the blockage. It was measured 24.5 rnm downstream of the 

block using the laser doppler velocirneter. and illustrates the flow regime in which the 

propeller was operating. 
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Time domain records of the block load coefficient at an advance coefficient of J = 

0.4 and cavitation numbers of a = 13.5 and o = 1.8 are presented in Figure 4-29. At the 

higher cavitation number, the mean value was & = 0.25. The variation about the mean 

value was approximately M. 1. Consistent with results shown in Figure 4-26, reduced 

cavitation numbers resulted in reduced block load: the average block Ioad coefficient at a 

= 1.8 in Figure 4-29 was & = 0.09. However, at this lower cavitation number the 

variation about the mean increased dramatically to around kO.23. Results were analysed 

for each cavitation number and advance coefficient tested and it was seen that the 

oscillation about the mean value progressively increased as pressure was reduced Eom the 

highest cavitation number to the lowest and the same trend was apparent in the results at 

each advance coefficient. 

Less clear in Figure 4-29 is an apparent phase shift between time domain records 

of the block load coefficients at a = 13.5 and a = 1.8. To illustrate this more clearly 

Figure 4-30 shows the block load coefficient versus the angular orientation of the 

propeller for the same advance coefficient and cavitation numbers as presented in Figure 

4-29. The vertical axis again shows the coefficient, Kg. The horizontal axis presents the 

orientation of the propeller, fiom 4 = 0° to @ = 90". For each cavitation number. three 

curves are shown on the figure. The middle curve represents the instantaneous average of 

the block Ioad coefficient calculated from 127 load measurements recorded when the 

propeller was at that angular position. The upper and lower curves show the range within 

which feu 95% of the measurements used in the calculation of the mean. 



During the first half of the quarter rotation at a cavitation number of o = 1 3 -5. the 

average block load coefficient was Kg = 0.20, slightly under the full record mean of Ka = 

0.25. During the second half of the quarter rotation, the average block load coefficient 

was Ke = 0.30, slightly above the full record mean. Alternatively. at a cavitation number 

of a = 1.8, the average block load coetFfient during the first half of the quarter rotation 

K g  = 0.15, was above the mean value of & = 0.09, while during the second half. the 

average value of & = 0.04 was below the record mean At the lower cavitation number. 

the instantaneous values of the block load coefficient during the fist half of the quarter 

rotation of the propeller were slightly Less than those for the higher cavitation number. 

During the second halfof the quarter rotation the instantaneous values of the block load 

coefficient were dramatically less at a = 1 -8 than at a = 1 3 -5. 

The difference in phase between the results at high and low cavitation numbers can 

be explained by a comparison of Figure 4-27, showing the angular orientation of the 

propeller, with Figure 4-28, which shows the flow regime in which the propeller operates. 

At an angle of 4 = 22S0, the midpoint angle in the first half'of the quarter rotation the 

reference blade had not reached the region of minimum flow speed shown in Figure 1-28. 

The preceding blade had already passed beyond that region. However, when the reference 

blade was at 4 = 67.5'. the midpoint in the second half of the quarter rotation. the leading 

edge of the blade was halfway through the region of minimum flow. 

In the absence of cavitation, at cr = 1 3.5, the operation of the propeller blade 

within the region of minimum flow resulted in the development of higher suction on the 

blade back and an increase in the coefficients of thrust, torque and block load compared 



with the previous blade position When cavitation was present. most severely at a 

cavitation number of a = 1 -8, the development of increased suction and increased 

coefficients of thrust, torque and block load, was prevented. 

Additionally, this region was coincident with violent cloud cavitation as described 

in section 4.2.1.1 -2 (vii. The cumulative effect, possibly caused by cavitation impact 

pressure on the d a c e  of the block &om the collapsing cloud cavitation, was a reduct ion 

of the measured block load coefficient in the second halfof the quarter rotation to a 

minimum instantaneous value of & = -0.05. While the low natural £iequency of the 

propeller dynamometer precluded measuring this load variation on the propeller itsell: it is 

likely that a similar load modification would have occurred on part or all of the associated 

propeller blade. 

ii) Nurnen'cal Comparisons 

Numerical predictions with which these experimental results can be compared 

were made by Neil Bose using a potential flow panel method written by him and described 

in previous documentation (Bose, 1996). The time domain method can be used for the 

prediction of unsteady propeller performance and incorporates the effect o Pa proximate 

milled surface. 

The mean lines of block load at high and low cavitation numbers presented in 

Figure 4-3 0 are repeated in Figure 4-3 1. Also plotted in the figure are the time series 

panel method predictions of the total propeller thrust coefficient, the thrust coefficient of a 

single propeller blade, and the sum of the thrust developed by the key blade and the 

preceding blade while it remains in the blockage recess. The latter prediction would most 



closely represent the loading regime imposed on the blockage by the propeller. The 

calculation uses the assumed wake flow behind the block. described previously. and a gap 

of5 mm between the ice hce and the propeller. The calculations were done using a time 

step such that the propeller rotated ten degrees during each step and the results shown are 

f?om the third cycle after the assumed start of the motion in the calculation Despite these 

differences, there are similarities between the form of the records for the predicted 

propeller thrust coefficient and the block load drag coefficient at the high cavitation 

number. n,~ = 13.5. 

The variation in the total of propeller thrust coefficient developed by blades within 

the blockage recess bas roughly the same amplitude as the variation in the drag coefficient 

of the block. However, the variation in the thrust coefficient of the whole propeller is 

much lower. The peaks in the amp Etude of the key blade thrust coefficient and the block 

drag coefficient are roughly in phase with one another. 

