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Abstract

Ships that operate in ice-infested watiers often experience momentary increased
propeller cavitation hecause iee picees can block the flow into the propeller. Model tests
have shown that the presence of blockages in the Mow field cun lead to regions of violent
cloud cavitation. For ducted propeliers, this additional cavitation is more significant than
it is for open propellers: ice picces may become lodged against and within the duct and
subject the propeller to longer periods of increased cavitation due to the blocked fow.

Associated with his cavitation is the possibility of cavitation erosion.

The extent and severity ol cavitation erosion that a marine propeller may

experience cannot presently be determined i . To gain an ing of

L is nec

how this phenomenon afTects a full scale propeller, ary Lo perform model tests.

This thesis presents the results of an crosion study that was completed in the
cavitation tunnel at the Institute for Marine Dynamics (IMD), a facility of the National

Rescarch Council (NRC) of Canada. Paint tests provided the medium through which the

crosion was studied. A limited number of tests were attempted with pressure sensitive

films to estimate the inensity of the cavitation. Two model propellers, both having a

diameter of 200 mm, were used. The first model, an open, fixed pitch propeller, was of

the type that is fitted 1o the Canadian Coast Guard (CCG) R-Class (1200-Series) ice-

akers, The second model, o

fable pitch ducted propeller, was of the type that is

fitted to the Canadian Marine Drilling (CANMAR) Lid. vessel MV Robert LeMeur.



During testin;

that the nominal blade/blockage clearance w

as appreximately 1w, Experiments were

completed over a range of advance i for various te: inc

il

at reduced pressure and at atmospheric pressure. The effects of changes

n the prosi

of the blockage were also examined. A test w

performed in open Mow for cach

propeller t provide a baseline for the crosion results. For cach expe

ment. the resulting
types of cavitation and the crosion patierns were recorded, VIS video equipment and 3§
mm still photography were used to document both the experiments and the results. I

subsequent analysis, the arcas of crosion were estimated usi

ng an image analy

program

and comparisons between cach test were made,

Generally, given the same test conditions, the ducted propeller experienced more

crosion than the open propeller. Cavitation persisted longer on the ducted propelier due

1o the influence of the nozzle.

For both propellers. the amount of face ero

coefficient. Back crosion was minimally afTected by changs

Concerning proximity effects, crosion increased, for both propellers, as the

blade/black clearance was increased, u

it reached a peak. This peak oceurred at i gap

of 5 mm. Further increases in clearance resulted in reduced erosion.

Pres

re sensitive (ilm tests were unsuceessful as the films were tom from the

blades by the violent cavitation. For future tests under such adverse conditions, i more

robust fastening system is required.
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Chapter 1
Introduction

1.1 Historical Perspective

Mankind has made use of the water as @ means ol wansportation for many
thousands of years. The carliest “hoat™ may have been nothing more than a floating log
which provided a means of travelling across @ stream or a narrow river. Onee it was

round it. the

realized that a person could cross a hody of water rather than having to go

movement of goods in the same Fashion probably followed shortly thereafter.

As time progressed, it was desirable (o move more people and more goods during

one voyage. The result was that hoats gradually became larger and more sophisticated.

n hollowed out w ereate canoes, or many logs may have been

¢ logs could have b

ashed together to ereate rafts or barges, The exact nature of the first boats is unknown to

us in the present day.

OF course, i one could not kind the passengers and cargo at the desired shore
destination, then much effort would be required to move the same over land to the
tion, A

required To s of propelling and guiding the primitive craft 1o specific shore

was needed, The carliest propulsion devi probably nothing more than a fong



stick or a small log which was used o push the eraft through shallow water. This had

certain limitations: one could not venture into deep water. i the “propulsive power

was only available as fong as the person providing it did not tire,

Astime progressed. hoats evolved into ships. Sails were used Tor nimy hundreds

of years as o means of’ propulsion. and indeed, are still used today on some Targe ships to
augment mechanical propulsion devices.  For their invention ol i device that made use ol
the principle of jet propulsion. a patent was granted (o Toogood and Hayes of Great

Britain in 1661, This was the first propulsive device 10 use mechanical power (van

Manen and van Qossanen, 1988). With the advent of steany power, paddle wheels were

also used for a short while, but they proved to be fragile in the rough waters of the stormy

North Atlantic.

While the first proposal o make use of a marine serew propeller was put forward

in England in 1680 by Hooke, the Tirst actual use is generally attributed o Colonet
Stevens, who propelied a steam driven boat at New York in 1804 (vim Manen and van
Qossanen, 1988). It was during the carly nincteenth century that the marine serew
propeller was first used as a practical means of propulsion.  Its prominence grew steadily

as and aceans,

as 0 means of propelling « vessel through the

always, to be an important factor in the operation of ships.

Specd continted,

The advent of the propeller, combined with improvements in mechanical power, meant

wined. 10 was at this time that cavitation became a

that higher v

el speeds could be

factor in vessel propulsion.

[



One of the carliest references to cavitation on marine propellers
was made by Osbome Reynolds. who in 1875 referred o the effeet of
of propellers. The first fully recorded case of i
shipis that of the British destroyer Daring in 1894, With the original twin

s oceurrence on i

three-bladed propellers, the ship on trial only reached @ speed of 24 knots
instead of the desired 27 When these screws were replaced by another

pair with 45 percent more blade arca. not only was 24 knots achieved with

17 pereent less power, but a top speed of 29.25 knois was reached, with

the climination of much of the vibration previously experienced. (van

Manen and van OQossanen. 1988)

Also, at this time, the Englishman Sir Charles Parsons was building the vessel
Turhiniar. e also experienced disappointing results while on ship’s trials. During his

attempts o understand the poor trials results, he concluded that the propeller on his

vessel was unable to achieve the required thrust due to cavitation.  During his

investigations, he constructed the world’s first cavitation tunnel and became the first

cavitation rescarcher (Knapp, 1970). This cavitation wnnel still exists and is presently

located at the Univensity of Neweastle-Upon-Tyne, Neweasile. England.

Since the first cavitation experiments were performed by Parsons one hundred

b, much research ining to this has been There is

yes
still much 1o be leamed.  One specific problem related to the violent nature of cavitation

is propeller erosion. Itis this lopic which is the focus of this thesis.

1.2 Rationale for Study

Ships that operate in the iced waters of Arctic and sub-Arctic conditions oflen

experience inereased propeller cavitation when compared 1o vessels that operate in open



water.  During the operation of a propeller in iee-strewn waten

the presence ol a
relatively large ice picce in close proximity upstream ot the propeller can lead to o vegion

of stalled flow dowr

tream of the jee picee,

In the case of an open propeller, this ice piece will uliimately move through the
propeller during an ice milling event. However, hefore the milling event occurs, the
propelier will experience momentary cloud cavitation as a result of the extreme wake and
the proximity of the jce picce. Video records aso show that clowd cavitation vecurs
during the milling event (Transport Development Centre, [995). Cavitation in blocked

Mow of an open ice cluss propeller has been demonstrated at model scale (Walker and

Bosc, 1994: Walker et al., 1994).

With a ducted propeller, ice picces can become lodged i the duet until the
propeller is reversed to clear the blockage, On multi-serew vessels, in particular, clearing

of the blockage is not done until vibration is exvessive or forwand thrustis severely

impaired. This leads to periods of several minutes duration when the propeller operates
in these harsh conditions, During this time, the propeller is exposed to violent cloud

cavitation, again as a result of the extreme wake and the proximity of the ice picce. This

phenomenon has been documented for both full scale and model scaleiee cliss propellers

estam, 1986).

Regions of the propeller which experience this violent cloud cavi

i may he
subject (o some form of crosion damage. Repeated exposure (o infense cavitation niy

cause severe pitling on the blade surfaces (e.g. see van Manen and van Oossanen, T9RK,



page 180). Increased maintenance costs for the: upkeep of the propeller will be incurred,

in addition 1o the fact that the propeller will no longer be able to provide thrust at its

ned to the

optimum cefficiency. Inan extreme case, the propeller material may be we

point that parts of the hlades may break off.

IMat all possible, it is desirable to prevent cavitation erosion hecause of the severe
damage which may oceur. For propellers which do not operate in ice, erosion may be
minimized or prevented by ensuring that the propeller does not operate in conditions
which favour cavitation, through the proper sclection of propeller materials, or by
applying protective coverings.  The hest way 1o prevent erosion is to ensure  that

cavitation does not oceur. However, for propellers which operate in

to avoid the conditions which lead to such violent cavitation. As a result, these propellers

arc atrisk of sullering from erosion damage.

Due 1o the consequences which may result if cavitation erosion affects the

propeller, it is useful to be able to make an estimate of the damage that may oceur. Since

the nawre of cavitation erosion is & complex ination of both the hydrodynamics of

multi-phase flows and metallurgy, the present state of knowledge does not yet allow for

the location or extent of erosion to be determined accurately by theoretical means, thus

making the use of model tests of prime importance (Kato, 1992).

1.3 Objectives and Scope of Study

One method of determining the amount and severily of crosion o which a

particular propeller may be subjected is (o perform model experiments. Idcally, one



would prefer to test

full seale propeller. However, this is not practic

because of botl

the fabrication costs and the lack of

ilities large enough to test full seale propellers

(although there are a few siles in the wa

1d which can work with some small full se

propellers).

The possibility of crosion damage is normally assessed at model seale through
tests with soft paint films. Such films are applicd to the surlace of the model which is
then tested at the required operating conditions.  These tests provide information on the

location and extent of er

sion which the model experiences, and also provide limited

information on the severity of the cavitation which causes the crosion (Lindgren and
Bjiirne, 1976).  Sccondly. lo provide more quantitative information on the severity of
cavitation crosion, lests may be performed with pressure sensitive Tilms attached 1o the

blad

s. The results of such tests

may then be scaled o approximate the pressures which

the full

le propeller may experience (Kato et al., 1981). A third miethod of assessing

crosion damage is to perform model (ests with aluminium films applied o the model

(Kato, 1975b: Katoet al., [981). Since aluminium is a soft metal, it will i

y be pitted
during a cavitation crosion experiment.  The results from such tests provide information

on the depth of crosion pits, as well as the density of pits per unit which were formed

during the test. In some cases, the rate of pit formation is also determined from the

cxperiments.  These results may then be used 1o estimale the material wtack which the

full s

ale propeller may experience (Kato, 1975a).

At the beginning of January 1994, work was initiated on @ project to study the

clfects of cavitation on marine propellers in ice-blocked flow (Bose and Jones, 1993),



“This work was. part of < three year Natural Sciences und Engincering Research Council of
Canada (NSERC) Strategic Grant which was awarded to Memorial University of
Newfoundland in October 1993, A portion of this rescarch project was devoled 1o

performing an crosion study.

‘The work reported here presents the results of the erosion study that was

ation wanel at the Instite for Marine Dynamics, NRC. This study

completed in the ¢

involved the use of twa propeller models: the first was wn open, lixed pitch propeller, and

the second was a ducted, variable pitch propeller,

The focus of this study was to ascertain the extent of crosion which the previously
mentioned ice-class propellers may experience as a result of blockage. To prediet the
erosion palierns on the propellers and to allow the areas of crosion to be measured, paint

tests were used as the study medium,
During the experiments, a simulated ice blockage was installed upstream of the

model such that the nominal blade to blockage cleanince was approximately | mm.

Experiments were carricd out over a range of advance cocflicients for various test

conditions, including tests at reduced pressure and ai wmospheric pressure.  Proximity

elfects were also examined. A test was performed in open flow for cach propeller to
provide a baseline for the crosion results. For cach experiment, the resulting types of

cavitation were documented and the erosion patterns were photographed. In subsequent

the arcas of crosion were estimated using image analysis software and

ons between cach test were made.



Addition:

. a limited number of 1e: sensitive

s were performed using p

film. The results from the paint tests indicated the blade locations where the pr

Ssure

sensitive film wa

ached for a given test condition.

Tests with aluminium films were not completed for this study.  For aluminium

test specimens to be used, it would have been necessary 1o mill holes in the propeller
blades so that the specimens could be mounted fush 1o the blade surfaces. Sinee the

propeller models had been accurately machined, it was desirable to leave them

unmodified. Addi

onally, to measure pit depth und density, it would have been necessary

to use a microscope for the analysis. Such measurements are time consuming and were

ult o

deemed beyond the scope of the study. In practice, it is also di curately seale

such results to full scale (e.g. see Kato, 1992: Frane etal., 1992).




Chapter 2
The Problem of Cavitation Erosion

2.1 Propeller Basics

Presently, the most common device used to propel a ship is the marine screw
propeller. The propeller converts the power produced by an engine into a thrust force
which causes the vessel to move. When a torque is applied via the engine and the shaft,
causing the propeller to rotate, a thrust force is generated since water is accelerated past
the airfoil shaped blades. The thrust and torque forces which act on a propeller blade are

illustrated in Figure 1.

THRUST FORCE

AXIS OF
ROTATION

Figure 1: Thrust and Torque Forces on an Annular Blade Sectional Element (from
O'Brien, 1962)



During the propeller rotation, lift and drag forces are generated over the blades.
Forward motion (i.e. forward thrust) results since the lift force is greater than the drag
force. Figure 2 illustrates the velocities and forces which act on a blade sectional
element. When the water is accelerated, the pressure distribution on the surface of the
propeller blade changes. As shown in Figure 3, there is a pressure reduction on the back
of the blade and a pressure increase on the face of the blade relative to the pressure of the
nearby fluid. The pressure distributions are significant not only with regard to the lift
generated by the propeller, but also in relation to cavitation. Descriptions of propeller
geometry, blade forces and pressure distributions are given by Carlton (1994), van Manen

and van Oossanen (1988), Harvald (1983) and O’Brien (1962).
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Figure 2: Velocities and Forces on an Expanded Blade Sectional Element (from O'Brien,
1962)



Figure 3: Flow and Pressure Around an Airfoil (from Harvald, 1983)

2.2 Overview of Cavitation and Erosion Mechanisms

Basic descriptions of cavitation are given by Carlton (1994), van Manen and van
Oossanen (1988), Harvald (1983) and O’Brien (1962). Items discussed by these authors
include cavitating flows, types of propeller cavitation, detrimental effects of cavitation,
cavitation tunnel model testing, theory of propeller design and criteria for the prevention
of cavitation. Detailed discussions of the cavitation phenomenon are given by Hammitt
(1980) and Knapp et al. (1970). In Hammitt (1980), there is also a section which

discusses background literature and past research.

The International Towing Tank Conference (ITTC) is devoted to advancing the
state of knowledge concerning marine model testing (vessel models as well as propulsion

models). ITTTC members are active in the field of cavitation research and their conference



proceedings, produced ever

s, include @ cavitation committee report. This

encompasses information pertaining to nuelei, propeller induced hall pr

Ures, noise,

crosion, high specd propulsion, seale effects and practical aspects of

itation esting.

Cavitation is a violent phenomenon that can affeet all marine propellers,

p:

rticularly those which are heavily loaded. It is a dynamic process in which vapour
cavities are formed at a particular location onee the Tocal pressure drops fo the vapour

pressure of the fluid. The vapour ca

ities take time 1o form and it is also necessary for
nuclei to be present. These nuelei are small bubbles, often microseopic in size, which

contain permanent gas and/or the vapour of the liquid medium.

Onee a propeller reaches a certain eritical revolution speed and cavitation oceurs,
the presence of vapour cavities causes a breakdown in the fow around the blades. As a

result, the propeller will experience

subsequent oss of thrust and efficieney. Propeller

cavitation may prevent a vessel from achieving its designed speed and it may also

manifest itself in the form of noise, vibration and erosion (Harvald, 1983).

Noise and vibration can be a serious problem. Sifence is of the utmost importance

for naval vessels as undetected movement, particularly for submarines, is extremely

important.  For passenger vessels, propeller induced noise and vibration will detraet from

. Cien

the overall comfort level of the passenger ally, as ship size increases, propeller

ize and loading also increa

s inorder to produ

the required thrust. As @ result,
incidences of cavitation and crosion also increase due 1o the heightencd blade Toading.
Propellers of small, high specd craft are also heavily loaded and, therefore, also subject 1o

cavitation.



Originally, erosion of marine propellers was believed to be the result of corrosion.
Due to the pioneering work of researchers like Parsons (Knapp, 1970), it is now realized
that erosion occurs as a result of cavitation. However, corrosion is a phenomenon which
is closely linked with erosion since both may occur simultaneously. Therefore, some
consideration must be given to the effects of corrosion. To this end, some aspects of
corrosion are mentioned in the next section to provide background information, however,

detailed examination of corrosion effects was beyond the scope of this study.

It is generally believed that erosion of propellers occurs when vapour bubbles in
the flow collapse and return to their liquid state. When these bubbles reach locations
where the fluid pressure is greater than the vapour pressure, they collapse with explosive

force. If the bubble collapse occurs near a blade, then erosion of that surface may occur.

Erosion that occurs as a result of bubble collapse is believed to be caused by two

These

principal are: i) the impingement of liquid microjets
that are formed in collapsing bubbles, and, ii) the impingement of shock waves that
rebound from collapsing bubbles (Suhrbier et al., 1987). Figure 4 illustrates these

mechanisms.
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Figure 4: Erosion Mechanisms (from Suhrbier et al., 1987)
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In the first

e, as the bubble collapses, a microjet of water forms and shoots

through the bubble, striking the nearby houndary with tremendous foree. The geometry

into an inflated balloon.

of this situation is similarly deseribed by pushing one’s fing

For the second

. the bubble implodes in ¢

uniform manner and @ spherical shock
wave is sent oul. The shock wave impinges on the nearby houndary, again with

tremendous force.

and shock waves

When these microjef trike the propeller, they do so with such
foree that microscopic pits are formed on the surface and material is removed from the

blades. Eventually, after the millions of impacts which may oceur during cavitation

cvents, visible signs of erosion will appear on the propeller.

Ttwas, by Chen and Is ili (1991) that cavitation erosion may also

result from a different mechanism, In their study, the elasto-hydrodynamic deformations

which oceurred when (wo curved surfaces were moved towards or away from cach other

were examined. The rapid growth and disappearance of vapour cavitics, along with their
cffects on nearby surfaces, was monitored. 1t was found that the inception of cavities was

faces.

related to the simultancous relaxation of high local strain energies on the nearby sur

As a result, it was concluded that damage was more likely to oceur during the formation,

rather than the collapse, of the cavit Once bubbles had formed, it

noted that they
usually moved 1o a different location before disappearing. Damage appeared only at the

bubble inception locations.