The comparable numerical and experimental results indicate that the time domain 

measurement of the block load gives an indication o P the unsteady nature of the loads 

acting on the propeller blades. In addition, results shown in Section 4.2.2.1.2(ix) showed 

that mean changes in propeller thrust due to cavitation are directly comparable to changes 

in the mean block load. As the changes between results at high and low cavitation 

numbers, apparent in Figure 4-30, occur only as a result of a drop in ambient tunnel 

pressure, the dEerences in the unsteady nature of the block load record were due to 

changes in the imposed loading regime, not by differences in the mechanical response of 

the measurement system. The same changes in load are imposed on the propeller blade; 



cavitation resulted a dramatic reduction of thrust in the second haIf of the blade pass. 

possibly resulting in an aftward directed total hydrodynamic load. 
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4.3 JRPA Oucted Proaellers 

While the simplicity of testing an open propeller arrangment resulted in 

considerably more data for the open propeller case than for the ducted propeller. it is the 

ducted propeller configuration which is most susceptible to non-contact blockage by ice at 

full-scale operations. Results @om the test program conducted with the ducted propellers 

as part the JRPA-6 did provide preliminary insight into the effects of blockage and 

cavitation on ducted propeller operations. In ad&-on, comparisous with results taken 

fiom tests with open propellers indicate that conclusions drawn on the basis of results 

tiom tests with an open propeller are equally relevant for the operation of a ducted 

propeller in ice blocked flow. 

Four series of tests were done on the ducted propellers. The higher pitch 

propeller. P/D = 1.1 7. rvas tested in uniform flow. In that series ofexperirnents. 

measurements were taken of propeller thrust and torque and duct thrust. The results were 

subsequently compared to empirical estimates by van Gent and Oosterveld (1983) based 

on experimental results of the Ka-Series propellers. The propeller was then tested in 

blocked flow for three cavitation numbers, showing that the effects of cavitation were 

similar to those which occurred in the open propeller case. The blocked flow tests were 

subsequently repeated with the low pitch propeller (P/D = 0.8). Finally, the high pitch 

model was tested in the wake of a block in which pressure senson were installed on the 

face adjacent to the propeller. 



The tests with the ducted propellers and the non-instrumented blocks were done 

with the assistance of a work term student from Memorid Ms. Suzanne Casey. who was 

responsible for recording and reducing the experimental data The test program planning 

and management and the analysis of results were done by the author of this thesis. 

4.3.1 Performance In Uniform Flow 

4.3-1 -1 Mean Loads 

4.3.7-7.1 Test Conditbns 

Two series of tests were conducted in uniform flow at a high ambient pressure. 

P r \ / P t \ ~ ~  = 1.08, for the higher pitched propeller- The tests were done to obtain 

performance coefficients for comparison both with tests done in blocked flow and with 

standard polynomials for Kaplan series pro peUers (van Gent and Oosterveld. 1 983). 

Initially. the propeller was run with a constant rotational speed, n = 10.0 rps, for a number 

of flow speeds to obtain results over a range of advance coefficients at a moderately high 

Reynolds numbers. The second series of tests were run with a constant water speed. V, = 

1.2 mls.  for a range of propeller speeds, giving data over a range of advance coefficients 

with operating conditions similar to those of subsequent tests in blocked flow. For each 

test, propeller thrust and torque were recorded using a mechanical dynamometer and duct 

thrust was recorded with a strain gauged mounting bracket. 

The measurement of duct thrust was useful for comparison with numerical data to 

ensure the correct performance of the apparatus in uniform flow. However, at the fuU 

scale, an ice piece would be partially or M y  supported by the duct. In the series of tests 



conducted for this work. all blockages were rigidly attached to the tunnel ceiling. Duct 

thrust measurements in blocked flow therefore do not represent a realistic situation and 

are not presented. 

4.3-1-1.2 Results 

I) Experimental and empirical comparisons 

Results fiom experiments with the high pitch ducted propeller in unblocked 

uniform flow are presented in Figure 4-32. Coefficients of propeller thrust and torque and 

duct t h m  are plotted on the vertical axis. The advance coefficient, J, is shown along the 

horizontai axis. As in similar figures for open propellers presented above, potynomial 

curves were fitted to the experimental data Finally, shown for comparison is the 

performance of a Kaplan 4-70 propeller with a MARJN Type 37 accelerating duct 

predicted &om the Ka-series polynomials (van Gent and Oosterveld. 1983). 

The experimental results for the duct thrust coefficient, KTD, correspond closely 

with the polynomial predictions. Similarly. the maximum difference between the 

experimental and predicted propeller thrust coefficients, KT, indicate a close correlation. 

The difference in the predicted and experimental propeller thrust coefficients increased 

kom about AKr = 0.01 at the lowest advance coefficient, J = 0.3, to a maximum of AKT = 

0.06 at J = 1 -0. The measured values for the torque coefficient, however, were higher 

over the range of advance coefficients examined, varying fiom a difference of about A& = 

0.002 at an advance coefficient of J = 0.3 to AKQ = 0.010 at .J = 0.8. 

Variation between experimental and numerical results can again be partially 



explained by ditferences in the geometries of the ice class propeller models and the Ka- 

4.70 propeller, including hub sizes, blade thicknesses and blade area ratios: these certainly 

impact the experimentally measured torque coefficients. Additionally, the ffi-4.70 resuhs 

were based on model tests conducted at different Reynolds numbers than those at which 

these experiments were conducted. Notwithstanding the differences, the experimental 

results compare dc i en t l y  well with the empirical predictions to d o w  the use of the 

experimental results as a baseline against which to compare the results of tens in blocked 

tlo w. 

4.3.2 Performance In Blocked Flow 

4.3.2.1 Mean Loads 

4.3.2.1.1 Test Conditions 

Again, simulated ice blocks were installed upstream of the propeller and duct as 

descnid in Chapter 3. Improved control of the distance between the propeller and the 

block, as compared with analogous tests with the JPRA open propeller, was achieved by 

the installation of a thrust bearing between the propeller hub and the outer sleeve of the 

dynamometer shaft. This succeeded in reducing the level of scatter at atmospheric 

pressure, compared with open propeller results. For the ducted propeller tests, all 

experiments were carried out with a minimum gap ratio of G/D = 0.005 between the 

blockage surface and the forwardmost blade of a given propeller, . Variations between the 



geometry of successive blades on the model propellers led to bhde to block gap ratios 

ranging up to G/D = 0.0 1 

Three series of tests were conducted with the high pitch propeller over a range of 

pressures. The high pressure series, PAPAnf = 1 -09, had an associated cavitation number 

o f cv = 860. The &st low presstire test. PA/PAm = 0.55. was at a cavitation number of 

sv = 496. Finaily. a third series, P A / P A ~  = 0.48. was at a cavitation number of a v  = 

415. 

The rotational speed ofthe propeller for the test series was restricted to a 

maximum value of n = 16.7 rps. Higher rotational speeds caused the duct to vibrate. 

coming into contact with the rotating propeller. The minimum advance coefficient was 

restricted to the value achieved by the water velocity induced by the maximum propeller 

rotational speed used during the test. In each series. the induced water speed was around 

VA = 0.5 m/s with an associated minimum advance coefficient of around J = 0.1 5. 

Two series of tests were run with the low pitch (P/D = 0.8) propeller in blocked 

flow. In the first, an ambient pressure ratio o € P , J E ' ~ ~ ~  = 1 -08 resulted in a cavitation 

number of a v  = 834. The second series was run at a pressure ratio of PARATM = 0.46. 

corresponding to a v  = 347. The selection of rotational speed and speed of advance was 

done in the same manner as with the high pitch propeller, with a maximum rotational 

speed of n = 16.7 rps and a minimum advance coefficient of I = 0.15. 

4.3.2. f.2 Results 

0 Effects of Blockage 



Coefficients of propeller thrust and torque &om experiments conducted in blocked 

flow with the high pitch propeller at a pressure ratio of P A P ~ ~ m  = 1.08 are presented in 

Figure 4-33. Again, polynomial curves have been fitted to the experimental data and the 

fitted curves 6 o m  the experimental results in uniform flow are repeated for comparison. 

The axes again represent the load coefficients on the vertical axis with the advance 

coeEcient presented along the horizontal axis. 

Similarly to the results for open propellers blockage resulted in a substantial 

increase in both thrust and torque coefficients in blocked flow compared with the uniform 

flow values. At an advance coefficient of about J = 0.3. the propeller thrust coefficient 

increased from KT = 0.26 in uniform Bow to & = 0.60 when it operated in the wake of the 

nearby blockage. For the torque coefficient at the same advance coefficient, there was an 

increase Grom JKQ = 0.057 in uniform flow to % = 0.099 in the blocked flow case. 

io Eflects of Cavitation 

Figure 4-34 presents the results of tests conducted in blocked flow at cavitation 

numbers of CJV = 496 and av = 41 5. respectively. The curves fitted to results of the 

performance tests in blocked flow at PA/PA~m = 1.08 are redrawn for comparison. The 

horizontal and vertical axes represent the same parameters as in Figure 4-33. 

Limited differences were noted between measurements of the thrust coefficient for 

all three tests over the range of advance coefficients. Only slight reductions in the mean 

values of thrust were seen as the advance coefficient approached J = 0.15 for the teas at 

reduced cavitation numbers. The minimum value of KT = 0.60 for a cavitation number of 



av = 415 represented a reduction of only & = 0.03 Eom the tests at atmospheric 

pressure. ov = 860. The variation between the results measured at different cavitation 

numbers was within the scatter of the experimental data Notwithstanding the magnitude 

of differences due to cavitation, the d reductions in the thrust coefficient were 

consistent with the much clearer r e d s  seen in tests with the open propellers. 

Measured mean values of the torque coefficient for tests at reduced cavitation 

numbers. a v  = 496 and a v  = 4 15, were lower than results ftom the test conducted at 

higher pressure ( c r ~  = 860) over the entire range of advance coefficients. At J = 0.16 for 

the high pressure test. the torque coefficient. KQ? was 1.09 while at o v  = 496. the torque 

coefficient was reduced to & = 1.03. At low values of the advance coefficient. the torque 

coefficient data for the lower cavitation numbers showed a slight reduction as a result of 

cavitation. However. there was considerable variation between the mean values of torque 

over the range ofadvance coefficients examined. Similarly to the thrust coefficient in 

blocked flow, the significance of differences between the torque coefficients measured at 

high and low cavitation numbers can best be assessed in light of the results of t eas  with 

the open propeller. 

Tests at even lower cavitation numbers should have produced more pronounced 

reductions in both the thrust and the torque coefficients. However. constraints imposed 

by the test apparatus resulted in a minimum attainable advance coefficient of 0.15. 

Limitations dictated by the deaeration capabilities of the tunnel resulted in a minimum 

pressure of PA = 47 kPa. Reducing the cavitation number below a value of a v  =4 1 5 would 



have required an increased flow speed with aa associated increase in the advance 

coefficient: the reduced loading resulting Eom the higher advance coefficient would have 

negated the effect of the reduced cavitation number. 

i@ Effects of Pitcn 

Similar blocked flow experiments to those descriid above were repeated for the 

low pitched propeller (P/D = 0.8). Tests were run at ambient pressure ratios of PARATM = 

1 -08 and PA/PAfM = 0.46 with associated cavitation numbers of o~ = 834 and av = 347. 

respectively. While the tests were usefid in a qualitative sense. no additional quantitative 

information on the effects of cavitation during propeller ice interaction could be assessed. 