Burton and Burton (1992) reported on cavitation and cavitation damage in viscous

films. such as the lubricating oils that are used with bearings. The analysis given showed



thut shack waves from implosions of cavities were not expeceted to produce damage

there would not be cnough kinetic encrgy to cause crosion (in & thin viscous film).

s during

Application of crack theory accounted for a source of transient high surface
cavity formation, which indicated that damage would occur al this time.  Their
calculations and observations were also offered to support the findings of Chen and

Israclachvili (1991) with regards to damage oceurring during bubble formation.

For marine propellers, the first wo crosion mechanisms mentioned above ap)

to e the poverning mechanisms as cavitation crosion is predominant in locations where

cloud cavitation oceurs, This is because the arcas of higher pressure where the vapour

bubbles collapse are usually near a houndary. However, if the bubbles collapse far
enough nvay from the boundary, then erosion will not aceur. This principle, for example,

is employed in the propulsion of high specd vessels through the use of super cavitating

propellers. These propellers are designed so that the entire suction side of the blades will

vitate and the bubbles will subsequently collapse downstream of the propeller.

2.3 Erosion and Corrosion: Material Considerations

en though erasion and corrosion are different phenomena, it is possible for

rosion affects a smooth surfuce, the

interaction hetween these processes to oceur, Once

lable

breakdown of the material is

clerated by corrosion since more surface arca s

and fresh metal is continually being exposed.  Also, il corr

for corrosive alta sion
roughens the surface of the blades, then cavitation inception, and hence cavitation

ssure distributions and

crosion, may readily oceur at these locations due to irregular pr

low pressures caused by the irregubar surface. Therefore, if the material selected for the



propeller is resistant to erosion damage, corrosion may also be reduced. Despite the fact

that much rescarch has been completed concerning the selection of materials, it is still

possible for corr discussed below.

sion 1o be a problem.

Owing to the in-service failure of a sea

ater pump in the Persian Gulf, Al-
Hashem et al. (1995) studied the cavitation behaviour of nickel aluminium bronze (NAB)
in scawater. (NAB alloys are used in the manufacture of some propellers.) The Tailure of
the pump was found to result from cavitation damage and erosion-corrosion: grooves,

During testing, the presence ol cavitation, induced with a 20 klz ultrasonic vibratory

ed the rate of corrosion, This rate increase resulted because fresh metal

apparatus, incr

surfa

ces were continually being formed during the erosion proce . When the cavitation

was stopped, a protective film quickly formed over the material, therehy preventing

further corrosion. When cathodic protection was used, it was found that the rate of mass

loss for the cavitated specimens deereased by 47%. This reduction was buted to

and the fact 1l

the collapse of cavitation hubbles

was cushioned by cathodic gas.

The pump failure mentioned above was also discussed by Shalaby et al. (1995),

Essentially, this paper provided the same conclusions as outlined by Al-Tashem et al.

(1995). however, more detail was provided regarding the on-site investigation hefore the

experimental study was completed.

Nainar and Pola (1976), using u rotating disk test apparatus, evaluated some of the

materials that arc used for hydraulic machinery. The test specimens were attached to the

disk which then had a water jet directed towards it. It was found that alloys hased on



cobalt, with chromium, tungsten and molybdenum (known as “stellite”). are in the

with the highest resistance 1o cavitation crosion. Manganesce

calegory of materi
chromium steels also fuil into this category.  Alloying of stainless sicel (12 % chromium)
with nickel will improve the erosion resistance of the material and that resistance can be
further heightened by heat treating the metal 10 increase the hardness. Metals of high
hardness, such as weld overlays, were noted to be susceptible to cracking during testing.

Also, it was noted that the use of nitridation and chrome plating did not improve erosion

resistance. According to Aver (1974), nitriding will also reduce the corrosion resis

of stainless steel.

Kenkeremath and Thiruvengadam (1976) studied the ind shape of croded
particles (microscopic) which were collected following cavitation experiments in a closed
systen. Cavitition was induced using a vibratory test apparatus. Aluminium and steel
specimens were studied in both oil and distilled water. The objective of the study was to
analyze the mechanisms which cause erosion and to develop methods to identify and
prevent the erosion phenomenon. The majority of the observed particles were irregular in

shape and showed signs of plastic deformation.  Attempts to study steel particles which

were eroded in distilled water were unsuceessful as the particles suffered quick and
excessive corrosion once they were removed from the water.  The study demonstrated

that the average size of the particles decreased with increusing cavitation intensity.

For a closed system, knowledge of the wear particles in the circulating fluid can

sembled.

Iead to the early detection of erosion without requiring the system to be di:

While this

not direetly applicable to marine propellers, since their operation occurs in



an open envil ge of erosion hani: and w

an be used

1o aid in the selection of materials for new propellers.

2.4 Model Testing, Scaling Laws and Scale Effects
2.4.1 Overview

Early work dealing with the mechanics of cavitation and cavitation damage was

completed by Knapp (1955). U

g high speed motion pictures, detailed obsery

were made of the

on patterns that affected stationary test hodies. Dan

e probes

(material easily damaged by ion) were employed 1o study the i) of

crosion damage. Use of this combination of teehnigues permitted surface damage o be

related to different parts of the cavitation cycle. 1t was noted that the initial surface

dumage consi

ed of p deformations, with no material removal.  The effect of

imum damage zone, and it was

exposure tlime on the pitting rate was studicd for the m:

noted that the pitting rate dropped rapidly outside the maximum dimage zone. Also, all

other factors remaining constant, Knapp found that the pitting rate fell rapidly with
decreasing flow speed such that the pitting rate varied with the 6™ power of the Now

velocity. He that i cimens should be used for future testing.

Ttems identified that required additional res

arch included: the variation of cavity size and

shape and their effects on the intensity of

itation; additional study of the effect of

velocity on the pitting rat for

nd, correlation hetween the pitting rate and pit si

standardized specimens.

At about the same time, Plesset and Ellis (1955) performed cavitation damage

tests in which no mechanical aceelerations were used 1o cause cavitation. By exciting



resonant frequency in the water, alternating pressures were generated over the test
specimens to cause cavitation. (At the time, this type of testing was relatively new.) Zine
monocrystals and polycrystalline specimens were tested and then examined using

photomicrographs and X-ray analysis. The specimens were studicd from a metallurgical

point of view, with particular emphasis on crystal structures.  This work provided a

relative determination of the resistance of various materials to cavitation damage.

Roughly speaking, hard materials of high tensile strength are the most resistant to damage
(Titanium 150-A and tungsien arc in this category.) For soft materials such as nickel,

setin almost i i .

and pure titanium, plas

ch

Emerson and Paticnee (1976) pointed out that the objective of all of this rest
was to he able to predict and prevent cavitation crosion.  Statistics given, based upon

ITTC investigations, indicated that visual observation of cavitation patterns allowed for

about an 85% succes:

rate in predicting the occurrence of cavitation crosion. However,

the success rate in determining the actual location of that erosion was only about 33%.

Using two model propellers, it was illustrated that paint tests were quite accurate in
locating the area of erosive attack, thus dramatically improving the success rate in
determining the erosion location. The results of the model test program were compared

with the full scale propellers (which had experienced 8 months of service).

Even now, fully to accomplish the go:

till heing used succes

ated by Emerson and Patience (1976). The work of Bjiirne (1995) provides evidence of
the practical application of the paint test method. In 1992, the SSPA cavitation laboratory

in Sweden was contracted to study the problem of biade root erosion on the 5-bladed



controllable pitch propellers of the Cunard Line vessel Queen Elizabeth 1. Paint tests at
model scale provided good correlation with the full scale erosion. When boss fins were

fittied at model scale, ensuing paints tests indicated that blade root ¢ ion erosion did

not occur.  Following installation of the fins on the vessel, subsequent exami

indicated that this erosion problem had been climinated.

Kato (1992) pointed out that it is still not possible to accurately determine, by

theoretical means, the loc;

ion, extent and severily of erosion.  Despite attempts o

develop theoretical models, the use of model tests is still neces

Sury. paper focused on

the work that was completed up to 1992, including overviews of: crosion me

nismy;

impulsive pressure lumi (luminous intensity

seems 1o be related to the implosion intensity of bubbles

the importance of cavitition

nuclei in the flow: and, scaling laws for the estimation of erosion at full e, e

suggested that future work should be focused towards: additional study of cavitation

patterns and extent estimation; detailed investigations of the collapse region (pressure

pulses, pit distribution, etc.): continued ination of crosion mechanisms and their

and, ulti the of

crosion estimation methods that do not require experimen

Consi ion of the research c cted by Knapp (1955) and by Plesset and Elli

(1955) illustrates that there were a number off

that were being studied which

required additional rescarct

To this day, that rescarch is ongoing.  Improvements o
research methods and test results continue to be achicved, however, model tests are still

required.
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ale effects

When discussing erosion test methods, it is appropriate thut model
also be considered as these effects can greatly influence the outcome of model tests. Due
1o the volume of material involved, test methods and scale cffects will be considered in
separate sections 1o assist in the organization of the material. The references that are

cited provide a cross seetion of the rescarch that has been completed in the field.

2.4.2 Cavitation Erosion Experiments and Test Methods

Employing two propeller models for which full scale data was avail

mibiayshi and Nakunishi (1973) used paint tests (0 examine tip crosion on heavily

loaded propellers. 1t was determined that crosion damage was not always aceurately

the model ¢ distribution was not

predicted in non-uniform Mow cavitation test

s sin

steep enough to simulate the full scale phenomenon.  They also illustrated the

importance of completing tests at the local cavitation number since modern ships have

great differences in immersion between fully loaded and ballasted conditions. Once these

points were taken into account, their tests accurately reported the crosion which had

wceurred on the full seale propelless.

The use of an aluminium specimen as a damage probe, fitted flush to the inside of
a propeller duet, was discussed by Kato (1975h). The benefit of using a test of this type is
that the erosive intensity can be measured, whereas paint test results do not permit this
type o measurement (o be taken.  Defined in equation (1), the mean depth of

deformation (MDD) was considered as a meal

of qualitatively measuring erosion at

maodel scale since the increase in surface roughness provided a measure of the crosive



intensity of the cavitation. (In this equation, f(x) is the shape of the surface along the x
direction, as shown in Figure 5.) It was suggested that this was a better measure of
erosion than weight loss since weight loss measurements must be extremely accurate.
Test results indicated that roughness decreased with the revolution rate while it increased
rapidly with decreasing cavitation number. Erosion of the aluminium specimen inside the
duct was attributed to the collapse of tip vortex cavities which extended downstream from
the blade tips. Paint tests were completed which showed that the areas affected by

erosion during each type of test were in agreement.

1
MDD =— | [f(x)| dx
. Jlreol ' (1)
EFORMATION
\
7 ] ”v//ﬂzW %
\
TN SURFACE AFTER ERTSION — £Ge 2

Figure 5: Mean Depth of Deformation (from Kato, 1975b)

Vibratory testing apparatus and attempts to standardize cavitation erosion tests
using this type of equipment were discussed by Hobbs (1976). Tt was pointed out that the
effects of properties such as temperature and gas content must be controlled accurately for
standardized tests. The usefulness of this type of apparatus for making comparative tests

of the erosion resistance of various materials was also highlighted.

Research has also been completed which attempts to relate cavitation noise to the

extent of cavitation. Deeprose et al. (1976) used piezo-electric hydrophones to measure
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cavitation noise from a pump and it was indicated that the same method could he used for

propellers. Tests completed on « two dimensional crosion specimen indicated that

maximum high frequency noise values oceurred at the maximum crosion: conditions.

Noise from cavitation was substantially higher than fluid flow noise. Provided (

s0 be used

hackground noise was low, it was suggested that noise measurements could «

to determine the inception point of eavitation.

Shalnev et al. (1976) studied the effects of magnetic and electric fields on
cavitation and erosion. With flow speed and cavitation number kept constant, cylindrical
lead specimens were used (o measure crosion. Magnetic ficlds and clectric fields were

applicd and were noted to exert an effect on the boundary zone of cavitation and

cavitation crosion. This was explained by the fact that the fields displaced the boundarie:

ol the water.

o the vapour/gas and liguid pha

A detailed examination of propeller cavitation crosion, including the usefulness of

paint fests, was completed by Lindgren and Bjiime (1976). Various paint types were

studied, of which SSPA Stencil Ink proved to be the most successful.  Factors that were
noted 1o affeet test results were test duration, gas content and flow velocity. Specifically.

eroded area was noted 1o increase with decreasing gas content. Forms of cavitation that

resulted in er

sion damage were discussed. O particular interest, modifications were

ted which could reduce or avoid propeller erosion by stabilizing or reducing the

stgge:

amount of cavitation,  These modifications

included: chunging the lines of the vessel if




propellers, if local modifications could not be made o reduce erosion, then the wike

distribution into the propeler could be impraved by applying boss fins ahead of the

propelier or a new propeller could be designed for the existing wake.

Various

avitation erosion test methads were compared and evaluated by Kato et
al. (1981). For paint tests, SSPA Stencil Ink was compared to AOTAK, a marking ink
used at the University of Tokyo. AOTAK was deemed to be more useful as the adhesivity

of the SSPA Stencil Ink was found 1o be more sensitive 1o surf:

conditions. ‘The use of

aluminium was again discu

ssed as @ means of providing quantitative measurements ol

crosive intensity, Aflter testing. the surface of the metal could be examined, vsing an

electron microscope, to measure pit depth and density. The rate of increase of surface

roughness. the Mean Depth of Deformation Rate (MDDR), could also be measured. “The

MDDR is

pect 1o lime.

simply the MDD, defined in equation ( 1), differentiated with re;

sure sensitive [ilms (PRESCALE) was also discussed. These lilms contain

“The use of p

microcapsules of colour developing and colour forming material, which, when exposed to

ure. will break and generate a red colour. The density of the colour can e

measured with a densitometer 1o asc

rtain the magnitude ol the applied pressure which
generated the colour.  When using PRESCALE, five minute tests were found 1o he

ure me

sufficient and the highest pres sured during a model test did not exceed 100 har,

Bj

e (1983) provided

dditional information on propeller cavitation crosion as

an extension of the work completed by Lindgren and Bjiime (1976). Again using paint

tests as the medium, a number of factors were examined which affect propeller erosion.

These included blade area, angle of at

ack, shape of blade profile, and blade contour.



Stainless steel specimens, fitted flush to the surface of & rotating disk. were tested
at high peripheral velocities by Shima ot al. (1992). This type of apparatus was noted to
be best suited for simulating the crosion of rotary machinery such as pumps and hydraulic

turhines. Cavitation inception was stimulated by the existence of holes in the rotating

rosion during these tests occurred at regions where cloud cavitation was noted to

di

collapse. The focation and extent of damage was shown to be a function of the cavitation

number.  An increase in the periph velocity caused a decrease in the cavitation

number, thereby causing the erosion rate 1o hecome maximum.

2.4.3 Scaling Laws and Scale Effects

Kato (19754) attempted to develop scaling laws which could be used to estimate

full scale erosion from model test results.  These attempts again made use of the

previously defined MDD and MDDR. A chart, incorporating test duration, material
propertics and flow velocity, was developed which was used 1o graphically calculate full
scale erosion based on the MDD, While a theoretical model of cavitation crosion was

ated that additional work on this model

proposed and used to estimate crosion, it was

was required. Additional di ion of the erosion isms was including

consideration of the amount of energy absorbed by the material exposed to crosive attack.

A rotating, di: atus, towards which water jets were directed, was used by

1ppa

Janakiram and Rao (1976) to study the influence of jet velocity and frequency of impacts

on erosion. For the aluminium specimens used, it was shown that the volume loss

increased exponentially (to- the power of 7.5) with increasing jet velocity. 1t wa




shown that the volume los:

nereased as the frequency of

sed (1o the power

of 5). These tests were completed in air.

The initial stages of crosion were studied by Stinchring et al. (1977). For the

aluminium specimens, initial damage was in the form of indentations, with no mate

al

removal. During this stage, there was a one-to-one relationship between pit formation

and bubble collapse. The rate of damage was constant for a given flow condition. The

pitting rate was shown to scale with the 6" power of velocity, which agreed with the

results produced by Knapp (1955). Additionally, the average collapse energy absorbed by
"

the specimens increased with the 5™ power of velocity. Therefos

the total

bubble collapse energy absorbed per unit area per second was found 1o scale to the 11"

power of velocity. It was also shown that damage rates generally increase with

decreasing air content.  Also, pits at lower air content seemed 1o he er than their

counterparts at higher air contents.

Following discrepancies between observed ation patterns for full §

model scale tests of a VLCC (very large crude carrier) ducted propelier, Kuiper (1978)

studied the effects of vay ns in propeller loading. model wake, fluid 1

content

propelier boundary layers. This study dealt primarily with cavitation inception and the

application of leading edge roughnes:

Test results indicated that viscous effects were

responsihle for the diserepancies between full scale and model sea

le. Application of
Icading edge roughness appeared (o be suceessful in tripping turbulent low in the
boundary layer, therchy simulating a higher Reynold's number. — Also, it seemed

impossible to define  critical Reynold’s number above which the propeller boundary
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Layer would be small. Application of electrolysis did not seem to affect inception and

cavitation

Uising two-dimensional crosion tests with aluminium specimens, Kato et al.

(1979) again illustrated the use of the MDDR as a Cavitation Erosion Index. The tests

were completed at various velocities and cavitation numbers (o obtain 4 correspondence

between the erosion and the hydrodynamic characteristics of the cavitation patiern. 1t was
noted that the MDDR had @ peak value at a centain cavitation number, and, as the
cavitation number was deercased further, the erosion was reduced.  This was due to the

Fact that as the cavitation number decreased, the cavity became larger and the location of

erosion shifted since bubble collapse oceurred further downstream,  Eventually, bubble

recorded.

collapse took place in the freestream and no erosion of the test specimens

ometrically similar venturis of different sizes were

Erosion tests on two

completed ina mercury tunnel by Franc el al. (1992). Pressure measurements were made

similwity law was verified. Pit size on the stainles:

and the Strouha steel specimens was

noted 1o incr

e with length scale, but less rapidly than the length scale increase. A
dependence of approximately A seemed correct for the results. Despitc the differences

in the length seale, there was good geometric similarity in the determination of the

ion of maximum erosion. Increas

s in flow velacity resulted in higher damage rates

while the reduction in length seale induced a reduction in cavitation aggressiveness.