The reduced pitch resulted in lower mean values of thrust and torque coefficients 

over the range of advance coefficients tested compared with the performance of the high 

pitch propeller. The limitations imposed by the apparatus resulted in similar difticulties in 

attaining test conditions ofsimiltaneously tow cavitation numbers and low advance 

coefficients. with measured differences well within the range of experimental scatter. 

Finally, the reduced pitch resulted in less severe cavitation. While the patterns 

were similar to those seen on the high pitch propeller (described below) minimal cavitation 

was visible at high pressure, while at reduced cavitation numbers the forms were less 

severe and extensive than for the high pitched case. 

4.3.2.2 Patterns of cavitation 

Cavitation patterns observed on the back and fkce of the propeller blade as it 

entered and exited the wake of the ice blockage are illustrated in Figure 4-35 and Figure 



4-36. respectively. Patterns of cavitation developed on the adjacent Eice of the simulated 

ice block are shown in Figure 4-37. Although all forms of cavitation were more severe at 

the lower cavitation numbers, ov = 41 5 and a v  = 496, they were also visible at PA@, = 

l.08. 

When the angle, 4, of the blade was O0 with respect to the horizontal. the blade 

had not yet entered the wake of the ice block. As a result. no visible cavitation formed on 

the propeller. However. along the horizontal trailing edge of the block, a co mbmat ion of 

sheet cavitation and cloud cavitation was visible between the reference blade at $ = 0" and 

the preceding blade, already at 4 = 90°. 

As the propeller blade entered the wake of the ice block. sheet cavitation began to 

form on t k  leading edge of the blade back. At an angle of + = 30". the sheet extended 

&om approximately sixty percent of the blade radius to the tip of the propeller. The effect 

o C the propeller at this angle resulted in the formation of a sheet cavity along the vertical 

edge of the block. This combined into a stable vortex cavity with the leading edge sheet 

cavity on the blade back at one end and the block sheet cavity at the other. 

At the same point, the propeller blade cut through the sheet cavity along the lower 

edge of the block. The sheet cavity reappeared between the blade and the block. The 

opposing orientation of flow over the leading edge of the blade face and the trailiag edge 

of the block resulted in the formation of cloud cavitation. The cloud extended over that 

area of the blade face in the wake of the block. kom the hub to eighty percent of the blade 

radius. 



At an angle of$ = 60°, the leading edge sheet cavity extended fiom the root to the 

tip on the blade back. Interaction between the blade sheet cavity and a sheet cavity 

formed along the bottom edge of the block resulted in severe cloud cavitation between the 

lower part of the blade back and the block. At the blade tip, the leading edge sheet 

developed into a detached tip vortex which extended approximately &om the blade comer 

to the lower right comer ofthe block, as seen in Figure 4-35. The cloud cavitation on the 

face of the blade had separated from the cloud trailing the preceding blade and moved 

away £kom the leading edge. The area and severity of the face cavitation had reduced. 

At the vertical blade position. 4 = 90°, the cloud cavitation on the blade back 

enlarged towards the tip, with an associated increase in area and severity. The leading 

edge sheet cavity extended along the tip of the blade as the detached tip vortex 

disappeared. The cloud cavitation on the blade face had almost completely dissipated. 

After a fiuther rotation of3o0. to an angle of$ = 120". the sheet cavity on the 

blade back had contracted along both the Ieading edge and the blade tip, covering only a 

small region on the comer of the blade. The cloud cavitation continued to increase 

between the block and the propeller blade, extending along the entire tip and covered most 

of the area of the blade obstructed by the block. 

As the propeller blade began to leave the obstructed flow behind the blockage. the 

leading edge sheet cavity disappeared. The region of cloud cavitation extended to the 

trailing edge of the blade back, but decreased in size and severity as it dissipated near the 



leading edge. Upon further rotation to + = 180°. the blade was no longer in the wake of 

the blockage, causing the collapse of the cloud cavitation 

As in the case of the open propeller, cavitation initialty began to form on the 

ducted propeller as sheet cavitation as the propeller blade entered the wake of the block. 

As the blade passed through the wake, the sheet cavitation progressively gave way to 

cloud cavitation and by the point at which the blade was exiting the wake of the blockage. 

the cavitation incident on the d a c e  of the blade was entirely cIoud cavitation. Since 

cavitation is a fimction of the pressure distniution and flow regime on the propeller blade 

surface. the similar f o m  of cavitation on ducted and open propellers are indicative of 

similar pressure distrr'butions: as such, the nature of loading on the blades would equally 

be similar. 

4.3.2.3 Block Face Pressure 

4.3.2.3.7 Test Conditions 

The final series of tests with ducted propellers was conducted with an 

instrumented blockage (described in Chapter 3) installed upstream of the propeller. A 

minimum gap ratio of G/D = 0.005 (1 rnm) between the blockage and the leading edge of 

the forwardmost blade on the high pitch propeller (P/D = 1-17) was established. A slight 

variation in the surface of the blockage resulted in a 1.5 mrn gap at the port sensor for that 

blade and variations between individual blade geometries resulted in a maximum gap of 

about 2.5 mm at that sensor for the blade with the aftermost leading edge. 



Test conditions were based on similar tests previously run in the ice tank at UID. 

The teas were run at rotational speeds of n = 8.9 rps. n = 1 1 -8 rps and n = 1 7.7 rps and 

advance speeds of VA = 0.42 m/s and V A  = 0.84 mk. Tests at the highest rotatiod 

speed n = 17.7 rps, were run with induced flow speeds of between VA = 0.83 and VA = 

0.86. 

AU tests were run at two different pressures. At the highest pressure. P A P A T M  = 

1 -08, the range of advance speeds corresponded to cavitation numbers fkom a, = 12 19 for 

V h  = 0.42 m/s to av = 308 for VA = 0.84 m/s. At the lower pressure. PAIPA~M = 0.46. the 

same advance speeds resulted in cavitation numbers c r ~  = 507 and a v  = 127. respectively. 