A detailed study of the influence of water wir content on cavitation crosion was

recently completed by Auret etal. (1993a). Using a rotating disk test rig. an increase in



total air content (including dissolved and entrained air) in the undersaturated range was

found to result in bubble collapse cushioning and henee a reduction in erosion damag

When the water was oversaturated with air. farge air bubbles formed in the flow and

cavitation damage was dramatically reduced, probably due o hoth bubble collapse

g and shock wave ion. Since the existence af cavitation depends an the

presence of nuclei, gas content is very important in relation to cavitation inception,

bubble dynamics, bubble collapse violence and chemical reactivity of the eroded surface.,

Auret ct al. (1993b) also studicd the clfects of temperature on cavitation erosion
of copper and aluminium spacimens in water. Factors affected by temperature include
changes in (luid properties, changes in the dissolved gas content of the fluid, and material

property changes. The erosion rate was found to incre

slightly with temperature up to

a maximum, at which point the damage rate decreased considerably. The peak was
generally found to oceur midway between the freezing point and the boiling point of the
cavitating liquid. 1t was noted that the corrosion rate also increased as the temperature

increased. While the temperature range of these tests was beyond the normal operating

range for a serew propeler, a number of important facts were highlighted.

An interesting point also discussed by Auret et al. (1993b) was that « distinetion

should be made between cavitation crosion caused by cither flow (esting or vibratory

testing, The distinction is nect

anisins and a lack

sary he

use of different damage me
of agreement between the erosion results for cach category of test. The main differences

between the two test types are associaled with the relative importance ol rectified

diffusion and in uids experiencing vibratory c



2.5 Erosion of Propellers in Blocked Flow

imount of literature on the subject of cavitation

Despite the fact that there is a [ai

amines cavitation and

and cavitation crosion, litle research has been done which e
erosion in blocked flow.  Lindroos and Bjorkestam (1986) referred o ducted propeller
blockage events that were recorded for ships travelling through ice. Subsequent model
experiments examined the effeets on the propeller of varying degrees of blockage. It was

ated that blockage of the duct produced hydrodynamic loads which were on the same

order of magnitude as impact loads that result from propelierfice interaction.  The

suseeptibility o cavitation while operating in blocked flow was quite abvious. While no

mention of propeller erosion was made, the existence of violent cloud cavitation during o

block that erosion is a possibility.

e event indicate

Laskow et al. (1986) discussed the propeller/ice interaction project that was

conducted with the MY Robert LeMeur in the seasonal ice of’ the Canadian Beaufort Sea.

instrumented with pressure sducers for this

A blade from the starboard propeller was
project. During the study, the propeller experienced single impact, milling and blockage
events. Among the observations made from the colieeted data, hydrodynamic forces that

oceurred during nozzle blockage were identified as being of almost the same magnitude

as ice/blade impact fore on was not mentioned, the fact that large

Even though eros

magnitude hydrodynamic forees were measured indicated that the possibility ol cavitation

existed during the blockage events. Therefore, erosive cavitation was

a possibility. The

operating window for the propulsion system was well defined in the test results.



Full scale trials have been performed in first level ice with an R

breaker (Williams et al, 1992), While the main purpose of these trials was o examine
vessel performance in ice and snow, and 0 measure ice propertics, information pertining

10 the full seale operation of the propulsion system was gathered. Despite the fact that

¢

avitation and cavitation crosion were not explicitly stated or discussed in this work, the
operating window for the propulsion system was well defined in the test results.
(Knowledge of the propulsion system operating limits was useful for the  nidel

experiments that were compieted for this thesis.)

More recently. blockage of an open propeller has been documented with video

records (Transport Development Centre, 1995). This video, showing the port propeller of

the USCGS Polar Str, clearly shows a large ice picee blocking the fTow into the

propelier for a period of approximately 5 1o 10 seconds. ensive cloud cavitation

accompanied the blockage evenl. During other events, even when ice came info contict

with and passed through the propeller, cavitation was still clearly visible.



Chapter 3
Experimental Program

3.1 Design of Experiments
3.1.1 Determination of Relevant Variables

I 2 study was o be completed in which the pitting rate was o be determined, it

ables for the

waould be necessary 1o consider both hydrodynamic and metallurgi

experimental analys However, the overall purpose of the NSERC Sirategic Grant

cavitation invesligation was to analyze the effeets of ice blockage on both the Muid flow

int the propeller and the propeller’s performance. — Aluminium film tests were not
completed for the erosion study. Therefore, metallurgical variables were not considered

and only those variables related to the hydrodynamic problem were used in the following

ly. as contact between the propeller and the blockige

dimensional analysi

wais not intended, there was no need to model the mechanical propertics of ice.

The purpose of the experiments that were performed was o gather information

1o the ar

pertaini a ol erosion that the propellers would experience, under certain

lherefore, the arca of erosion was one

operating conditions, during soft film paint tests

of the dependent variables that was examined through dimensional analysis. As a check,

to ensure that the madel propellers were operated at conditions similar to those which the



full scale propellers would experience, the dimensional

ible.

propeller thrust as a de pendent

When testing model propellers in a cavitation el to simulate full scale
cavitation, there are a number of conditions which must be fulfilled in order 1o provide

hydrodynamic similarity between model and full scale propellers. The conditions which

must be satisfied are:

geometric similag

y:

Kinemaic similarity: and.

dynamic similarity.

For thes

xperiments, the

conditions listed above were divided into four groups. A sumi

given in Table 1. (In Table I, units of “L", *M", and 1

represent “lengih

“time™ respectively.) These groups were:

(s geometric variahles;

motion variables:

3 Muid variables: and,

4. miscellancous variables.

For geometric similarity, the model propellers were constructed as copies of their

full seale counterparts.  The geometric variables that were included in the analysis were

surface roughness, diameter, and clearance between the propeller blades and the

simulated ice picce.



since cavitation i

Surface roughness was included in the analys more likely to

oeeur in the presence of a rough surface than it would if the surface was smooth.  The

clearmee varishle was inchided since the occurrence and severity of cavitation would be

fTected as the propeller was moved away from the block (i.c. as the propeller was moved

out of the restricted flow region).

Relevani motion variables included propeller revolution e and speed of

advance. lee was not considered in the dimensional analysis sinee only the

hydrodynamic effects of the blockage were examined during testing.

“There are o number of fuid variables which must he considered for propeller

cavitation tests, The variibles included in the analysis were water viscosity. mass density

of water, ambient pressure of water, vapour pressure of waler, surface tension. gas

gion depends on all of thes

content of saturated water. Cavi

content of w
fluid variables, Water pressure in the tunnel can be varied through the use of the tunnel's
vircuum pump. Surface tension was included sinee it is related to the collapse of vapour

bubbles.  Gas content was taken into account as it is a measure of cavitation nuclei

present in the water. - Consideration of the gas content of saturated water was important

since full scale propellers generally operate in saturated water,

The miscellancous variables which were considered for this study included
gravitational aceleration and test duration, Test duration was not important for the thrust

analysis. but it was relevant for the d ination of the di related

{0 the area of erosion,

=



VARIABLE SYMBOL.

Propeller Diameter n  [F
Surface Roughness K B
Clearance Between Blades & Simulated kee Picce ’ 3
Propeller Revolution Rate [ 7T
Speed of Advance Va r
Water Viscosily 1 MALTY
Mass Density of Water Py
Ambient Water Pressure Po
nhient temperature) Py
s
o S
s Content of Saturated Water oy
Gravitational Accel 3 -
Test Duration L T
Propeller Thrust 0 ML/
A I

Table I: Summary of Relevant Variables
3.1.2 Dimensional Analysis

Since hoth the propeller thrust and the area of erosion are dependent variables,

two functional equations were developed for th

vsis. Bascd onthe variables listed in

Table 1. these equ

Ay = ODKZn Vi 1 Pyl Pt e Lg) $2)

T= Ok 7z 0V 1o py Py P it ey ) (3

Due to the large number of variables included in these equations and in- order o

simplify the caleulations, the dimensional analysis was based on the matrix - method

outlined by Sharp et al. (1992).  For this method, dimensionless v:

content) are not included in the

al matrix manipulations, but are added 1o the

dimensionless functional equation once the matrix analysis is completed.



“I'he first step in the method was 1o set up the: dimensional matrix. Solving first
for the area of erosion as the dependent variable, all dimensional variables were wrilien
across the top row of the matrix, as shown in equation (4 ). The coelficients which were

placed in cach column corresponded to the powers of the dimensions for each variable.

In this matrix, rows one, two and three were arbitrarily chosen to correspond to mass.

lengh and time, respeetively, Tor example, the propeller diameler involves only the

Tength dimension.  Therefore, the coefficients which were placed in the column for the

diameter were 0™, 1" and 0" for the mass. Iength and time dimensions respectively,
Pe D Vilk 2z n o p P, PS5 ot g A,
IM]] 1 0 o0}0 0 0 | | 1 o 0 0
1
mlo o —1i0 0 -1 -] -2 22 =2 |

(4)

Tt was necessary 1o choose three variables which, among them, encompassed cach
of the three dimensions. These variables, known as the pivotal variables, formed the first

three columus of the matrix. The three variables chosen were the mass density of water,

the propeller diameter and  the speed of advance, The remaining variables were then

wrillen into the matri

then performed on the matris, This was necessary in order

Row operations wer

1o obtain a unit matris for the three pivotal variables,  An intermediate step

equation ( 5)and the final resultis shown in equation ( 6), Since the first thiee columns
of equation (0) form aunit maix, the variables representing cach row were the same as

those variables which headed the first three columns.

w
by



Py D Viik oz omop BPos g A
MifT 0 010 0 0 [ 1 i 1 0 o 0
wi=3 1 0i1 1 -2 -3 32 g 420
mlo o <tfo 0 -t <1 2 2 2 0

Py D Viik oz o onop Py Pyos ot A
pel1 0 00 0 0 i 1 1 1 o o
plo 1t ol 1 a0 0 o4 a2
vilo o 1io 0 112 2 2 o2 0

Once the unit matrix was formed. the dimensionless parameters were determined

by dividing cuch v

fe in the top row by the variables in the fisst column, where the
power of the variables in the denominator were determined from the coefticients found in

the matrix. Since the rank of the matrix in equation ( 6) was 3, the number of 1 terms

(dimensionl,

parameters) which resulted was 12 (*15 variables from equation ( 6 )"
minus “rank of 3" cquals “12%). The resulting dimensionless equation is shown in
equation ( 7 ). Note that the dimensionless variables which were not included in the
matrix analysis (c.g. the gas content variables) have now been added to the functional

equation,

¢(L LI P I )
DDV, DY,y TV,

PuVa PPV

(1)
Uty ) =0

A similar analysis was completed o obtain a propeller thrust parameter. For this
analysis, the initial matrix is shown as equation ( 8 ), the final matrix is equation (9 ) and
equation ( 10 ) shows the resulting dimensionless functional equation. “The dimensionless

paramelers determined from this analysis were the same as those which were obtained for
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the area of crosion parameter, with the exception that the solution for the thrust parameter

did not include the arca of crosion or time variables.

pe D Vylk 2z nop PP s g T
Mt 0 oto o o 1 1 1 1 0 1
(8)
-3 1 1 I I 0 -1 -1 -1 0 1 I
I o (U ) 0 -1 -1 =2 =2 =2 -2 =2
pe P Viik 4 n @ B P s g T
pel L0 00 0 0 1 T 1 1 0 1
! (9)
Do I 01 | -] 1 0 0 1 “ 2
vilo o 1to o 1 12 2 2 2 2
s
ToubVy Tpy Y, Tpg, ey DY, (o)
C ing and simple manipulations were then used 1o obtain more

recognizable paramelers for the solutions. When (nD)/V, was inverted, the result was the
advance coefficient.

Va

18}
nD L
“The Reynold's nunher was obtained by inverting /(pwDVa).
v, v v,
R, = SaPy . ViD (2

0 v
Through manipulation of Pu/(D\\er\l) and P\lliPwV,\:}, the cavitation number was
sequired.

Py-Py
Tiouv, ()
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The Weber number was given by inverting s/(pwDVa).

P DV,

s

Wy = (1Y
By taking the square root and then inverting (gDW(V AP the Froude number was obtained,

v
Jab

When T/(pwD*V,?) was compounded with ([nDV,) 7, the result was the propeller thrust

cocllicient.

Py’ iy

Finally, the gas content ratio was obtained by compounding o and o,

'8 7
A summary of the dimensionless parameters is provided in Table 2. Based on these

dimensionless parameters, equation (18 ) was writlen for the arca of erosion parameter.

ko2 ¥V, VD Py-P v, )
D'D'nD’ v y:p“_\/v" PuVa %)
Vi VY o KN )
D "JuD "oy
Equation ( 19 ) was written for the thrust coefTicient.
K 2 Ve D BmPe B pybV
D DD " v T Mo v py s i

Va m)



DIMENSIONLESS PARAMETER FORMULA

Roughness Parameter k/D
Propeller Clearance Parameter #/D
Advance Cocfficient Va/(nD)
Reynold’s Number (VADV
Cavitation Number (Po-Py)/(VapyVa®)
Pressure Coclficient Po/(V2pwVi’)
Weher Nunber (PwDVAls
“T'est Duration Parameter (tVAD
Tiroude Number Va/(gD)”
Gas Content of Tunnel Water o

Gas Content Ratio oot
“Thrust Coelficient Thpwn'D")
Area of Erosion Parameter Ao/(D)

‘Table 2: Summary of Dimensionless Parameters

3.1.3 Ceriteria for Model Cavitation Experiments

“The objective of the crosion study was to determine the area of crosion that a
madel propeller in blocked flow would experience as a result of the extreme wake behind
the blockage. The results from these tests are relative to one another and cannot be scaled

s of

to give full scale erosion.  Rather, they are used (o assess the crosive characteris

dilferent flow conditions. Therefore, when performing model experiments, it is important
to model the full scale phenomenon as closely as possible.  As illustrated through the
original dimensionless equations, ( 2 ) and ( 3 ), there are many variables which may
affect the oulcome of' a cavitation erosion test (or a thrust performance test), Through the
use of dimensional analysis, it was possible to combine these variables into dimensionless

paramet Therefore, the number of experiments that were required was reduced since

there were fewer parameters to examine,



The relevance and importance of each dimensionless parameter listed in ‘Table 2

was examined before the model experiments were designed. This was necessary sinee it

is not possible 1o satisty the conditions of all | imul ly (i.e. the Froude

number and the Reynold's number can not be simultancously satistied at model scale).

By cxamining the relevance of the parameters, it was possible 1o reduce the requined

number of experiments as the effeets of certain parameters were shown to be mininwl,

ion rescarcl and their

Some of these have been i previous!

application to cavitation testing is common knowledge (Harvald, 1983).

ily realized by using a seale madel of the propeller, T

Geometric similarity is cas

minimize scale clfects, the models were constructed with the Targest diameter that could

be accommodated in the cavitation tunnel (in this case, the diameter was 200 mm)

without incurring tunnel wall blockage effects.

Kinematic similarity during a cavitation test can be achieved il the advance vatio

is the same for the model and the full s

cale propeller, This requirement was casily met.,

For dynamic similurity, both the Reynold’s number and the Froude number must

be satisfied. As was previously stated, it is not possible to simultancously satisly both of
these conditions at model scale. During cavitation tests, the Reynold's number must not
be allowed to fall too low (Ry = 10° according to Harvald, 1983), otherwise there is i risk
that laminar flow will exist over the propeller blades. Therelore, to ensure that the flow

over the propeller blades is entirely turbulent, cquality of the Reynold’s number is taken

an important test requirement and the Froude number s ignored. Also, gravitational
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acceleration, and henee again, the Froude number, can be ignored since there is no free

surface in the cavitation tunnel test section.

To ensure the same risk of cavitation at model scale. equality of the cavitation

number with the full scale value must exist. Since the tunnel pressure was controllable,

the pressure coellicient, and hence the cavitation number, were controllable. A common

vitation number (van Manen and van Oossanen, 1988). shown in

variation of the c;

cquation ¢ 20), was used for the experiments that have been reported here.

P, P
Yopn' D (20)

AL Tull scale, cavitation occurs in water that is at or near the gas saturation point.

“To ensure that the same risk of cavitation exists between full scale and model scale, the

content ratio, (/o

should be equal to the ratio of the ambient test pressure 1o

atmaospheric pressure, Po/Papy. Additionally, the gas content ratio must not be permitted

1o fall heiow 0.3 (Harvald, 1983). 1 the ratio falls below this value, there will not be

in the water to stimulate cavitation inception. It has been shown

enough undissolved g
experimentully that the gas content has an effect on the crosivi damage rate: the gas
content will influence the extent and thickness of any cavities that develop (Stinebring.

1977; Auret et a

.. 1993). Therefore, it is also important to ensure that the gas content is
not too high relative to the pressure ratio, otherwise, cavitation may not be accurately
madelled. The gas content, o, and henee o/os, were controlled during experimentation

Section 3.3.3 and Section 3.3.4 for values

d during testing).
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Another pa

meter related 10

avitation inception is roughness. I the te e

concerned with determining the cavitation inception point, then roughness would have

been important. However, since the propeller operated in an extrenie w

- there was no

need to promote turbulence over the blades

tion oceurred readily. Therefore, this

parameter was ignored. Even for open flow

this

gnored since past expericnce

showed that the flow would be wrhulent provided ihat Ry = 10" (Harvald, 1983).

It was not possible to satisfy Weber's law, which is related 1o the surface tension

of the cavitation bubbles,

the water velocity would not he high cnongh, even if the

Reynold's number was satisficd.  The remaining parameters, namely the propeller

clearance parameter and the test duration parameter were casily complied with,
While temperature changes do indeed have an effect on viscosity and density,

temperature was not included

a variable in the analysis. Despite the fact that the water

temperature usually increased by one or two degrees du

g an experiment, it was

assumed to remain constant for the duration of cach test.  The effect of temperature
changes over such small ranges does not greatly affect test results, as was discussed by

Auret et al. (1993a). Presently. there is no way to control the water temperature in the

twnnel.  Additionally, the temperature changes which would oceur at full scale during a

blockage event only cove all range (e.g. no more than

few degrees Celsing).