For each test, records were taken of the fluid pressure at each pressure sensor. In 

addition a record was made of an electrical pulse generated when the leading edge of the 

reference blade was at the upper centreline position, adjacent to the middle sensor. The 

data acquisition hardware capacity limited the simultaneous sampling rate for four 

channels to 2800 Hertz. This corresponds to a range fiom one sample per 2.28" of 

propeller rotation at n = 17.7 rps to one sample per I .  M0 at n = 8.9 rps. 

4.3.2.3.2 Results 

Typical segments of time domain data recorded at each pressure sensor during 

experiments with the higher pitch ducted propeller in blocked flow are shown &om Figure 

4-38 to Figure 4-45. Each plot shows a record of the pressure at one sensor. with time 

shown on the horizonal axis and the absolute pressure on the vertical axis. A position 

pulse showing the anguiar position of the shaft is shown along the top of each figure. The 



leading edge of the reference propeller blade is adjacent to the centre sensor when the 

pulse begins. 

Figure 4-35 and Figure 4-37 illustrate the typical cavitation patterns on the back of 

a propeller blade and the adjacent surtace of the blockage. respectively. Comparison with 

Figure 3- 12, showing the location of the pressure sensors, gives an indication of the flow 

conditions in the region of each sensor. The port sensor was in variable flow conditions 

resulting &om the vortex shed corn the vertical edge of the blockage and the pressure 

regime associated with the passing propeller blade. The cavitation patterns shown in 

Figure 4-35 and Figure 4-3 7 indicate a cyclic variation fkom dominance of the shear flow 

in the wake of the block to dominance of the blade pressure. The middle sensor was 

located m the M y  stalled flow of the blockage, away &om the effects of flow around the 

edges of the blockage. Stable sheet cavitation was apparent on the blade back when a 

blade was adjacent to this location. The starboard sensor was also close to the edge of the 

blockage in an area of highly turbulent flow as indicated by the substantial amount of 

cloud cavitation apparent in the region. 

A comparison of experimental results displayed from Figure 4-38 through to 

Figure 4-45 shows consistent differences in the record of hydrodynamic pressure fiom one 

sensor location to another, throughout the range of experimental conditions. tn all cases 

the amplitudinal variation increased with rotational speed but exhibited Limited sensitivity 

to variations in flow speed: this presents further evidence on the appropriateness of a 

cavitation number based on rotational speed for such work. Comparison of the tests run 

at an ambient pressure o P P * / P ~ T ~  = I .08, shown in Figure 4-38 to Figure 4-41. with those 

110 



run at reduced pressure. PA/PATM = 0.46, presented in Figure 4-42 through Figure 4-45. 

hther illustrates the d-c effects of cavitation. 

i] Effects of Position 

Peak to peak differences between minimum and maximum measured pressure for a 

given set of conditions were lowest for the port seasor and highest for the centrehe 

location At a high ambient pressure, PA&w = 1 -08, and a rotational speed, n. of 8.8 rps. 

presented in Figure 4-3 8a the maximum typical variation at the port sensor was AP = 16.0 

kPa For the same conditions at the centreline sensor. the difference was AP = 63 -7 kPa 

and at the starboard sensor was around AP = 30 kPa. Increased rotational speed resulted 

in an increase of  peak to peak variation for all three locations. At a higher rotatio naI 

speed. n = 1 1.8 rps, and the same ambient pressure, Figure 4-40 a, b and c show that the 

peak to peak differences at the port, centreline and starboard sensors were around 30 kPa 

90 kPa and 40 kPa respectively. 

Figure 4-38 illustrates the variation in the pressure at the middle sensor at a 

rotational speed of 8.84 rps. At the point when a blade is adjacent to the sensor. the 

measured pressure undergoes an abrupt drop &om about 1 10 kPa to a minimum pressure 

ranging f?om between P = 46 kPa to P = 75 kPa. As the blade moves past the sensor, the 

pressure begins to rapidly increase toward the maximum leveL with the rate of pressure 

increase slowing as the upper limit is approached. The cycle repeats with each subsequent 

blade pass. 



The cycle remained the same as the rotational speed increased, but the pressure 

dropped to a lower level as the blade passed,. For a rotational speed of n = 1 1.8 rps. 

illustrated in Figure 4-40, the minimum pressure has dropped to a range between 15 kPa 

and 50 kPa A firrther drop occurred a higher rotational speed, n = 17.1 rps. with a 

resulting minimum pressure of 5 kPa 

The record of pressure variation at the port sensor location showed a more erratic 

character with less severe peak to peak oscillations, as shown in Figure 4-3 8a. At n = 8 -8 

rps. a maximum pressure of about 1 10 kPa was reached at the point of blade pass. Unlike 

the results &om the middle sensor, there was no abrupt pressure drop as the blade moves 

away from the sensor. Instead. there was a gradual, enatic decline in pressure to a 

minimum level with a mean value of about 90 Ha. Increasing rotational speed resulted in 

similar patterns, however as speed increased, the erratic nature of the signal increased. the 

average value of the minimum pressure between blade passes decreased Eom about 90 

kPa at n = 8 -8 rps to around 40 kPa at n = 1 7.7 rps, and an increase in the magnitude of 

the peak associated with blade pass was noticeable. 

The pressure at the starboard measurement location showed a diflerent trend. At n 

= 8.8 rps. the pressure record, shown in Figure 4-38c, displayed an erratic variation about 

a mean level of about P = LOO kPa between blade passes. When a blade passed, the 

pressure displayed an abrupt drop, to a level that ranged fiom 62 kPa to 80 kPa. The 

pressure then increased in a manner similar to that of the middle sensor until the pressure 

had reached the mean level of 100 kPa, about which it again began to oxitlate. Increasing 



rotational speed resulted in an increase in the erratic nature about the mean and an 

increase m the level of pressure drop associated with blade pass. 

ii) Effects of Cavitation 

Figure 4-42 through Figure 4-15 show representative samples of data collected 

during low pressure tests at similar rotational and flow speeds to those discussed above. 