Finally, the type ol jink that was used as the soft film was not included in the

dimensios

The choice of ink w:

analys s hased on past knowledge Trom previous

experiments that

¢ been reported in the literature (Lindgren and Bjiime, 1976; Kato ¢t

al., 1981). Additionally, since the test results were relative, the important consideration



was that the same type of ink be used for each test so that the results could be compared

directly with one another.

3.2 Test Apparatus
3.2.1 Cavitation Tunnel and Associated Equipment

All erosion tests for this study were completed in the cavitation tunnel at the
Institute for Marine Dynamics (IMD). The cavitation tunnel facility has been described
previously (Doucet, 1992b), including procedural descriptions for operation of both the
water system and the vacuum system (pressure control). Principal details of the tunnel’s

test section are presented in Table 3. A schematic of the tunnel is shown in Figure 6.

Test Section Dimensions: | 0.5m x 0.5m x 22m
Water Speeds: 0-12.0 m/s

Propeller Speeds: 0 - 60 RPS

Test Section Pressures: 0.1-1.0atm.

Table 3: Test Section Particulars
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Figure 6: Cavitation Tunnel Schematic (from Doucet, 1992b)



During experimentation, the water velocity through the test section was measured
using a differential mercury manometer. This device was connected across the upstream
diffuser at the position of the shaft centerline, as illustrated in Figure 7. The tunnel
pressure at the shaft centerline was measured using a second mercury manometer.
Documentation exists which describes the calibration and operation of these instruments

(Doucet, 1992a).

FLOW DIRECTION
FREE SURFACE
OPEN TO
ATMASFRERE . TEST SECTION

MERCURY
MANOMETER

Figure 7: Test Section Velocity and Pressure Measurements

Gas content measurements were made with a YSI Model 50B Oxygen Content
Meter (see Figure 8). Temperature measurements were also made with the Model 50B

instrument.

All tests were documented using both 35 mm still photography and VHS Video
equipment. The apparent motion of the propeller was slowed or frozen through the use of
a variable frequency strobe light (see Figure 9). The operation manual for the strobe light

is included in Doucet (1992b).



Figure 8: YSI Model 50B Oxygen Content Figure 9: STROBOLUME Type 1450
Meter Variable Frequency Strobe Light (from
Doucet, 1992b)

3.2.2 Open Propeller and Blockage

The propeller used for the first series of tests was a 200 mm diameter model of the
1200-Series open propellers fitted to the Canadian R-Class ice-breakers. The model was
constructed using CNC machining and was milled to an accuracy of +£0.05 mm. Propeller

characteristics are given in Table 4 and the blade outline is shown in Figure 10.

Number of Blades: 4

Diameter: 02m
Pitch/Diameter Ratio (/R=0.75): 0.779
Expanded Area Ratio (Ag): 0.670

Table 4: Open Propeller Model Particulars

For these experiments, an ice blockage was simulated by using a rectangular block
of high density polyethylene (HDPE) which measured 210 mm x 210 mm x 75 mm. To
allow for different degrees of blockage to be examined during testing, the block was
made with three laminates such that one or two of these could be removed for any given

test. The block was attached to the top of the test section with two aluminium struts.
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To simulate the flow which would exist behind an ice piece during a milling
event, a 50 mm recess was cut into the block. The shape of this recess corresponded to
the swept contour which would result if the propeller had partially milled a channel
through the block. During testing, the propeller was operated within the recess and the
minimum clearance between the blades and the block was approximately 1 mm. The

orientation of the block and the propeller is illustrated in Figure 10.

25 MM HDPE
LAMINATE

FLOW DIRECTION

Figure 10: Open Propeller Test Apparatus (from Doucet et al., 1995a)

3.2.3 Ducted Propeller and Blockage

For the second series of experiments, the propeller used was a 200 mm diameter
model of the ducted controllable pitch propeller fitted to the supply vessel MV Robert
LeMeur. Made from brass, this model was also constructed using CNC machining and
was milled to an accuracy of £0.05 mm. This model was variable pitch, but it was
necessary to set the pitch before the model was installed in the tunnel. The propeller hub

consisted of two pieces which were held together in the longitudinal direction with four
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screws. Machined grooves in the hub provided seating locations for the blade palms.
Once the blades were positioned at the proper pitch angle (using pitch pins), the screws
were tightened to prevent blade movement. There was no capability to change the blade

pitch while the model was installed in the tunnel.

The model of the duct, which was attached to the top of the tunnel with a single
brass strut, was constructed from clear polycarbonate to allow for observation of the
cavitation patterns inside the nozzle during the experiments. Principal characteristics for
the propeller and the nozzle are given in Table 5. The cross-section of the duct is

illustrated in Figure 11. The blade outline for the propeller is illustrated in, Figure 12.

PROPELLER PARTICULARS
Number of Blades: 4
Diameter: 02m
Pitch/Diameter Ratio (1/R=0.7; $=25°): 1.096
Expanded Area Ratio (Ag): 0.604
NOZZLE PARTICULARS
Length: [ 0.100m
Inside Diameter: [ 0202m

Table 5: Ducted Propeller Model and Nozzle Model Particulars

Figure 11: Nozzle Cross Section
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For the ducted propeller tests, an ice blockage was simulated by using a block of
HDPE with dimensions of 240 mm x 240 mm x 75 mm. This block, also a three-tiered

laminate, was attached to the top of the test section with two brass struts.

The downstream portion of the block was fitted flush to the inside surface of the
duct. To simulate the flow which would exist during an ice milling event, the end of the
block was formed so that its shape corresponded to the swept contour which would result
if the propeller had partially milled the block. During testing, the minimum clearance
between the block and the extreme edge of the blades was approximately 1 mm. The

orientation of the block, nozzle and propeller is illustrated in Figure 12.

25 MM HDPE
LAMINATE

i M NOZZLE 7
LOW DIRECTION

Figure 12: Ducted Propeller Test Apparatus (from Doucet et al., 1996)

3.3 Methods
3.3.1 Paint Application for Soft Film Tests

For soft film erosion testing, a standard film was proposed by the 14% ITTC

Cavitation C i and a for its i d

ion was also prop
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(Kadoi and L 1978). The recommendation was that roller system stenci

should be used and applied according to stringent conditions.  Unfortunatel,

necessary to let the stencil ink dry for at least twelve hours hefore attempting to perform

10 wait

L program, it is quite impractical o ha

an erosion test. During any large scale

this length of time hefore beginning an experiment. For this reason. it was desirable to

choose another ink as the soft surface for these erosion tests.

Wihen stencil ink is not used for erosion paint tests, lacquer based inks are often

Crown Blue Toolmakers

used. Initially, the solt film which was used for these tests wi
Ink. This Jacquer based ink is similar to AOTAK, which is commonly used at the

University of Tokya for erosion tests (Yamaguchi, 1993). Results from past experiments

shown that the use of AOTAK provides reliable results for erosion tests (Kato et

1981). One of the henefits of using Crown Blue Toolmakers Ink was the short drying

time for the product

a few minutes). For the tests reported here. a minimum of 30

minutes of drying time was allowed 1o elapse hefore the propeller was immersed in water.

Before cach experiment. a strict procedure was followed for surface preparation

and paint ion. Before the ink was

pl plicd. the propeller was thoroughly cleancd

with methanol (o remove all dist, oil and grease that may have accumulated on the
surface. Methanol was also the solvent used to remove old ink from previous tests. Once

the propeller was cleaned, all subsequent handling w;

lone by holding on to the hub so

as 1o avoid contaminating the freshly cleaned blade surfaces.

Since an acrosol

used as the application medium. the propeller was painted

under i fume hood to dissipate any vapours emitted by the ink and the propellant. Ink
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was applied to one side at a time since the model was

sting on i small table. The id

behind the painting proces

o allow tiny particles of ink to 3

¢ on the

cun

surface, rather than 1o soak the surface with a wet erof ink would

generally run down the blade causing sags in the painted surface and resulting in non-

uniform ink thickness over the blade.

Therefore, rather than

ng a continuous spi

ay. i number of sweeping passes

were made over each blade 1o allow the surface 1o be “speckled”. During cach pass, the

acrosol can was held approximately 25 - 30 em aw

ay (rom the model and perpendieutar

to the blade surface. To achieve uniform ink thickness during cach pass, the spray was

initiated before the ink came into contact with the blade surface and was only terminated

after the ink spray had completely passed over the blade. A waiting period of o few

seconds was observed hefore performing the next pass. This proc

continued until

the entire surface of the blade covered and no metal was visible.

Crown Blue Toolmakers Ink was used for the open propeller tests.  Init

SIS

results were acceptable, however, the ink was not ideal. Some |

1 peel did o

r during

fes

ing, but the arcas

iffected by paint peel were casily identilicd based on the nature of

the eroded arcas on the blades. 1 peel oceurs, sirips of paint are removed, tiereby leaving

identil

ble marks (c.g. see Figure 39). During a proper paint test, erosion will ocenr as

paint removal of tiny flecks of the soft surface.

Towar

the end of the open propeller test program, the onhand supply of this ink

ran low, itating the purchase of additional stock. However, the new supply proved

10 be unaceeptable as paint peel became @ significant problem. “The propel

ant used for



the aerosol had been changed and this had adverse effects on the adhesivity of the product

when it was immersed in water (c.g. see Figure 39).

el problem which had developed, it was necessary 1o select a

Duc 1o the paint pe

new ink 1o be used during the ducted propeller tests.  Following trials with different

et Kleeny

ibe Blue Layout

hrands of similar lacquer based marking inks, including Star

Dye, which still provided unaceeptable resulis, a different approach was taken, A pen

-A-Lot m:

type, black permanent marker (Avery Mar er), similar to that found in a
stationery store, was used. Trials with this marker gave excellent results and no peel was

evident, as shown in the ducted propeller test results of Figure 48 through to Figure 62,

As with the Crown produet, a strict application procedure was followed. Surface
preparation remained the same as that previously outlined. Before cach test, the ink was

applied o the blades in a standard manner: the edges of the blades were covered first.

then starting at the tip and working towards the blade root, the marker was applied in the

chordwise dircetion using overlapping strokes.  Onee the application procedure was

arted on any blade surface, it was not interrupled until that surface had been completely

procedure was used o ensi

covered. Due to the quick drying time of the ink, this re |

ble.  To ensure that the ink was

the film thickness would be as uniform as po:

sulficiently dry before testing, & minimum of 30 minutes was allowed to clapse before the

paintedd model was immersed in water,



3.3.2 Pressure Sensitive Film Applicarion
Two experiments with pressure sensitive film were attempted using the ducted
propetler model. The test results are discussed in Chapter -, For these tests, FUJIFILA

PR

SCALE was applied 1o the surface of the blades based on the locations that were

determined from the soft film tests. As discussed by Kato et al. (1981), PRESC

LE has

been used for propellec experiments, whereby it was secured 1o the model surface using

an adhesive tape coated with a thin aluminium film. PRESCALL consists ol two sheets

which are superimposed on one another: one is composed of microeneapsulated color

forming matcrial while the second has o fayer of color developing material.

Manul

weturer's information is included in Appendix A.

Before the PRESCALE was applicd, the propeller surfice was cleaned as per the

procedure outlined for paint tests. Following this. appropriate siz

sheets were cut, superimposed upon each other and positioned on the blades. Aluminium

Toil duct tape was used to hold the sheets in pla

ince exposure to water causes the

developed colour on the sheets to run, it was nee

ry 1o ensure that the sheets wonld be

waterproof. This requirement was also 1o be met through the use of the duet tape. €

was taken to ensure that no air hubbles were trapped beneath the tape during application,

3.3.3 Open Propeller Test Plan

Based on the analysis shown previously in this chapter, a test plan was developed
for the open propeller model. The actual test conditions are given in Table 6. “The data

sheets from cach open test are found in Appendix B.



For these experiments, the gas content ratio, (/os, was set to within £10% of the
pressure ratio. As previously indicated, tests could be performed with the gas content

ratio at & value of about 0.3 or above, The corresponding pressure ratio (Po/P ) would

therefore he 0.3, However, due to a small air leak in the test section, the wnnel pressure
could not be lowered below about 40 kPa. To do so would have introduced a large
quantity of entrained air into the flow. Therefore, the lowest pressure that was used was

10 kPaandl the corresponding gas content ratio was approximately 0.4.

Kadoi and Sasajima (1978) showed that a 15 minute duration test was suitable for

an erosion test ol this type. They reporied that a 15 minute test gave almost the same

results as i 30 minute test. For the experiments reported here, the test duration was set at
15 minutes once propeller speed reached the desired setting. To determine if this time

frame was reasonable for the ink used, a 30 minute test was also performed.

One test was performed atl atmospheric pressure to represent the non-cavitating

condition (i.c. higher cavitation number). Al other tests were performed at a nominal

mber of approximately 3.0. This value was slightly below the full scale

cavitation number of 3.8 for this propeller.

The advance coefficient was varied as the full scale propeller may experience ice
blockage conditions over o range of advance coefficients.  Additionally, the effeet of
reducing the degree of blockage (two faminates instead of thee) was also examined over

i range of advance coelficients.

o
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For most of the blocked tests, the nominal gap between the block and the extreme
edges of the blades was | mm. The effect of proximity was examined by changing the
gap while the advance coefficient was kept constant (J = 0.0, Additionally, one test was

performed in unblocked fow (at reduced pressure) o provide a baseline Tor the

comparison ol erosion results.

Due to paint peel problems, some tests were added after the test program was
underway. Test O-12 was added as a repeat of Test No. O-9 using the sime ink. Test
No. O-13 was a repeat of Test No. O-1, but a different ink was used (Starrett Kleenseribe

Blue Layour Dye). Test No. O-15 was a repeat of O-14 using the Crown product as the

soft sul

g

Finally, Test No. O-16 was also a repeat of O- 1 but the Srarren dye wis

used instead of the Crown dye.

No. | J o Degreeof | Proximity | Duration
Blockage (mm) (m
O-1 040 | 2,99 3 { 15
0-2 0.20 | 8.36 3 ! 15
0-3 0.61 | 3.09 3 | 15
O-4 0.20 | 3.13 3 1 15
0-5 0.40 | 3.06 3 | 30
0-6 0.20 | 3.12 2 ! 15
07 0.40 | 3.08 2 | 15
0-8 0.61 | 3.10 2 Il 15
09 0.40 [ 3.07 3 5 15
O-10_[0.39] 3.13 3 10 I5
O-11 040 | 3.09 3 20 15
O-12 0.40 | 3.16 3 ) 15
O-13 [udl ]| 3.03 3 | 15
O-14 039 ] 3.00 0 - 15
O-15 ]047] 298 0 - 15
O-16_| 043 ] 298 0 = 15

Table 6: Open Propeller Test Conditions (Measured)
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3.3.4 Ducted Propeller Test Plan

The test plan used for the ducted propeller experiments, as shown in Table 7. was

simiilar o that which was developed for the open propeller. This was done to allow the

test results from cach model to be compared with one another.  Three significant

differences must be noted. First, ducted tests with a reduced degree of blockage (i.c. less

than three laminates) were not performed as a result of time constraints during this phase
of testing. Sceond, it was not necessary to repeat tests since the new ink used provided
excellent results. Third, as the propeller model was variable pitch, the pitch presented an

additional variable whose effeets could be examined.  The data sheets from euch

experiment are found in Appendix C.

As was the ions on the gas content ratio and

e for the open propeller, the limi
the test section pressure were tiken into account for these ducted propeller tests.

there was an upper limit on the shaft

Additionally, due to equif

revolutions which were used during the ducted tesis.
When the test apparatus was evaluated in open flow conditions prior to block

installation, duct vibration occurred at propeller speeds of approximately 1275 RPM.

This factor was al since the clearance between the blade tips and the duct was
approximately | mm.  When exposed ta the extreme wake that was generated by the
blockage. propeller and/or duct damage may have occurred il the propeller was operated
ahigher revolution rates. Therefore, the revolution rate used during testing could not be

inereased beyond approximately 1200 RPM. No duct vibration was noted during tests

that were near 1200 RPM.

o0
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For the full scale ducted propeller, the

ion number

as determined to e
approximately 1.8, However, it was not possible to achieve a cavitation number below

approximately 4.5 for the ducted propeller To reduce the

ion number of the

model below 4.5, it would have been nee

ary te cither further inere:

se the revolution

rate or further decrease the tes

section pressure. Both of these options were unavailable

as aresult of the previously deseribed limitations (see above and Seetion 3.3.3).

content ratio Wi

As with the open propeller tests, the gas as set within £10% of the
pressure ratio. Nominal test time was set at 15 minutes, with a 30 minute test being
performed to evaluate the new ink. One test was performed at atmospheric pressure o

represent the non-cavitating condition,  All other tests were performed at the same

cavitation number.  Variation of both advance cocfficient and proximity were examined.

TestNo. | J o | Degreeof | Proximity | Duration
Blockage (mm) (min)
D-1 041 ] 473 4 ! 15
D2 042 | 4381 3 I 30
D-3 0.38 | 12.56 3 1 15
D-4 0.17 | 4.75 3 I 15
D-5 0.65 | 4.66 3 1 15
D-6 042 | 473 3 S 15
D7 049 | 4.64 0 N/A 15
D-8 044 | 4.72 3 20 15
D-9 041 | 473 3 ! 15

Table 7: Ducted Propelier

lest Conditions (Mceasured)

As previously mentioned, the propeller model was of variable pitch design and the
pitch had to be set hefore the experiments. For all tests exeept D9, the piteh angle wis

sel at 25°, which wi




corresponded 1o the operational setting used when the propeller was invelved in ice-
breaking activities (Laskow et ak, 1986). Test No. D-9 was placed at the end of the test
program so that it was not necessary (o change the pitch, once initially set, until all tests at

25" had been completed. Two tests using pressure sensitive film were attempted,

Defore Test No, D=9, with @ blade/block gap of 20 mm. These tests are described in

Chapler 4,

3.3.5 Typical Test Procedures

ation wnnel tests.

The procedures outlined below were followed for all
Particulars concerning the operation of cavitation unnel equipment are discussed by
Doucet (1992h). Additional references concerning equipment operation are provided

where necessary.

step performed was (o de-aerate the

In preparation for a cavitation test, the fi
tunnel water until the gas content ratio was at the required level. To do this, water was

drawn from the bottom leg of the tunnel, using the water pump, and sprayed into the air

space at the top leg of the tunnel (at the upstream diffuser). While the water was sprayed

into the twnnel, the vacuum pump was operating, drawing ex and water vapour out

of the tunnel. This process was continued until the gas content was at the desired level,

Onee the gas content ratio was set, the water fevel in the tunnel was lowered and

the model propeller was installed. Care was taken when handling the model to ensure

stments to the gap between the

that the ink surface was not damaged.  If necessary, adj

propeller and the block were made at this time. Water temperature was also measured.



The model was only installed immediately  prior 10 the exceution of an

done

experiment.  Thi

a precautionary measure (o avoid excessive exposure of

the painted model 1o water.  Prolonged imme:

v have had adverse effects on 1l

adhesivity of the ink. During these experiments, no adverse effects, such as bubb!

ng of

the painted surface. were observed duc to water immersion.

Following installation. the

er fevel was raised and all pre-test adjustments were

made,  These adjustments included generator start-up, purging ir bubhles from the

manometer Tin

and removal of the air pocket in the diffuser downstream of the test

section. Video and photographic equipment were also readied.

Tunnel pressure, as measured at the centreline of the test section, was then

lowered 1o the required level using the wnnel’s vacumm system. Following this, the water

velocity was set. but slightly below the required value. Tt wis not set exactly as propeller

rotation had not been initiated. Operation of a propeller in the tumel induces 3 slight

increase in the flow velocity: since the tunnel

aclosed system, propeller rotation causes

some water cireulation. Once the flow speed stabilized, it was necessary 1o inerease the

tunnel pressure slightly: water circulation causes a reduction in the test see

e

jon dy

pressure.  After this adjustment, the propeller revolution rate was rmped up 1o the
required value over a periad of approximately 10 seconds. The slow increase in the
revolution rate was used primarily to prevent shock loading of the madel and the
propeller shalt components. Additionally, damage to the soft surface due to sudden water

aceeleration (before cavitation oceurred) could be avoided.



it was noted thal cavitation generally commenced ahout. half wa

¢ through the

ramp-up period, The timer was started as soon as the propeller reached the desired

revolution rate. The tunnel pressure and the flow velocity were then re-checked and. if

necessry, r

adjusted. Propeller revolution rate, water velocily and wnnel pressure were

re-cheeked periodically toensure that all were at the required settin

During a test, photographs and video were taken from. both sides of the test
section, For itlumination, a camers flash was used for photographs while the strobe light

was used with the video equipment. No other light sources were active during testing.

Allter this, observations of the cavitation patterns were made until the test was completed.

Once the required time had elapsed, the propeller revolution rate and the water
velogity setlings were quickly reduced and then set o their null positions. The wnnel was

re-pressurized, the generator was shut-down, and the water level was lowered.

With care, the model was then removed from the test section. The model was
quickly examined to detemmine if there was any evidence of lifted paint on the surface.

(Lified ik indicates that paing pecl oceurred during

esting)  Gas content and water

lemperature were also measured. The erosion: results, both face and back, were then

recorded on the beneh using both video and photographic equipment.

3.4  Measurement of Erosion Results
341 Overview
Upon completion of the experimental work, the images containing the test results

were amalyzed 1o provide erosion area estimates. - Photographs and video records provide



only two dimensional representations of their subjects. For exaumple, they do not account

for the twist in the propeller blades (ie. pitch angle of the blades, rke. ete). Therefore,

any arcas measured using image analysis software are pry

cted arcas only: the actial
areas are underestinated. T determine the actual arcas, corrections must be applied 10

account for the blade pitch.

3.4.2 Image Processing

software, however, the images would nothave been as clearas i photographs were used.

Ther

re, the photogriphic records were scanned into digital - formiat

1 colour

images and saved as computer files (PCX format).  Image scanning was accomplished

SCAN 11 soltwz

using D e and a Hewlen Packerd Scandet HOX scamer. Onee

scanned. image finc-uning was completed uing ALDUS PHOTOSTYLER software.

While fine-tuning included adjusting image focus if necessary. the prinary purpose of

this step was to ensure that the contrast between painted and eroded ancas was g
enough to be discemible on the computer sereen.  As @ result, hotly brightness and

conlrast wel

wjusted if necessiry.

Once the images

were scanned and fine-tuning was completed, the actal

measurement process Wi

o started. Area measurements were mide wing MOCHA lnage

Analysis Software (Jundal Scientific, 1993, 1993b and 1994). Essentially, to measure
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an overlay on the regions to be measured,

arcas with this software, it is necessary 1o pla

¢ section of the overlay. are then hased on

A measurements, given for cach separ

the number of pixels in-cach section of that overlay, The results are given in square
pixels unless the inge has been calibrated to some other unit of measure. The procedure

followed 1o analyze an image has been outlined below,

Alter one of the colour images was loaded into MOCIHA, the first step in the

analysis procedure was o convert the colour image 1o an 8 hit-per-pisel monachrome

s of gray: @

image. Following the conversion, the image was represented as 256 sha

pixel with an intensity of *0" was black while u pixel with an intensity of 255" was

as done at this time.

white. I necessary, inta

sc cropping &

When a colour image is converted o @ monochrome image. all of the intensity

e are ot necessarily used.  For example, an image which does not have any “white”

pixels does not make use of the intensity value of 255, To improve the contrast of the

intensities, the “Histagram Streteh™ feature was

image and use the entire range of gra

ployed. This aflowed the image’s pisels o he re-mapped so that the full range of gray

used.

intensity values w

Before any measurements could be made, it was necessary to calibrate the image,

Realizing that there was a “depth difference™ in the image between the top and bottom

wdges of the blades, calibration was done using points which were known to be ata depth

midway hetween the extreme top and bottom edges of the propeller blades. A two point

blades,

calibration w

utilized: using opposi point was chosen at the middle of cach

ol



blade tip and the propeller diameter (0.2 m) was used as the calibration value (see Figure
13). Even using this calibration value, there was still an error associated with measuring
any area that was not at the same depth as the two points. No correction was applied for

this error. This magnitude of this error was estimated to be approximately + 5%.

BRATION
NT

—
V720N

Figure 13: Location of Calibration Points (ducted propeller model)

When the test results were photographed, every attempt was made to ensure that
the camera was located directly above the centre of the propeller hub. If the camera was
not centred, then the lens would not be parallel to the propeller plane since the field of
view for all photographs always centred on the propeller hub. Therefore, subsequent
measurements would be underestimated as a result of the non-parallel planes. No
correction was applied for this error. The magnitude of this error was estimated to be

+ 3% (This corresponds to the lens being tilted at a 10° angle from the horizontal.)

Following image calibration, an overlay was applied to the eroded areas. MOCHA

has four overlay levels that can be used. Adding overlays to an image does not alter the
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image file unless the wer indicates that permanent alterations are 1o be made.  The

verlays are saved with the saumie file name, but with different extensions for cach overlay

level. Since only one of these overlays can be referred 1o when measurements are made,

all eroded arcas had to be represented on the Level | o

verhay.

iresfiold Cverfay™ feare. the threshold fevel was chosen such that

Using the 7

all pixels above the threshold intensity (e, eroded arcas ) were covered with an overlay

while all other pixels were umalfected. I necessary, pixels could then be manually
removed from or added to the overlay to ensure thit the proper regions were covered,

Since lighting conditions were not ideal when the test resulls were photographed, cach

blade was illuminated 1o a different degree. Therefore, in mo il wats necessary 0

apply the overlays to cach blade separatel

. As rosult. potions of overlays were finst

sized inthe Level 2 overday and then added 1o the Level | overlay using the "Overlay

Meath™

alure.

Another possible source of error in estima with MOCHA was related 1o

image rsolution. There was no clear dividing line between the eroded arcas and the non-
eroded arcas, but rather, there was a gray tansition zone between these light and dark

regions. Since the image would have to be examined on the "pixel™ level (i.e. magnificd)

in order o view the trausition. it was felt that this error would be mini No correetion

wars made for this error nor was an error value caleulated.

One

all eroded areas had heen represented v the Level | overla

y. the area

e made. MOCHA a

INCASURICTLS W

igned a number (saved on the Level 3 overlay) to

cich separate area that was  measured. recorded the area mea

urements (in- square
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millimetre

), and also caleulated the major and minor axes lengths for cach arca, The

major and minor axes were saved on the Level 4 overlay.

34.3 Area Corrections

Once the projected areas were measured with MOCHA. it was nec

v o apply
correction factors to account for the propeller piteh.  For almaost alk propellers, the pitch

angle is not constant and vari

s radially over the blade. The geometric piteh angle, g, at

any given radius iy defined in equation ( 21 ) and is illustraed in 1

The area
correction ealeulation is shown in equation ( 22),
»
0=TAN '— (35
nr
A
Atses = [REN]

TCos ¢

Thereflore, for a given projected arci measurenient, it was necessary (o determine
the radial location of the croded region relative to the centre of the model. This was done
by using MOCHA 10 measure the distance from the centre of the hub to the approximate
centre of each eroded region. Al r/R measurements were rounded to the nearest O0.05R
Once these were estimated, the arca correction was applicd using the appropriate pitch

angle for that radial position. A sample table illustrting the caleulation is shown in

able 8. “The corresponding photograph (with overlays) is shown in Figure 14,

Ideally, an eroded area could have been diseretized such that a piteh angle could

have been applicd for

ich elemental radii position. However, this would have been time
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consuming. Additionally, based on the previously discussed errors, the additional level of

y achieved through discretization would have been guestionable.

Onee the actual arcas had been determined for all croded regions, caleulations
were completed which provided total eroded area measurements for cach blade and for
the entire propeller. Due to the paint problems that were alluded to earlier, it was

necessary 1o ensure that regions affected by paint peel were not included in these arca

measurements. Therefore, o provision was included in the EXCEL spreadsheet o indicate

whether or not a region was included in the blade area caleulations.

R-Class
0-1
Propeller Side: Back
Measured| Pilch Included] Inc. in
Eroded Projected Angle (g) | Corrected | in Total | Blade
Area |Blade| Area | ©R | forR | Area | Area |Erosion
No. No. | (mm% | (Avg)| (deg) (mm‘) | Cale. | Calc.
1 2 1364 0.75 | 163 IGE I 2
2 3 1334 075 | 183 1479 Y 3
3 4 3049 060 [ 221 3544 N [Notinc.
4 1 88.4 070 | 194 994 Y 1
5 4 1637 075 | 183 1818 Y 4
Blade 1 Eroded Area (mm’): 9.4
Blade 2 Eroded Area (mm?): 151.7
Blade 3 Eroded Area (mm?): 147.9
Blade 4 Eroded Area (mm"): 181.4
Tolal Eroded Area (mm): 560.

Table 8: Sample Table [Hustrating Arca Caleulations

In Chupter 4, the test results are presented as “% crosion” rather than actual arca

measurenments (¢.g. s

Figure 41). The total blade surfuce arca was required for this

caleulation. For each propeller, the corresponding expanded arca coefficients (Ag) were

used to determine the total blade surface arca (one side) for cuch propeller. For the plots



which show “% erosion” of individual blades, the total blade surface area was divided by
the number of blades (i.e. “4”) for the calculation. While it was recognized that a more
accurate determination of blade surface area would have resulted if the developed area
coefficient (Ap) was used, Ag was used since the values for each propeller were readily
available. Additionally, since neither of these coefficients account for blade thickness,

the actual surface area can never be determined with 100% accuracy using coefficients.

-
s

i .

Figure 14: Test No. O-1 (Back) Showing Overlays

As a final note related to area measurements, it must be re-iterated that such
results provide information on the extent of erosion which a propeller may experience.
The results can not be scaled to give full scale erosion (i.e. depth or density of pits)
However, the tests, and the results, are all relative and they are used as a guide to indicate
which operating conditions are the least favourable. Therefore, in the next chapter, the
area measurements, in conjunction with the cavitation descriptions, were used to assess

the effects of proximity and to determine which conditions were the most severe.
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Chapter 4
Test Results and Discussion

4.1 Open Propcller

4.1.1 Descriptions of Cavitation and Blade Erosion

imity to the block resulted in

Operation of the open propeller madel in close prox

ubstantial amount of noise and

violent cloud cavitation. This was accompanicd by

vibration. Cavitation descriptions for a generic ice-class propeller operating in similar
conditions are reported hy Walker and Bose (1994a). The cavitation patterns which were

re illus

observed during Test No. O- rated in Figure 15 and ae described below.  This

deseription also relates blade crosion 10 the cavitation patterns.  Preliminary erosion

experiments with this propeller were veported previously (Doucet et al., 19950).  The

cavitation patterns shown in Figure 15 are basically similar for all open propeller tests,

with any  differences being noted  for subsequent experiments.  For all crosion

experinents, both open and ducted, the blade natation used in the erosion photographs is

3).

shown in Figure 16. The actual tests conditions awe listed in Table 6 (see Section 3

As the reference blade approached the block, but had not yet entered the recess, at

an angle of 0 = 90" (measured with respeet to the vertical), there was no cavitation

ible on the blade which could be attributed to propeller-ice interaction. A small,
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unattached tip vortex was present which was similar to the cavitation that occurs in

uniform flow.

VIEW OF BACK OF BLADE, LOOKING AFT

QUTLINE OF _
RECESS

\ o= 90 © = s

NO CAVITATION. DUE
TO PROPELLER 1CE
INTERACTION

SIZE OF VORTEX_cAvITY
INCREASES; CAVITY
BECOMES UNSTABLE

AT 1 CoNPLETELY
UNSTAGLE, oL ENT CLouD cL0u0 AT
CATTATON, KESGLTS HHiCH B
Can EXTEND. A5 TAR A3 THE

FAde o7 THE Nt aDe

Figure 15: Typical Cavitation Patterns on Open Propeller in Blocked Flow (from Doucet
etal., 1995a)

FACE BACK

Figure 16: Blade Notation (from Doucet et al., 1996)
At 6 = -80°, the leading edge of the blade, near /R = 0.75, entered the recess. On

the face, a small amount of cavitation was present at this region. This was shed from the
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ty that was attached 10 the back of the previous blade which was passing through the

recess. On the back of the reference blade. a stable sheet formed at the leading edge and
covered the portion of the blade which was in the shadow of the block. Once the tip

entered the recess, the tip vortex merged with the sheet and aided in its growth.

As the blade progressed from § = -80° 1o 0 = ~45°, the amount of leading cdge

ion increased. When the blade reached 6 = -

Tace . the cavity shed from the

of the reference blade,

hack of the previous blade exiended completely to the [

contacting the surface near the leading edge. On the back, the sheet cavity continued to

prow. The cavity size Muctuated in an oscillatory manner such that it covered anywhere

from half o all of the blade portion that was in the shiadow of the block. Its stability

continually degraded as the blade progressed through the rece

Between 0 = 45" and 6 = 0, the amount of cavitation afTecting the Ieading edge

of the face continued (o i

. Erosion of this region (see crosion in Figure 17) began

near 0 = -20" due 1o the impingement of violent cloud cavitation. The cloud was not

g crosion over the entire region si As the blade prog through

the recess. the impinging cloud moved inwards along the chord towards the centre of the

blade. On the back. the cavity size continued 1o increase, however, at 8 it had

almost completely broken down into eloud cavitation.

ing edge erosion on the face continued until O = 25° at which point the

crosive cloud jumped 1o the mid-span region. On the b he cavity continued to grow

and extended from the hack of the reference blade o the Face of the following blade.

(]



Impinging cavitation continued to move steadily across the face as the blade
progressed through the recess. Face erosion of the mid-span region continued until the
trailing edge left the recess at @ = 80°. The impinging cloud then jumped to the trailing
edge region, causing erosion until the cloud dissipated at 6 = 95°. As the blade left the
recess, the cavity shed by the back separated and shrunk into two distinct entities: one
influenced the back of the reference blade while the other impinged on the face of the
following blade. Trailing edge back erosion began as the blade left the recess and
continued until © = 105°, at which point the cloud cavitation had dissipated and

transformed itself back into a tip vortex.

Figure 17: Erosion Results for O-1 (Face and Back: J = 0.40, 0 = 2.99)

Experiment O-1, which was described above, was conducted at an advance
coefficient, J, of 0.40 and a cavitation number, o, of 2.99. Test results are illustrated in

Figure 17. The outcome of Test No. O-2, performed at J = 0.20 and o =8.36, is
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illustrated in Figure 18. This test, performed at atmospheric pressure, represented the
“non-cavitating” condition. Back cavitation occurred when the reference blade was in the
recess, but the cavity was not large enough to extend to the face of the following blade
(see Figure 19). A small vortex was shed by the cavity, but it did not impinge on the face.
Therefore, no face erosion occurred. The apparent erosion present on blade 1 was the

result of paint peel (see Figure 18).

On the back, the cavity which formed when the blade entered the block’s shadow
did not fill the recess and was focused on the blade tip. This cavity became unstable near
6 = 0° at which point erosion began. Erosion continued until the trailing edge left the
recess, at © = 80°, and the remaining cavitation quickly dissipated. Paint peel was evident

on blades 2, 3 and 4. Only the tip erosion should be present.

0.20, 6 = 8.36)

Figure 18: Erosion Results for O-2 (Face and Bac!
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Figure 19: Cavitation During Test No. O-2

Cavitation during Test No. O-3, conducted at J = 0.61 and ¢ = 3.09, is shown in
Figure 20 and the test results are presented in Figure 21. During this test, some entrained
air bubbles were visible in the test section. The resulting locations of face erosion were

sion was

similar to those from O-1, but more erosion was present. This increase in er
attributed to the higher advance coefficient: the differences between the blocked flow
region and the unblocked flow region, as each blade operated within and outside the wake
of the blockage, were greater than they were for O-1 (J = 0.40). The amount of back
erosion was marginally less than that of O-1, but the same locations were affected. Some
paint peel did occur during this test as the shape of the eroded regions on the face differed

significantly from blade to blade. Back erosion should be present only along the trailing

edg

. Spots on the leading edges and the mid-span regions were attributed to paint peel



Figure 20: Cavitation During Test No. O-3

Figure 21: Erosion Results for O-3 (Face and Back: J = 0.61, 6 = 3.09)

Figure 22 shows the results from Test No. O-4, which was conducted at J = 0.20
and ¢ = 3.13. During this test, an attached tip vortex was present when the propeller was
operating in unblocked flow (see Figure 23). The regions of the face that were affected
by erosion were the same as in O-1, but less erosion occurred. Face cavitation did not

begin to affect the leading edge until 6 = 0° and the amount of cavitation which was
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observed was marginally less than that which occurred during O-1. Trailing edge back
erosion was similar in location to that from O-1, but the amount was reduced. Blade 2 on

the face and blade 4 on the back exhibited obvious paint peel

Figure 23: Cavitation During Test No. O-4

Test No. O-5 erosion results are illustrated in Figure 24 and propeller cavitation is

shown in Figure 25 and Figure 26. With J = 0.40 and o = 3.06, this test was similar to
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O-1, except that the duration was 30 minutes instead of 15 minutes. The locations of face
erosion between these two tests were similar, with the 30 minute test showing slightly
more erosion, especially in the mid-span region. However, as the affected region was
clearly indicated after a 15 minute test, a duration of 15 minutes was acceptable for the
remaining tests. Back erosion from these two tests was almost identical. As before, spots

of paint peel were easily identified (i.e. leading edge on back of blades | and 4).