For each set of test conditions. the effect of reduced ambient pressure was a downward 

shift of the mean pressure by about 63 kPa with a minimum pressure limit around P = 1.9 

kPa, near the level of vapow pressure of water. The effect of the reduced pressure was 

substantially increased cavitation visible on the propeller and blockage. as described in the 

previous sect ion. 

The Limiting effect of cavitation can be clearly seen in Figure 4-44b which shows 

data fiorn the middIe sensor at a rotational speed of n = 1 1.8 rps and a speed of advance 

of VA = 0.42 d s .  Above some critical pressure. PC, near to the vapour pressure of the 

test water, the characteristics of the plot closely matched that of similar tea conditions at 

high pressure, shown in Figure 4-40b. As the blade passed the sensor. the pressure 

abruptly dropped, but did not drop below the critical value (PC = 5 kPa in this case). The 

pressure remained at that minimum level until the blade was sufficiently away @om the 

sensor to allow the recovery of pressure to resume the same pattern as in Figure 4-40. 

The pressure then increased at a decreasing rate of change until the next blade approached 

the sensor and the cycle repeated. This is consistent with results of tests with the R-Class 



open propeller. which showed that cavitation limited the maxiinurn attainable mean block 

and propeller loads. 

Data taken &om the starboard pressure sensor during tests at high rotational 

speeds and low cavitation numbers showed intermittent positively directed pressure 

spikes. Such spikes are apparent in both Figure 4-44c and Figure 4-45~. While it is 

difficult to de!kitively explain such spikes with the data set available, they are consistent 

with the suggestion that collapsing cloud cavitation bubbles in the latter phase of blade 

pass cause microjets of water to impinge on the block surfice. The resuit of such collapses 

could result in forward directed forces on the block. 

Pressure on the face of the block is indicative of the load imposed on the propeller 

at those locations. As in the case with the open propeller, cavitation resulted in a 

modification of the pressure regime on the block: modifications which would be reflected 

on the propeller blade. Similarly. the load on the block and the propeller are related to the 

position of the blade with respect to the block. 



Figure 4-32 JRPA Ducted Propeller Performance, Uniform Flow 

Figure 433 JRPA Ducted Propeller Performance, Blocked Flow 
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Figure 4-34 JRPA Ducted Propeller Performance, Blocked Flow 
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Figure 4-35 Blade Back Cavitation in Blocked Flow 



Figure 4-36 Blade Face Cavitation in Blocked Flow 

Figure 4-37 Block Face Cavitation 
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5.1 Averaae effects of blockaae 

When a propeller becomes blocked with a piece of ice in such a way that there is 

no contact between the ice piece and the propeller, mean levels of thrust and torque are 

dramatically increased. This was shown for all propellers examined throughout the course 

o F the research. 

Figure 4-3 shows the results corn the first series of tests run with the .JRPA open 

propeller in the cavitation turnel at W. The figure shows increased levels of  both thrust 

and torque coefficients in blocked flow, over uniform flow values, for the range of 

advance coefficients tested. Figure 4-10 shows similar results for the R-Class propeller 

when it was tested in the cavitation tunnel at the University of Tokyo. In that figure, it 

can be seen that the operation ofa propeller at high advance coefficients. in close 

proximity to a milled ice piece, results in an increase of thrust by as much as three times 

the open water levels and an increase in torque by as much as twice the open water values. 

This was finher corroborated by tests with the R-Class propeller in the towing tank at 

Memorial. as seen in Figure 4- 13. 

Analogous results have been produced using the ducted propellers. built for the 

JRPA research, and a Marin Type-37 duct installed in the cavitation tunnel at IMD. 

Figure 4-33 presents the results of tests that were run over a range of advance coefficients 

with that apparatus. The increase in thrust and torque coefficients due to blockage were 

even higher than for the open propellers. At an advance coefficient of about J = 0.3, the 

thrust coefficient increased by 13 1 % f?om KT = 0.26 to KT = 0.60. At the same 



conditions. the torque coefficient increased by 74%. f?om = 0.057 in d o r m  flow to 

IG;, = 0.099 in bbcked flow. 

5.1.1 Decreased Efficiency 

While the previously presented figures show greater increases in thrust than 

torque. the increase m thrust comes with a decrease m total system thrust because of the 

drag load imposed by the blocking ice piece. Figure 4-24 presents the block load 

measured coincident with thrust and torque during the tests conducted in the University of 

Tokyo cavitation tunnel. Figure 4-25 presents coefficients of thrust. torque and block 

load for the same conditions. in addition to propulsion efficiency when the increased drag 

associated with block load is taken into account. The net effect was a drop m the mean 

performance of the system While no measurement of block load was made during tests 

with the ducted propeller, a similar result would occur, since in that case it would in fact. 

be the duct supporting the ice piece instead of the load cell used in the open propeller 

experiments. 

5.1.2 Load Components 

The constituent components of the increased load due to blockage was more i l l y  

investigated in the towing tank at Memorial than in the cavitation tunnel work. That work 

showed the average increases can be considered to be the sum of two constituent 

components: wake and proximity. Figure 4-1 4 shows that in the case of the R-Class 

propeller, b r  a propeller diameter to block gap ratio in excess of 0.05, the effect of 

blockage was a fixed increase in both thrust and torque: at an advance coefficient of J = 

0.4. this increase was around 20% of the uniform flow values. At levels of gap falling 



below five per cent of the propeller diameter, the proximity of the ice blockage resulted in 

higher levels of load. with the increments of thrust and torque up to as high as 75% of the 

uniform flow values. 