Figure 25: Cavitation During Test No. O-5
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Figure 26: Cavitation During Test No. O-5 (opposite side)

The results for Test No. O-6, where J = 0.20 and 6 = 3.12, are presented in Figure
27. As this test was completed to study the effects of reduced blockage, only two of the
three laminates were used. A large hub vortex was present and an attached tip vortex was

visible during blade operation in unblocked flow (see Figure 28).

Figure 27: Erosion Results for O-6 (Face and Back: ] =0.20, 6 =3.12)
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Figure 28: Cavitation During Test No. O-6

As the reference blade entered the recess, at © = -50°, the tip vortex expanded to
form a cavity on the back of the blade. During blade progression through the recess, the
cavity increased in size and continued to shed an unstable vortex/cloud. However, as this
passed over the face, there was no erosion since impingement did not occur. On the back,
a cloud developed from the cavity just as the blade left the recess. This affected only the
extreme tip and dissipated quickly. All regions of film removal during this test were

attributed to paint peel.

Test No. O-7 was also conducted to examine the effects of reduced blockage.
Figure 29 illustrates the results of this test, which was performed at J = 0.40 and o = 3.08.
A small, unattached tip vortex was present during this test. There was no hub vortex. As
with O-7, there was no impingement on the face. On the back, the cloud at the trailing
edge caused a small amount of erosion as the blade left the recess. All other erosion, both

face and back, was the result of paint peel.

i}



Figure 29: Erosion Results for O-7 (Face and Back: J = 0.40, ¢ = 3.08)

A third test, with J = 0.61 and ¢ = 3.10, was conducted to lnv.cxugulc reduced
blockage effects. The results of this test, O-8, are presented in Figure 30. A small
amount of entrained air was observed in the flow during this test. Tip vortex cavitation
was not present. Cloud impingement on the leading edge appeared to occur from 8 = 0°

until the blade left the recess.

Figure 30: Erosion Results for O-8 (Face and Back: ] = 0.61, 6 = 3.10)
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Even though the locations of face erosion were common for O-8, evidence of
paint peel was strong since the eroded region sizes differed from blade to blade. A small
amount of back erosion did occur on the trailing edge as it left the recess. All other back

erosion was the result of paint peel.

Experiment O-9, with maximum blockage re-installed and a blade/block clearance
of 5 mm, was conducted to study proximity effects. A small unattached tip vortex was
present during the test. Cavitation during this experiment, with J = 0.40 and ¢ = 3.07,
was violent (see Figure 31 and Figure 32). Face impingement was similar to that
observed during O-1. As illustrated in Figure 33, the paint removal-appeared to be
excessive. Additionally, the erosion patterns were different from blade to blade. On the
back (see Figure 33), trailing edge erosion was common between all blades, however, the

streaks emanating from the leading edges were caused by paint peel.

Figure 31: Cavitation During Test No. O-9
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Figure 33: Erosion Results for O-9 (Face and Back: J = 0.40, 6 = 3.07)

Test No. O-10, conducted with J = 0.39 and ¢ = 3.13, was also performed to study
proximity effects. With a blade/block clearance of 10 mm, the amount of cavitation that
was present, although still substantial, was reduced compared to O-9. A small,
unattached tip vortex was present when the blade was in unblocked flow. The cavity

shed by the back of the previous blade never completely extended to the face of the
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following blade at any time during a revolution. Tiny clouds were shed from the cavity
and were directed towards the face, but these dissipated before they impinged on the

surface. No face erosion occurred (see Figure 34). On the back (see Figure 34), erosion

occurred at the trailing edge as the blade left the shadow of the block.

Figure 34: Erosion Results for O-10 (Face and Back: J =0.39, 6 =3.13)

A third test, with J = 0.40 and ¢ = 3.09, was completed to further study proximity
effects. Experiment O-11, with a blade/block clearance of 20 mm, showed no erosion on
either the face or the back that could be attributed to cavitation: film removal was the

result of paint peel (see Figure 35). The amount of cavitation present during this test (see

Figure 36) was dramatically reduced compared to those tests with smaller blade/block
clearances. A small, unattached tip vortex was present when the blade was in unblocked

flow. An intermittent hub vortex was also observed. A small cavi

y was present on the
back as the blade was in the shadow of the block. Even though this became a cloud as the

blade entered unblocked flow, it dissipated quickly and caused no erosion.
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Figure 36: Cavitation During Test No. O-11

Since the erosion which occurred during Test No. O-9 seemed excessive and paint
peel was evident, this test was repeated as Test No. O-12. The results, illustrated in
Figure 37, again show that paint peel was a problem. As for 0-9, a large amount of
erosion did occur on the face, but, the patterns did not correspond between blades, nor

were they repeatable between tests. What this does indicate, however, is that the



cavitation which occurred at the blade/block clearance of 5 mm was extremely violent.
No other test showed this much film removal. Back erosion at the trailing edges was

predicted more consistently, but paint peel was also evident as streaks on the blades

Figure 37: Erosion Results for O-12 (Face and Back: J = 0.40, 6 = 3.16)

Due to the obvious occurrence of paint peel, Test No. O-13 was added to assess a
different ink (Starrett Kleenscribe Blue Layout Dye). This test, a repeat of O-1, also
allowed for examination of test repeatability. The results are illustrated in Figure 38
Minimal paint peel occurred during this test, as can be determined by comparing the size

and shape of the eroded regions.

Test No O-14, conducted at J = 0.39 and ¢ = 3.00, was performed in uniform
flow. Figure 39 shows the erosion results. During this test, a small, unattached tip vortex
was the only form of cavitation that affected the blades. Therefore, no erosion should
have occurred on the propeller. Paint peel was evident. (The Crown ink was used for

this experiment).
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Figure 39: Erosion Results for O-14 (Face and Back: J = 0.39, ¢ = 3.00)

Due to the poor results from Test No. O-14, the test was repeated as O-15 using
the Crown ink. During surface preparation and paint application, additional care was
taken to ensure that the application was done in a uniform manner on a clean surface. As

during O-14, paint peel occurred. The results of Test No. O-15 were not photographed.
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Test No. O-14 was again repeated as O-16, but Starrett Kleenscribe Blue Layout
Dye was used as the soft surface. As expected for open flow, the test results show that no

erosion appeared on the blades during this test (see Figure 40).

B %

Figure 40: Erosion Results for O-16 (Face and Back: ] = 0.43, 6 = 2.98)

4.1.2 Erosion Results

Before making detailed comments on the open propeller area measurements, paint
peel must be discussed briefly. From the descriptions and the photographs that were
presented in the previous section, the occurrence of paint peel during these tests has been
documented. Generally, any erosion pattern that was not common to all blades could be

attributed to paint peel. These regions were easily distinguished from true results.

However, for eroded regions which were common between blades, paint peel may
have still been a problem. For example, cavitation may have caused a certain amount of

erosion at a given blade location, but that erosion could have been exaggerated if paint



peel aceurred. This type of problem was harder o distinguish, and, if it occurred, the true
result was masked. For some of these tests, eroded regions which were common between

mination of these croded region

blades may have heen affected hy paint peel. Close ex:

boundarics showed tears that would be typizal of paint peel.

Tror the results which are reported here, only those regions that were nol common

hetween blades have been excluded from the area measurements.  All common regions

were included. Bearing this fact in mind, the measured results which are presented below

actually be greater than the actual erosion which occurred.

As previously mentioned, the test duration that was chosen for these experiments
was 1S minutes.  As a cheek, @ 30 minute test was performed with all other test
conditions remaining the same. The results of the check, both face and back. showed
slightly more crosion during the 30 minute test (see Figure 41). However, interpretation

is necessary. While more erosion did occur during the 30 minute test, the regions and

extent ol crosion were well defined during the 15 minute test.  More crosion was
meisured for the 30 minute test since more film removal oceurred within (he defined

s, As i result, it was decided that 15 minute tests were aceeplable since the extent

of erosion would be well defined after this time.

An important observation from these experiments was that the amount of face

sed with inereasing advance coeflicient (see Figure 42, face). One would

erosion inere;
normadly expeet more cavitation, and henee more erosion, at lower advance coefficients
sinee the propeller loading is normally increased at the lower J values. The reason for

this reversal is likely related to the non-uniform wake which occurred behind the block.



At higher I values. the difference i flow conditions between the blocked flow region and

the unblocked flow region, as each blade operated within and outside the wake of (he

coelticients. Clowds

blockage, would be greater than they would be at the Tower advan

les inadifferent manner as

passed from the b

K ol blades to the face of the following bl

the advance cocfficient was changed.

The elfeet of inereasing advance coefficient on back erosion was minimal (see

the other advance

Figure 42, huck). AUJ = 0.4, slightly more erosion was noted than
coelficients, however, this increase was slight when compared 1o the overall bade arca.

Even though the amount of cavitation seemed 1o increase with inereasing ), this did not

s which a

substantially affect back erosion. For cavit cted the back, the majority of the

resulting cloud cavitation collapsed on the face ol the following blade.  Back crosion

As the blade entered

oceurred predominantly as a blade was leaving the reces

unblocked flow, the portion of the back cavity which remained attached o the blade

quickly collapsed into a small cloud. Focused over a small arca near the tip and the

trailing cdge. this cloud dissipated quickly as the blade moved away from the block.

ed that crosion initially inereased s the

Investigation of proximity effects indi
propeller was moved away from the block and then deereased with further inereases in

the blade/block clearance (see Figure 43). Gaps of 1, 5, 10 and 20 millimetres were

tested at J = 0.4. The amount of erosion oceurred at a § mm gap. - Since the

resulting face crosion [rom the first 5 mm test seemed excessive and there was some
evidence of paint peel, this test was repeated, with almost identical results, (It is certain

that paint peel exaggerated these two results, but increased erosion at this gap was also
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certain,) Once a maximum value for face erosion was reached, the amount of erosion

dropped steeply with further increases in gap, Back erosion appeared (o follow the same

¢ erosion: there was a slight inerease at S mm and then a decrease. However,

trend i fa

due o the limited number of data points, an accurate representation of the trend could not

be determined. Further tests are required to define the trends in more detail.

When the cavitation number wis compared 1o pereent crosion, an anomalous
result was found. Normally, the amount of cavitation, and henee erosion, should decrease
with increasing cavitation number, assuming that all other conditions remain the same.

The amount of cavitation which was observed at the higher cavitation number was indeed

reduced (compare Figure 19 and Figure 23). Face erosion did decrease for the higher

cavitation number (see Figure 44, Tace).  However, back crosion increased, rather than

decreased (see Figure 44, back). While there is @ common croded arca between cach of

the blades for the test at atmospheric pressure (see Figure 18), the shapes are not the same

clel

and the edge boundaries exhibit char: stics that are typical of paint peel. Therefc

this result is questionable.

Additionally, Tor cach test, percent crosion was plotied for cach blade to
determine if there were any noticeable trends.  For example, if there were geometric
difterences between blades, then one blade may always show more or less crosion than

the others, Only the results for Test No. O-1 have been shown here as

an example (see

Figure 45). Plois of =% erosion vs. hlade number” for the remuining tests have been

included in Appendix D.  Inspection of these plots revealed that there was a fair bit of

seatter in the amount of erosion between blades.  For these experiments, the scatter was



attributed to paint peel. E of the erosion |

graphs showed that paint peel

was evident during these tests.
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Figure 41: Open Propeller Erosion Results (Face and Back: % Erosion v, "Time)
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Figure 42: Open Propeller Erosion Results (Face and Back: % Erosion vs. Advance
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Figure 43: Open Propeller Erosion Results (Face and Back: % Erosion vs, Proximity)
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4.2 Ducted Propeller
4.2.1 Descriptions of Cavitation and Blade Erosion

When the ducted propeller model was operated in close proximity to the block,
violent cloud cavitation, noise and vibration occurred. Cavitation patterns for a ducted
ice-class propeller (with Kaplan type blades) operating in similar conditions are reported
by Walker and Bose (1994a). Some of the erosion experiments presented here have also
been reported previously (Doucet et al., 1996). The cavitation patterns that occurred
during Test No. D-1 are described below and are summarized in Figure 46. This
description also relates the erosion on the blades to the cavitation patterns. These
cavitation patterns are basically the same for all ducted experiments, with any differences
being noted for each of the subsequent tests. The actual experimental conditions are

listed in Table 7 (see Section 3.3.4).

VIEW OF BACK OF BLADE, LOOKING AFT

o CAVTATON OUL 1D O EAVITATION O BACK: CAviTy ‘on wACK covERS WACK 5 COVERED Y UNSTABE
PHOPELLER, ICE NTERACTION TERTARY SYEET O Lt PORTION, OF BLADE: O CAVITY W) TURNS 1D 00D,
o At VAGE 1O REGION 18 EAVITY DN TACE BECOMES €1 0uD

‘Covinit v eavry AN MPNGLS ON 1€

Figure 46: Typical Cavitation Patterns on Ducted Propeller in Blocked Flow (from
Doucet et al., 1996)
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As the reference blade approached the block, but was still operating in a region of
unblocked flow, at an angle of © = -135° (measured with respect to the vertical), no
cavitation that could be attributed to propeller-ice interaction was visible on the blade.
There was a vapor cavity immediately downstream of the block that was shed by the
previous blade passing through the blocked flow. This cavity, which was present during

the entire revolution of the propeller, is clearly visible in Figure 47.

Figure 47: Cavitation During Test No. D-1

At an angle of 8 = -90°, the leading edge of the reference blade was almost within
the recess. On the face, intermittent sheet cavitation began along the entire leading edge.
There was no cavitation on the back. At 6 = -85°, the leading edge, at r/R = 0.90, entered
the recess and the blade sliced into the cavity that was present behind the block. The
sheet cavitation on the leading edge of the face merged with this cavity. On the back, a

cavity covered the portion of the blade that was within the recess.
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As the reference blade progressed from 6 = -R5” 10§ = 45", the size of the eavity

onthe face grew in the chordwise direction, but at the same time, it also moved inward

adong the blade radii, leaving the tip of the blade cavitation free. At = -45°, this cavity

extended frone i/R < 0.85 and ¢/C = 0.25 all the way down to the root with ¢/C = 0.10.
On the back, the cavity grew along the chord until at § = -45°, it extended to ¢/C = 0.25.

“The iemainder of the back was still cavitation free.

Between 0 = -45" and 0= 0", the size of the cavities on both the face and the back
contimued to grow. The cavity alfecting the face of the reference blade extended from the

back ol the previous blade (see Figure 47). On the face, the cavity grew in a chordwise

direction while moving away from the tip of the blade. AL 6 = 0° this cavity began to

i into vloud cavitation, Erosion hegan (o take place on the face as the cloud impinged
o the edge of the fint region near the leading edge (see crosion at 0.1 < ¢/C < 0.5 in
Figure 48, face). On the hack, only the irailing edge was unaffected by the cavity. which

at 0= 0 hegan to break down into cloud eavitation,

vities on both the face and the

As the reference blade progressed past 6 = 0°, the
back broke down completely into viokent cloud cavitation. When the reference blade
reached O - 107 the previous blade was no longer in blocked flow. The cloud between

the two blades separated and shrunk into two distinet entities: one continued to influence

the face of the reference blade while the other affected the back of the previous blade.

Cloud impingement on the face of the reference blade caused crosion on the region

nearest o the leading edge (see Figure 48, face). The cloud was not caus

ng crosion on
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the entire region simultancously.  As the blade prog s, the

el through the e

impinging cloud moved inwards along the chord towards the center of the blade. The

outline of this eroded region was very well defined, which indicated that the impinging

ation was highly focused.

On the back of the reference blade, @

an angle of 0 = 20, cloud cavitation wis

collapsing near the trailing edge, causing erosion near t/R = 0.0 (see Figure A8, back): this

region was almost outside of the recess, Within the recess, cavitation still covered the

back of the reference blade and extended o the face of the following blade. ALO 357,

the leading edge was completely out of the recess. The cloud that inpinged at /R 0.6
steadily moved outwards along the radii and was Tocused on the trailing edge region that

was leaving the recess.

ALD = 60°, the cloud on the face jumped slightly in the chordwise direction and

began impinging on the second arca (see fice erosion at 0.55 < ¢/C < 0.9 in |

e %),

Here, the outline of the eroded region wis not as well defined as that of the Tirst region.
“This indicated that the cavitation which affected the second region was not as focused as
it had been when the first region was affected. Cavitation on the back coatinued to cause

erosion near the mid-radii of the trailing edge.

Once the reference blade reached an angle of 0 = 857, the trailing cdge of the

blade had just left the rec

s, ALO = 1007, the cloud on the face rapidly shrunk, but still
impinged violently on the sccond region, moving toward the trailing cdge i the blade

continued its revoltion. The cloud on the back separated into two distinet entities: the
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first continued to affect the back of the reference blade while the second impinged on the
face of the following blade. At this point, the cloud on the back was collapsing violently
on the region near the tip of the trailing edge (see Figure 48, back). The cloud cavitation
on both the face and the back persisted until, and finally dissipated when, the blade

reached an angle of 6 = 180°.

As was previously discussed in Chapter 3, paint peel problems necessitated the
selection of a new ink for the erosion tests. The Avery ink that was subsequently chosen
provided excellent results. Paint peel did not occur, as can be seen from the erosion

results shown in this section.