Additiody, the measurements taken in the towing tank suggest tbat the increase 

in the thrust and torque coefficients is a hc t i on  of the portion of the blade span that is 

blocked by the ice piece. Figure 4-1 1 and Figure 4-12 present the measurement of thrust 

and torque for blockage cut depths of 25 mm and 50 mm (equal to 12.5% and 25% of the 

propeller diameter) respectively. The figures show that the average increase in thrust and 

torque over uniform flow for a cut depth of50 mm is approximately bur times that of 

thrust and torque for a cut depth of halfthat size. That is, the increase in toad was equal 

to the square of the spanwise increase in blockage. 

5.2 Averaae effects of cavitation 

The results discussed in the preceding sections of this chapter were recorded 

during tests conducted above atmospheric pressure, in which minimal cavitation was 

present. As the ambient pressure at the propeller is reduced to levels resulting in 

cavitation numbers war typical fLlI scale values, the average measured loads are fbrther 

modified. Figure 4-4 illustrates the effect of cavitation number on both the t h .  and 

torque coefficients for tests conducted with the IRPA propeller at reduced cavitation 

numbers in the tunnel at IMD. Analogous results born tests in the tunnel at the Tokyo 

University are presented in Figure 4- 1 5 and Figure 4- 1 6 for the thrust and torque 

coefficients o Pthe R-Class propeiler, respectively. A similar effect of cavitation is seen in 

the three figures: cavitation reduced the mean recorded levels of both thrust and torque 

coefficients. For the earlier tests with the JRPA open propeller. the reductions in thrust 



and torque were seen for advance coefficients less than I = 0.4. The results measured with 

the R-Class propeller model showed reductions over the fidl range of advance coefficients 

tested. 

The principal difference between the two sets of tests was the definition of 

cavitation number: in the earlier work with the JRPA propeller. the cavitation number 

was based on flow speed and in the latter work the cavitation number was based on 

rotational speed. Dit6cuIties with the experimental apparatus in the earlier work resulted 

in bias and precision errors which precluded quantifLing the magnitude of the change of 

thrust and torque due to cavitation. However, in the more recent work the figures show 

that over the range of advance speeds tested, the thrust coefficients dropped by an almost 

constant amount of approximately hKT = 0.13. For the same conditions, the torque 

coefficients dropped by around  KT = 0.1 1. Such drops represent as high as a 50% 

reduction in measured mean load on the propeller. Similar reductions were seen in block 

load. as shown in Figure 4-24. 

Analogous effects of cavitation are seen in Figure 4-34 to occur with ducted 

propellers in blocked flow. However. due to dilf'iculties in testing at a sutticiently high 

level of shaft ro ta t iod speed, the results provide only a qualitative indication o f the effect 

on the performance of the ducted propulsion system 

5.3 Dynamic effects of cavitation 

While the mean effect of increased cavitation is a reduction in the thrust and torque 

coefficients over the full range of advance coefficients at which a propeller might operate. 

the decrease in average propeller forces was simultaneous with increased oscillation of 

those Forces about the mean value. This was first noted during tests with the JRPA open 



propeller. Increased cavitation was also coincident with increased noise and vibration 

compared with tests at high cavitation numbers with Little cavitation S irnilar observations 

were made during tests with the JRPA ducted propellers and the R-Class open propeller. 

The &st quantitative evidence of the increased oscillation about the mean load was 

provided by the time domain results shown in Figure 4-6 and Figure 4-7. The records 

were taken using an instrumented stub shaft mounted to the end of the propeller shaft in 

the cavitation tunnel at and show that the amplitude of torque measured at the lower 

cavitation number (Figure 4-7) were approximately twice the torque amplitudes measured 

&om the test at the higher cavitation number. 

The increase in oscillation was also seen in time domain records of block load at 

high and low cavitation numbers, as shown in Figure 4-29. Comparison between the two 

records indicate that the effect of substantial cavitation was a reduction in the mean value 

of block load. as seen in Figure 4-24. but an increase m the unsteady oscillation about the 

mean by about three times the value recorded with minimal cavitation- While the 

presented figure shows only the results for the highest and lowest cavitation number for 

one advance coefficient, the increased oscillation was progressive with decreasing 

cavitation number and the trend was consistent for the range of advance coefficients 

tested. 

5.3.1 Modified Load Phase 

Results presented in the time domain in Figure 4-29 are repeated in Figure 4-30 in 

the position domain Figure 4-27 provides the positional h m e  of reference and Figure 4- 

23 shows the incident forms of cavitation on the R-Class propeller. Figure 4-30 shows 

that as cavitation increased, the phase o P loading to which a propeller blade was exposed 



was modified By comparing the measured load with the angular position o € those 

propeller blades located within the miUed recess of the simulated ice blockage, it can be 

seen that the developed hydrodynamic load was atfected by the form of cavitation 

developed as the blade passed behind the blockage. Cloud cavitation incident on the blade 

during the latter part of the blade pass was predominantly responsible for the increase in 

vliratory loading due to a dramatic drop in blade thrust as the blade passes through that 

region. 

The variation ofpressure, and hence blade load with location on the block face 

was M e r  verified by pressure measurements in tests with the ducted propeller. Data 

from the pressure measurements are presented Eom Figure 4-38 through to Figure 4-45. 

The time domain data indicates a different pressure regime was present at each location 

and that the mean pressure varied across the face of the block Analogously. the incident 

load on the propeller blade would have varied as the blade passed across the face o P the 

blockage. 

The pressure sensor data is consistent with results of tests with the R-Class 

propeller. At the centreline sensor. the reduced pressure records presented in Figure 4- 

44b and Figure 4-45b show the lhniting effect of cavitation as the pressure is prevented 

Eom dropping below the cavitation pressure, PC. This compares well with the records 

presented in Figure 4-24 and Figure 4-26 which shows the mean load developed on the 

block by the nearby propeller was reduced as a result of cavitation. Similarly. results 

shown in Figure 4-44~ and Figure 4 4 %  are consistent with results shown in Figure 4-30. 

where the block load is reduced during the latter part of a blade pass behind the blockage. 