Figure 48: Erosion Results for D-1 (Face and Back: J =0.41, 6 =4.73)

The results of Test No. D-1, which was described above, are shown in Figure 48.
The test conditions for D-2, conducted at an advance coefficient, J, of 042 and a
cavitation number, o, of 4.81, were similar to those for D-1, except that the duration was

30 minutes instead of 15 minutes. D-2 erosion is illustrated in Figure 49. The results
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from these two experiments were almost identical: the erosion for the 30 minute test was
only marginally greater than that of the 15 minute test. This indicated that a 15 minute

test duration was suitable for the remaining experiments.

Figure 49: Erosion Results for D-2 (Face and Back: ] =0.42, 6 =4.81)

The outcome of Test No. D-3 is

hown in Figure 50. This test, performed at
1=0.38 and © = 12.56, represented the “non-cavitating condition”. Even at atmospheric
pressure, cavitation was still visible (see Figure 51) and erosion did occur. However, the
extent and severity of the cavitation was greatly reduced compared to D-1. On the face,
the erosion occurred while the blade was within the recess, between 6 = 0° and 8 = 45°.
Since almost all of the cavitation had dissipated once the blade left the recess, at 6 = 90°,
there was no opportunity for erosion to occur farther back along the chord, as was the
case in the first two tests. The resulting erosion on the back, which was focused near the
tip only, was more clearly defined than it was for D-1 because of the intense cloud

cavitation which impinged on the small area.
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Figure 51: Cavitation During Test No. D-3

Figure 52 shows the results for Test No. D-4, which was conducted at J = 0.17
and 6 =4.75. The erosion patterns on the face were in approximately the same location
as for D-1. However, there were differences. For the first region, located nearest to the
leading edge, the size of the region was smaller than it was for D-1. Also, the non-eroded

gap between the two eroded areas was reduced as the second region was shifted farther



away from the trailing edge than it had been for D-1. Since the flow speed was relatively
low for this test, the flow conditions between the blocked flow region and the unblocked
flow region, as each blade operated within and outside the wake of the blockage, were not
as great as they were for D-1. This lower dynamic difference may explain why the cloud

affecting the second region did not shift further along the chord as it had during the first

two tests.

Figure 52: Erosion Results for D-4 (Face and Back: ] =0.17, 6 = 4.75)

The erosion patterns and locations on the back were similar to those shown for
D-1, but the erosion was not as complete. On the trailing edge tip region, film removal
on the eroded areas was approximately 25%, whereas it was near 75% for D-1. While
there was an eroded region on the trailing edge, near /R = 0.6, for D-1, erosion was

almost non-existent at that region for this test.

Figure 53 and Figure 54 clearly shows the cloud cavitation affecting both the face

and the back of the propeller blades during Test No. D-4. Throughout this test, a small,
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unattached tip vortex was present when the propeller was operating in open, undisturbed

flow (i.e. before the blade entered the recess).

Figure 54: Cavitation During Test No. D-4 (opposite side)

The results for Test No. D-5, performed at J] = 0.65 and ¢ = 4.66, are shown in

Figure 55. Cavitation during the experiment is shown in Figure 56. For this test, there
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was an additional region of erosion on the face: erosion occurred near the leading edge at
/R = 0.5 as cloud cavitation affected this region between blade angles of approximately
-25° and 0°. The second region, extending from 0.15 < ¢/C < 0.45, near r/R = 0.7, was
marginally larger than it was for D-1. The non-eroded gap between this region and the
third region was larger than it was for the previous tests as the erosion in the third region
had shifted towards the trailing edge. For this test, the flow speed was substantially
higher than it had been for D-1: the differences between blocked and unblocked flow
were greater than they had been for D-1. The erosion at the third region occurred as the

blade was moving from blocked to unblocked flow.

On the back, the trailing edge tip erosion was well defined. This was similar in
location and pattern to that shown for D-1, but the erosion was more pronounced: the film
removal on the area was approximately 95%. Near r/R = 0.6 along the trailing edge,

erosion was almost non-existent, while it had been apparent for D-1.

Figure 55: Erosion Results for D-5 (Face and Back: J = 0.65, ¢ = 4.66)



Figure 56: Cavitation During Test No. D-5

Test No. D-6, completed with J = 0.42 and ¢ = 4.73, was comducted to study
proximity effects: the gap for this test was 5 mm. Test results are illustrated in Figure 57.
Despite the increase in the blade/block clearance, the resulting cavitation (see Figure 58)
was as aggressive as that observed during D-1. The extent of the eroded regions was

greater for this test (D-6) than for any other ducted test.

Figure 57: Erosion Results for D-6 (Face and Back: 1 = 0.42, 6 =4.73)
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Figure 58: Cavitation During Test No. D-6

There were three distinct regions of erosion on the face. 'The cavitation
description from D-1 applies for the erosion which occurred in the region nearest to the
leading edge. Erosion on the mid-span region occurred between 6 = 60° and 8 = 95°: the
impinging cloud did not jump across the blade as in D-1. Through these blade pass
angles, the blade experienced a transition between blocked and unblocked flow. At
6 = 60°, about 15 to 20% of the blade was behind the block, while at 6 = 85°, the tip of
the trailing edge had just left the recess. Erosion on the trailing edge region occurred
from © = 95° to the end of the cavitation cycle. The difference in shape for all three
eroded regions indicates that there was a transition in the type of cloud that impinged on

each region.

Back erosion during this test was greater than that which occurred during D-1.
Erosion covered the trailing edge from the blade tip to r/R = 0.65, whereas, for D-1, there

was a non-eroded region between the mid-radii erosion and the tip region erosion. Also,
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the film removal over the region was more complete than it had been for D-1. The back

erosion occurred from 8 = 25° through to 6 = 180°.

Test No. D-7 was conducted at J = 0.49 and ¢ = 4.64, but was in unblocked flow.

During this test, the only cavitation that was present was a small, unattached tip vortex.

As illustrated in Figure 59, there was no blade erosion.

Figure 59: Erosion Results for D-7 (Face and Back: J = 0.49, 0 = 4.64)

Test No. D-8, with J = 0.44 and ¢ = 4.72, was also performed to study proximity
effects: a gap of 20 mm was used. As illustrated in Figure 60, the erosion patterns were
different compared to those tests with smaller blade/block clearances. The amount of

cavitation observed during this test (Figure 61) was also less compared to previous tests.

As in D-1, there was a cavity immediately downstream of the block. However,
due to the increased clearance, a blade entering the recess did not “slice through™ as much

of this cavity as, say, during Test No. D-1. Therefore, face cavitation was reduced.
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Erosion of the leading edge region appeared to begin near 6 = -20° and it ended near
6 =45°. Itis likely that the mid-span erosion occurred between 6 = 0° and 6 = 90°. This
was difficult to judge as cavitation obscured that region of the blade during observations.
Tip erosion near the trailing edge occurred between 0 = 85° and 6 = 100°: back cavitation

“spilled” over the blade edge onto this region.

Figure 60: Erosion Results for D-8 (Face and Back: ] =0.44, 6 =4.72)

Back erosion along the trailing edge and the blade tip for D-8 was less than, but
similar to, that reported for D-6. At 0 = -45°, only the leading edge was affected by
cavitation. At 8 = 0°, the cavity covered the leading edge half of the blade that was
within the recess. Once the blade reached 8 = 45°, the entire back of the blade within the
recess was affected by cavitation. Cloud cavitation began impinging near the mid-radii
leading edge region and moved radially outward as the blade progressed through the
recess. By the time the blade reached 8 = 85°, the cloud impinged heavily on the trailing

edge tip region. This cavitation persisted until 6 = 135°. There was also a region of
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erosion near the trailing edge blade root. Vortex cavitation, which appeared to be shed
from the main cavity on the back, impinged on this region from 6 = 45° to approximately
6 = 85° (i.e. when the blade left the recess). Since this region of the blade was near the

hub, it was never behind the block during a propeller revolution.

Figure 61: Cavitation During Test No. D-8

The final experiment, Test No. D-9 was conducted at J = 0.41 and ¢ = 4.73, but
the pitch angle was 10° instead of 25°. As illustrated in Figure 62, the blade erosion was
quite different from previous tests. The size of the cavity behind the block was smaller
compared to all other ducted tests (see Figure 63). Generally, all cavitation was reduced.
Since the geometric pitch angle was lessened, the propeller was not as heavily loaded as

during similar tests at the same advance coefficient (with ¢ = 25°).

When the reference blade was at 6 = 135°, an intermittent sheet was visible along
the leading edge of the face, covering approximately 5% of the chord length. For

previous tests, this sheet cavitation only appeared near 6 = -135°. Leading edge erosion
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near the tip occurred between 6 = 0° and 8 = 45° as a result of impingement by
intermittent vortex cavitation. The vortex was shed from a larger cloud which impinged
on the inner radii of the leading edge region. This larger cloud caused erosion from
6=0°106=60°. At8 = 60° the cloud jumped and began eroding the mid-span region
of the blade, although less vigorously than it had when the leading edge was affected.
This persisted to 8 = 90°, at which point it had almost entirely dissipated. Trailing edge
tip erosion occurred just as the tip was leaving the recess. It was caused by impingement

of momentary vortex cavitation which dissipated once the tip cleared the recess.

Back erosion occurred in two locations. Leading edge tip erosion appeared to
occur just as the blade was leaving the recess and entering unblocked flow. Erosion
along the trailing edge was complete and well defined. It occurred from 6 = 0° to
6 =80° At that point, the blade exited the recess and all remaining back cavitation

quickly dissipated.

Figure 62: Erosion Results for D-9 (Face and Back: J = 0.41, 6 =4.73)



gearat

Figure 63: Cavitation During Test No. D-9

4.2.2 Erosion Results

Following the paint problems which were experienced during the open propeller
test program, a new ink was selected for the ducted propeller tests. This new ink was

ideal and paint peel was not a problem, as indicated by the test results.

Of particular interest, following the first test with this propeller, pitting was
actually noted on the blade surfaces of the face. These pits were located in the same

regions that were identified during the D-1 paint test.

As with the open propeller, a 30 minute test was performed as a check to
determine if a 15 minute duration would be suitable for the ducted tests. The 30 minute
test did show more erosion than the shorter test (see Figure 64), but this must be
qualified. For both tests, the same regions were affected by erosion. More erosion was

measured for the 30 minute tests since film removal over the regions was more complete
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than it was for the 1S minute test. The 15 minute test was deemed aceeptable for the

remaining tests.

Experimental results indicated that the amount of face erosion increased with
increasing advance coefficient (see Figure 65, Tace). As stated for the open propeller
tests, the reverse of this trend might have been expected. Back erosion was minimally

affected by changes in advance coefficient (see Figure 65, bac

tly more erosion

was noted at J = 0.4, but this increase was small compared to the overall blade arca,

Blade/block clearances of 1.5 and 20 millimetres were used () = 040 10 study

proximity effects for the ducted propeller. More erosion occorred at the S mm gap than

oceurred with the smaller gap (Tor both face and back). “The amount of crosion then

decreased

the gap was increased further (see Figure 66). The trend indicates that

crosion reaches a peak some di

nce away from the blo

and then deercases as (he
clearance is increased further, To uccurately define the trend, more experiments would be

required at various gaps. Back erosion was minimally alTected over the range of gaps that

were tested, although the increase at S mm was noted.

When comparing erosion with the cavitation number (see Figure 67), less erosion

was present at the higher cavitation number. This was as expected.

Since the ducted propeller model was variable pitch, the pitch angle was changed

for one experiment, As expe

ed, more erosion oceurred at the higher pitch angle of 25”
(see Figure 68). Duc 1o the higher geometric pitch angle, the blades were more heavily

toaded for the same wake conditions than they were for ¢ = 10°. A higher pitch angle on
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es. Therefore,

the blades will result in lower pressures over the blade surfa

more likely wnd hence, erosion is also more likely.

As with the open propeller, percent crosion was plotted for cach blade 1o

determine if any noticeable trends existed.  The results for Test No. D-1 have been
presented here (see Figure 69). For all other ducted tests, the plots may be found in
Appendix 5. The plots for D-1 show that blades 1 and 2 experienced more face crosion

than blades 3 and 4. This was common for all tests (exeept for D-3. which was

performed at atmospheric pressure and showed anproximately equal erosion hetween all

Dblades).  Compared (o face erosion, there was less variation between blades for back

crosion. No noticeable trends were noted for back erosion.

Two possible conclusions may be drawn concerning the blade crosion trends.

variable pitch, the pitch may not have been set exactly the

since the propeller wi

for each blade.  Second, geometric variations may exist on one or more of the

blades. The erosion trend may have been caused by a combination of both factors,

however, it is likely that the first factor was dominant.

For the reasons given above, one may expect that the same erosion trend would

appear on the back. Towever, this If the piteh of a particular

blade was higher than the others, that blade would experience more cavitation.  Since

ies were relatively farge during these tests (compared to the blades), this

ease would not dramatically affect the back.  Since the b avities shed

cloud cavitation onto the face of the following bludes, an increase in back cavitation
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meant that the face would experience higher levels of ¢

varied erosion il the blade pitch varied compared to other blades.

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Mode! (Face)

20
15 .
5
2 .
o 10
w
ES
5
[J=04|
0
0 10 20 30 40
Time (min)
Propeller Erosion in Blocked Flow
MMV Robert LeMeur Ducted Propeller Model (Back)
20
15
c
=}
H
& 10 .
ES s .
[J=04]
0
0 10 20 30 40
Time (min)

Figure 6:: Ducted Propeller Erosion Results (Fuce and Back: % Erosion vs, Time)

13

ation, henee the reason for



% Erosion

% Erosion

20

Figure 65: Ducted Propeller Erosion Results (F:

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Face)

.
.
.
[ i Tt
0 0.1 0.2 03 0.4 0.5 0.6 0.7

Advance Coefficient (J)

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Back)

15 Minute Test

0 0.1 0.2 0.3 04 05 0.6 0.7

Advance Coefficient (J)

and B
Coelficient)

: % Erosion vs. Advance



Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Face)

25
. [9<04]
20 | -

% Erosion
.
.

0 5 10 15 20 25

Proximity (mm)

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Back)

25
|J=04|
20 | )

% Erosion

0 - .
0 5 10 15 20 25
Proximity (mm)

Figure 66: Ducted Propeller Erosion Results (Fuce and Back: % Lrosion vs. Proximity)

15



Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Face)

20
15
c
2 .
@
9 10
w
ES
5 .
0
0 5 10 15 20

Cavitation Number ()

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Back)

% Erosion
3

[y=04

0 5 10 15 20

Cavitation Number (o)

Figure 67: Ducted Propeller Erosion Results (Face and Buck: % Erosion vs, Cavitation
Number)

16



Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Face)

20
[4=04]
15
c
. .
S 10
w .
ES
5
o
0 5 10 15 20 25 30
Pitch Angle (deg)

Propelier Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Back)

% Erosion
3

0 5 10 15 20 25 30
Pitch Angle (deg)

Figure 68: Ducted Propeller Erosion Results (Face and Back: % Erosion vs. Piteh
Angle)



Propelier Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Face)

20
{ Test No. D-

15 M .
s
D . .
o 10
w
R*

5
] 0 .
0 1 2 3 4 5

Blade Number

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Mode! (Back)

2
15 |

<

]

'R

1910

i

o .

& 5 4 * .
0 :
0 1 2 8 4 5

Blade Number

Figure 69: Ducted Propeller Erosion Results for Test No. D-1 (Face and Buck:
% Erosion vs. Blade Number)

118



4.3 Comparison of Erosion Results

One of the major concerns which arises when comparing crosion resulis (rom

different tests is related to the ink used as the soft surf

¢ When different inks are used,

one ink may be more robust than another. In other word: ven the same test conditions,

the amount of erosion which accurs may be different for cach of the inks,

The Crown ink used with the open propeller model was subj

Lo paint peel.
Evidence of this was obvious from the photographs ol the test results. For the ducted

propelier te:

the Avery ink showed no signs of paint pecl: the ecrosion patterns between
blades were similar in location and extent. The erosion occurred as the removal of
speckles of the painted surface, which indicated that the coating was thin. (This was as

required for a proper paint test.) As

aresult, any area measurements that were made for
the open propeller may he exaggerated due to paint peel. For the comparisons made

below, paint elTects are highlighted as necessary to explain and clarity the test results

An important point to note regarding these tests is that the comparisons which

ve been made are relative. The intent was not to quote actual amounts of erosion for

one test versu:

another. Of greater signifi differences or similaritics hetween an
open propeller and a ducted propeller, operating in blocked fow, have heen identificd.

Therefore, despite the fa

1 that paint peel oceurred during the open test program, trends

were still identified from the test results.

For both propeliers, a standard test duration of 15 minutes was chosen. A 30

minute test was

also performed in cach case as @ check. Both propellers showed more
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erosion during the 30 minute test. At the end of a 15 minute test. the extent and location
of erosion was already defined. More erosion was measured during the 30 minute test
since the film removal over the eroded regions was more complete thun it was for the 15
minute test. In both cases, the 15 minute test duration was deemed suitable since the

location and extent of erosion were well defined during that time.

ents, both propellers showed more face crosion at

Over a range of advance coeffici
higher § values. The trend appeared to increase more steeply for the open propeller than

it did for the ducted propeller. However, since paint peel did oceur during some of the

open tests., the steepness of the curve may he exaggerated.  Nevertheless. the apen
propeller results predicted the same general trend for face erosion that was predicted from

the ducted propeller test results,  For both propellers, back erosion was minimally

fected by changes in advance coefficient, although slightly more back crosion

noted at J=0.4 (about 1% of the blade arca) than at the other J values.

Upon examining the proximity effects on both propellers, the test results predicte

another trend. As the blade/block clearance was increased, erosion also increased until it

hed, the amount of crosion decreased with

reached @ peak.  Alter this point was 1
further increases in clearance. For these tests, the highest erosion was measured at a gap

of S mm. While the trend was applicable for both face and back erosion. more erosion

oceurred on the face. Due to the limited number of data points, the actual curves that the
trends follow for each propeller cannot be predicted aceurately from the results given

here. More tests would he required to aceurately define the curve
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For the open propeller proximity tes

S paint peel was noted 1o oceur. The face

erosin which was measured for the 5 mm gap test appeared 1o he excessive.

second
test was performed at the same conditions with almost identical results. Paint peel was
apparent for both of these tests.  Therefore, the initial trend identified tfor the open
propeller may be skewed upward. However, the general form of the trend was identified
crosion increased with increasing blade/block clearance until a peak was reached. after

which point crosion decreased with further increases in ¢

When considering the effect of the cavi

ation number, erosion should oceur as

the cavitation number is increased. At higher cavitation numbers, less cavitation oceurs,

therefore, there is le:

opportuaity for erosion to take place. For both propellers, face
erosion followed this trend: there was less erosion at higher cavitation numbers. For the

ack et

ducted propeller, this was also applicable for sion.  However, for the open

propeller, more b crosion was measured Tor the higher cavitation number.