Positively directed spikes shown in pressure sensor records could be indicative of cloud 

cavitation bubble collapse. which wodd contribute to the decrease in block load. 

5.4 The nature of cavitation 

The structure of cavitation during pro peller-ice interaction is presented in Figure 4- 

8 and Figure 4-23 for open propeller and in Figure 4-35 and Figure 4-36 for ducted 

propellers. As a propeller blade passes behind an o bstnrcting ice piece, cavitation typically 

begins as stable sheet and vortex cavitation Progress through the wake of the ice block 

results in the development of cloud cavitation in the latter stages. As described above. the 

phase of hydrodynamic load on the ice blockage is closely related to the change in the 

structure of the cavitation on the propeller blade and the development of extensive cloud 

cavitation is coincident with dramatically increased vibration. While no erosion tests were 

conducted as part of the work included in this thesis, it was apparent &om tests at low 

cavitation numbers that the cloud cavitation incident on the propeiler blades in the wake of 

the blockages could pose a risk of cavitation erosion to the blade. This was later 

substantiated for open and ducted propellers by Doucet et al. (1995) and Doucet et al. 

( 1996), respectively. 

5.5 Conclusions 

While the effects of blockage and cavitation on open and ducted propellers may 

vary in magnitude, the nature of the hydrodynamic loads are the same. Blockage results in 

increased mean loads for both propeller types. Using the results fiom teas with the R- 

Class propeller as an example, increases in thrust, over open water values, ranged fiom 



46% at an advance coefficient of J = 0.2 to 300% at J = 0.7. Analogously. torque 

increases ranged Eom 3 5% at J = 0.2 to 106% at I = 0.7. In the ducted propeller case. 

blockage at an advance coefficient of J = 0.3 resulted in an increase of thrust and torque 

by 23 0% and 1 75%, respectively. Cavitation results in a subsequent reduction in the mean 

hydrodynamic loads. but an increased oscillation about the mean loads. Again using the 

results fiom tests with the R-Class propeller as an example, mean thrust dropped by 37% 

and mean torque dropped by 3 1% as the cavitation number was reduced fiom = 13.5 

to 4 0  = 1.8 at an advance coefficient of J = 0.2. At the higher advance coefficient of J = 

0.7. thrust and torque dropped by 48% and 33% respectively for the same range in 

cavitation numbers. Cavitation M e r  alters the loading regime to which a propeller is 

exposed by moditjing the nature of the loading: a propeller blade passing through the 

wake of an ice piece undergoes an unloading in the latter part of the blade pass due to the 

progressive development ofcavitation as the blade passes behind the blockage. 

This implies then that when the effects of cavitation are included the 

hydrodynamic loading regime to which a propeller is exposed during interaction with ice 

can be defined by a strip theory model which takes into account a slight increase in the 

mean load when a portion of a blade is behind the wake ofthe ice piece, but also models 

the dynamic nature ofthe load. 

The increase in mean load is approximately equivalent to the effect of the blade 

section working in stalled flow as outlined in Veitch (1 995). since the high mean loads 

caused by the effects of proximity are somewhat counteracted by reductions due to 

cavitation. The dynamic effect can then be taken into account by superposition of a 

sinusoidal function on top of the mean value such that the peak forward load occurs 



during the thst part of blade pass and the load is. or approaches, zero in the latter part of 

blade pass, as was indicated by block load measurements presented in Chapter 4. Then for 

a given blade section i, the instantaneous values of thrust and torque can be approximated 

as: 

Ti = Tb ( 1 +Sin(2nx/L)) 

and: 

Qi = Qb ( 1 +Sin(2lndL)) 

where: 

TD and Q b  are the values of segmental thrust and torque at bollard pull; L is the length 

between the points where the blade section enters and exits the recess and: x is the 

distance between the entry po mt and the instantaneous location of the section- 

Similar to the results measured for block load, the above model results in a 

ma~imurn sect ion load of twice the section bo Uard thrust when the blade is o w  quarter 

across the blockage recess and a minimum load of zero at the point when the blade is three 

quarters across the recess- The totai load for the blade can then be calculated in a manner 

similar to Veitch (1995), summing the individual contributions of each strip-wise segment 

of the blade. 

The principal diffierence between ducted and open propellers is the manner in 

which the propeller is exposed to hydrodynamic loadiog: in the ducted propeller case. an 

ice piece lodged across the duct can expose the propeller to the blocked loading regime 

without coincident contact loads whereas m the open propeller case, the hydrodynamic 

loading regime associated with cavitation is coincident with contact loads. In the ducted 

propeller case, the hydrodynamic loads may be applied to the propeller for extended 



durations since clearing the blocked duct requires operator intervent ion whereas in the 

open propeller case, the reduction in hydrodynamic loads caused by cavitation may be 

coincident with milling loads, resulting in an increase m the total instantaneous loading 

regime to which the biade is exposed. 

The effects of blockage and cavitation during propeller-ice interaction must be 

incorporated in the development of any design load model based on numerical simulations 

or model scale experimental data. Neglecting these effects in either approach will 

underpredict the loading regime to which the propeller is exposed. In a contact type 

interaction. the absence o f the effects of cavitation could cause overpredictions of the 

developed hydrodynamic forward blade load which when added to a contact load will 

result in a reduction of the aftwards directed loading regime. In a non-contact interaction. 

the absence of the effects of cavitation will result in an underprediction of the oscillation of 

blade loads about the mean value. posing a potential fatigue risk to the propeller and 

associated machinery . 
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