Examination of the photog

aphed crosion results indicated that paint peel was
this test.  Even though the regions of erosion during this test were relatively common

between blades, the edges of the eroded houndaries showed signs of tearing, which is

typical of paint peel.

The v

jon between blades for cach test was also studied for hoth

bility of cros

propellers. For the ducted propeller, blades 1 and 2 tended 1o show more Face erosion

than blades 3 and 4. This was atributed to slight variations in the pitch of cach blade
since the blades were positioned manually before testing began. CGeometric variations in

the blades may have also been a factor. For the open propeller, no trends were identificd



and the amount of erosion was variable between blades. This, in part, was probably the
result of paint pecl. Had the Avery ink been used for the open propeller tests, less

variability in the crosion results would have been likely. If a trend had been identified for

the open propeller, it would have led to the conclusion that there may have been
geometric differences hetween blades.

Gienerally, given the same test conditions, the ducted propeller expericnced
higher percentage of erosion than the open propeller. For an open propeller operating in
blacked flow, ihe cloud cavitation usually dissipated once the blade reached an angle of
0= 100", For the ducted propeller, the influence of the nozzle caused the cavitation to
persist fonger than it would for an open propeller operating in similar conditions,
sometimes to 0 = 180°  Therefore, cavitation on the ducted propeller had a greater

opportunity to cause erosion.

4.4 Pressure Sensitive Film Trials

Upon completion of Test No. D-8, two s with PRESCALE were altempted
using the ducted propeller. These tests were attempted before test D-9. Since the blade

angles had ot been changed for tests D-1 1o D-8. this allowed the pitch angle to remain

setat 257 for the pressure sensitive film tests.  Following the procedure outlined in

Chapter 3, surface ion and film application were ed (sce Figure 70). The

first test, P-1, was to have been completed with J = 0.4 and 6 = 4.5. The full blockage

was used with a blade/block clearance of 20 mm,




Figure 70: Ducted Propeller (Face and Back) Before Test No. P-1

Following the test procedures that were previously outlined, tunnel pressure and
water speed were set before propeller rotation was initiated. Propeller rotational speed
was then steadily increased to the required setting over a span of approximately 10
seconds. Cavitation began approximately half way through the ramp-up period. Within 5
to 15 seconds of cavitation initiation, tape and pressure sensitive film were torn from the
model as a result of the violent cloud (see Figure 71). The test was terminated at this

point. No measurements could be made.

Taking particular care to ensure that the anchoring tape was smoothly applied
without any air bubbles present below the surface, the propeller was prepared for another

test. The same test was repeated as Test No. P-2. As for P-1, tape and film were torn

away from the model upon the initiation of cavitation. No could be made.
Time constraints on the work led to a decision to terminate this component of the test

program.



Ducted Propeller (Face and Back) Following Test Attempt

Figure 71:
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Chapter 5
Full Scale Examinations

5.1 General

When erosion experiments are performed, it is always desirable o compare the

test results to the full scale propellers. Visual examinations provide the best apportunity

to study the propellers, However, this is not always possible as it requires that the ships

in question be dry-docked. I thi

the case. examination of propeller damage repots is

the nest best option.

Concerning the R-Clasy propellers, visual examinations were not possible a the

R-Clas

ships were on active duty during the time that this work was conmpleted. Sinee

the MV Robert LeMeur

afloat, it was not passible 1o ¢

amine her ducted propellers,

To illus

e the varied types of damage that ice:

s ships may experience,

damage reponts for three ships have been discussed. These ships include two CCG e

breakers with open fixed pitch propeliers, for which damage reports were available and

visual inati were While their propellers are different from those of

the R-Class vessels, the dan;

e which is shown is typical of that which miy be found on

open fixed pitch ss propellers. The third ship w

the MV Robert eMeur, whose



ducted controllable pitch propeller was modelled for these erosion cxperiments. Blade
crosion damage was reported by CANMAR for the LeMeur, but this was not caused by
cavitation in ice-blocked fTow.  Rather, the damage resulted after gravel was ingested

through the propellers (Brydon, 1995).

In most cases, the damage that is observed can be attributed o impacts with ice.
However, since ice-class propellers are generally optimized for strength, and not for

hydrodynamic performance (the blade sections are usually thickeacd), the possibility of

propeller cavitation is heightened.  Whether in blocked or open flow, cavitation is

undesirable as it can lead to blade damage and reduced efficiency.

It should be noted that the total amount of time that propellers spend operating in

s low. This

ice conditions mplics that the amount of time spent in blocked flow is also

low. Therefore, although blockage conditions can be severe, there is little time for

crosion o oceur,

5.2 CCGS Sir Humphrey Gilbert

Hofmann etal. (1991) reported on propeller damage for this vessel. At that time,

no blade distortions (cra tears, deformations, ete.) were observed, but severe pitting

over the entire surface was noted. This pitting was attributed to cavitation erosion. The

propeller, which was made from vanadium steel, was susceptible to cavitation due to its
inherently poor hydrodynamical shape. Blade sections had been thickened for increased
strength and the leading and trailing edges were rounded to allow maximum thickness us

far as possible along the spun towards the edges. Duc 1o the thick rounded edges, carly
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flow separation occurred, resulting in a heightened possibility of cavitation. The poor

surface condition of the blades also led to a reduction in efficiency.

In contrast, propellers from the same ship were examined in 1994 and again in
1995 (Doucet, 1994 and Doucet, 1995b). At the time, evidence of pitting damage was
minimal (see Figure 72). Blade damage was predominantly the result of impacts with ice
(see Figure 73). These propellers (see Figure 74) were made from an alloy of manganese,
aluminium and bronze (Superston 70: a trade name of Stone Marine Canada Ltée., PQ,
and Stone Manganese Marine Ltd., UK). The propellers were still exposed to the same
cavitation phenomenon that was described previously, however, the. new propeller

material was much more resistant to erosion damage, as illustrated in the photographs.

Canadian Coast Guard (Newfoundland Region) experience indicated that erosion
of ice-class propellers was a problem for those made from vanadium steel. Those made
from Superston 70 have not experienced erosion problems (Conway, 1994). This
illustrates the importance of proper selection of propeller materials for resistance to

cavitation erosion.

Figure 72: Pitting Damage on Repaired Region (leading edge, face, starboard side)
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Figure 74: Starboard Propeller from the

Figure 73: Impact Damage (leading edge, CCGS SirHumphrey Gilbert

face, starboard side)

5.3 CCGS Ann Harvey

Hofmann et al. (1991) also performed a propeller examination for this vessel. At
the time, extensive edge damage was noted, primarily along the trailing edge. Since the
propellers were fixed pitch, this damage probably occurred when the vessel was backing
as the trailing edge becomes the leading edge when reversing. Observed damage was in
the form of tears, deformations due to impacts, and edge cracks. Erosion was not noted.
The propeller material was Superston 70. (It should be noted that the CCGS Ann Harvey,
an 1100-Series ice-breaker, has a propeller design that is very similar to that used on the
R-Class (1200-Series) ice-breakers, whose propeller type was tested in the experiments

reported in this document.)

The propellers of this vessel (see Figure 75 to Figure 77) were also examined in

1994 (Doucet, 1994). They were removed from the ship as one had suffered a broken
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blade, necessitating propeller replacement. These propellers, also made from Superston
70, showed no signs, whatsoever, of erosion damage. The damage that was present was
typical of that which results from impacts with ice. A subsequent examination in 1995,
when the ship was again dry-docked, also showed no evidence of erosion. These

propellers had been in service for one year (Doucet, 1995b).

Figure 76: Impact Damage (trailing edge, face, blade 4, port propeller)
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Figure 77: Port Propeller from the CCGS Ann Harvey
5.4 MYV Robert LeMeur

In 1995, CANMAR was solicited for information pertaining to cavitation erosion
damage for the MV Robert LeMeur propellers (see Figure 78). Their response did not
include any reference to cavitation erosion. The damage records and photographs which
were sent documented erosion damage that was caused by ingestion of gravel through the
propellers (see Figure 79 and Figure 80). Of particular interest, Figure 81 shows the
instrumented blade that was used during the propeller/ice interaction project which was

reported by Laskow et. al. (1986).

Figure 78: Ducted Propellers from the MV Robert LeMeur
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Figure 81: Damage to Starboard Blade (note instrumentation locations)
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Chapter 6
Conclusions
An erosion study. using paint films. was conducted in the cavitation tunnel al the

Insfitute for Marine Dynamics, NRC, to investigate the possibility of cavitation erosion of

s propelers in blocked Mow. The purpose of these experiments was o delermine

icee

the extent and tocation of erosion which a propeller may experience in blocked flow,

he first was an open, fixed pitch

“Two model propeliers were used for s stu

propeller while the second was a ducted. variable pitch propeller.  During testing.

simulated ice blockage was installed abead of the propelier model to block the flow into

jous test

the propeller. Tests were carried out over a range of advance coefficients for va

itation were documented, the erosion patterns were

conditions, The resulting types of

photographed, the eroded areas were measured and comparisons were made between

fests.

Dimensional analysis was initially applied to the problem.  For this wanalysis,

fables were chosen and 4 partial solution was formulated. The resulling

relevant

ameters were discussed with regards Lo their relevance in- designing

dimensionless i

cavitation erosion experiments.  Since the study only focused on the hydrodynamic

elfects of blocked flow, metallurgical variables were not included in the analysis.



Operation of these propeller madels in the wike of the simulated ice-blov

resulied in severe cavitation and crosion.  Both vortex and cloud cavitation were

observed. Even at atmospheric pressure, cavitation and erosion resulted.

During the open propeller test program, problems with paint peel were

experienced.  Evidence of this was obvious: tear marks, typical of paint peel. were
evident along the boundaries of some eraded regions. As i result, the area measurements

made for the open propeller may be exaggerated. The oceurrence of this phenomenon

was accounted for in the dis

ussions pertaining to the open propefler. The trends which
were predicted from the open propeller data, discussed below, were still deened 1o he

calid as they agreed in principle with the trends predicted from the ducted propelfer data,

Before the ducted propeller test program was started, an-extensive study wis

undertaken to find a new ink suitable for erosion tests. "The following inks were tested:

Crown Blue Toolmakers Ink, Starrett Kleenscribe Blue Layout Dye, Dykem Lavout Blue,

ker ink. While the

Precision Red Layout Fluid, AOTAK, SSPA Stencil Ink and Avery m
ather inks were difficult o apply or exhibited some Torm of paint pecl, the Avery ink was
casily applied and did not peel. Based on the experience gained from these ink trials, the

Avery marker ink is recommended for future erosion tests in the IMD cavitation tunnel,

For the ducted propeller test program, paint peel did notoccur. For any given test,

the crosion patterns between  blades were consistent in both location and exient,

Differences between blades could b

tributed to the fact that the piteh of cach blade was

set separately, and henee, the piteh may have been slightly different from blade 1o blade.



Frosion oceurred on hoth sides of the propeller models during these experiments.

For bath propellers. back erosion was predominant along the trailing edge. For the open

fiace erosion oceurred, near 7R = 0.70, along the leading edge. at mid-span and

propeller,
along the trailing edge. Face crosion on the ducted propeller oceurred predominantly in

).70. For all experiments, the observed cavitation

the mid-span region, also near /R
patterns were serutinized to identify when, during a blade revolution, erosion of a given

region oceurred

Generally, wiven the same test conditions, the ducted propeller experienced «

higher percentage of crosion than the open propeller. Cavitation persisted longer for the
ducted propelter than it did for the open propeller due to the influence of the nozzle.

‘Therefore, cavitation on the ducted propelier had « ter opportunity 1o cause erosion.

“Test duration was setat 1S minutes for both propeliers. A 30 minute test w;

he location and extent ol the eroded regions were

performed for each model as & chy
the same regardless of which duration was chosen. At the end of the 30 minute tests,
more crosion was measured sinee the film removal within the affected regions was more

s for similar 15 minute tests. A 15 minute test duration was deemed

complete than it

stent of crosion were well

aceeptable for (hese experiments sinee the location and

defined within this time,

Tor hoth propellers, the amount of face crosion increased with increasing advance
coefflicient. The trend was steeper for the open propeller, bul, since paint peel oceurred

during some of these tests, the steepness of the curve may be exaggerated.  Nevertheless,




the same trend was predic

d for hoth the open propeller and the ducted propeller

Normally, one would expect more

vitation.

and henee more erosion, as the dvanee
coelficient was reduced since the propeller loading is normally increased at the lower 1
alues. However, this reversal was likely caused by the non-uniform wake hehind the
block.  As each blade operated within and ouiside the wake, the ;hl\'\*n-nn'.\ in How

conditions, between the blocked tlow and the unblocked flow regions, would be greater at

higher advance coefficients than they would be at lower | values. The manner in which
cavitation clouds passed from the back of a blade to the face of i following blade was

affected by changes in the advance co

Changes in the advance coelTi

ent had o minimal cllect on back crosion. At

4. slightly more erosion occurred than at the other J values, but this was only about

15 of the blade area. Since the cavities which affecied the |

K of the propetier models

were relatively large, additional increases in the amount of cavitation.

aceurred when §

was increased, ook place away from the blade surfaces.  Therefore, the additional

cavitation only minimally alfected the blade surface,

Pertaining (o proximity, as the blade/block clearnee was increased, crosion also
increased until it reached a peak.  Fusther increases in clearance resulled in reduced

erosion.  This trend wa

applicable 1o both the face and back of both propeliers, bt

higher erosion oceurred on the face. For these experiments, the peak oceurred ata pap of

5 mm. Howeve

» due 1o the limited number of points, the true trend of the curve could

not be determined. More exper

ments would he required to further define the carves.



Paint peel did occur during the open propeller proximity tests. in particular, during
the tests with a 5 mm gap. As a result, the face erosion trend for the open propeller may
be skewed upwards,  However, the general form of the trend agrees well with that

predicted from the ducted propeller test results.

The effects of changes in the cavitation number were also investigated. Since less

cavitation oceurs as the cavitation number s increased, there is less opportunity for
erosion to oceur. This was applicable for face crosion on hoth propellers and for bick
crosion on the ducted propeller. However, for the open propeller, more erosion oceurred
on the buck al the higher cavitation number.  Subsequent examination of the erosion

results atiributed this to patint peel.

Additionally, since the piteh could be varied on the ducted propelier, this variable

pitch angle of 25,

wis also examined. As expected, more erosion occurred at the hight
At this pitch angle, the blades were more heavily loaded for the same wake conditions

than they were for ¢ = 10°, resulting in more cavitation.

examined for both

Finally, variability of erosion between blades for cach test was
madels. For the ducted propeller, blades 1 and 2 consistently showed more erosion than
Dblicles 3 and 4. This was attributed to stight variations in the piteh of each blade since the
blades were positioned manually before testing began,  No noticeable trends were

identified for the open propeller as the blade crosion was variable between blades and

between lests. Since paint peel was a problem for the open tests, this may have masked

amore suitable ink had been used.

trends that would have otherwise appeared if



Additionally, two tests wer

tempted using pressure sensitive films o allow for

estimation of the impact pressures on the blade surfaces.  Both of these fests were

unsuceesstul since the films were tom from the blades. The adhesive tape used for
securing the films was unable to withstand the cavitation loads which resulted in blocked

flow and the films were damaged within § 1o 15 seconds of cavitation initiation. 11 futare

tests are to be completed using this type of fitm, a method for successiully securing the
same o the blades must be devised. An altermative o using pressure sensitive il

would be 1o use pressure transducers, however, the results would be localized. Use of

pressure transducers would require modifications to the blades so that the sensors could

be fitted into and fush with the blade surfaces.

Extreme momentary cavitation it full scale oceurs during propellerfice interaction,

as has already been demonstrated from video records of Tull scale tests on the USCGY

Polar Star (Transport Development Centre, 1995). Vibration in these conditions can he

severe. Such intense cavitation leads 10 the poy

hility of crosion damage a Tull sci

amination of full s

However, ale open, fixed piteh propellers showed minimal

cavitation crosion damage. This is

probably because most ice picees either pass through

the propeller or are deflected to the side. Full scale cavitation has been observed during

these types of events. In the event that large ice picees are encountered, blockage and ice
milling events will generally persist for no more than a few seconds. Cavitation danage
on these propellers is more prevalent in the vicinity of blade edges which have heen

damaged from impucts with ice. The resulting deformations usually provide Tocations for



itation inception, with the resulting cavitation being present even when the propeller is

2 in subsequent frec-running conditions.

Visual examinations of the open. fixed pitch propellers from two Canadian Coast

Guard ice-hreakers were completed. The propellers examined were unaffected by

cavitation erosion. Daniage which was ohserved was typical of that which results from

aterial

impacts with ice (tears, gouges. bent edges, ete). Towever. the importance of
selection wan also highlighted. Made from a different material, an older propeller from

one of the ships exhibited severe pitting.

Since blocked flow conditions are more prevalent for ducted propellers, erosion

damage may be amore severe problem than it is for open propellers operating in similar

Crew v

conditions. In particular, on mul els with ducted propellers, operation may

continue even if one of the propellers is blocked. Clearing of the blockage will not be
done until vibration hecomies excessive or forward thrust s severely impaired.  As a

result, propeller blockages could be of a few minutes duration.

evidence of full scale cavitation erosion w .5 oblained pertaining to the ducted

propeller that was tested.  However, reliance was placed on service records taken for

these propellers afier they sustained damage caused by gravel ingestion.  Visual

examinations of full scale ducted propellers which continually operate in

conditions should be conducted 1o determine if there ny correlation between model

results and actual conditions,
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Appendix A

PRESCALE Pressure Detecting Sheet:
Product Information



FUJIFILM PRESCALE =~ Pressure Detecting Sheet

FUTIFILM Prescale is & unique sheet designed to convert the pressure into

a color of corresponding density, a novel means of pressure measurement

to the of various i

Prescale allows immediate and direct observation of the pressure distribution
between the pressurized mechanical parts which could not be measured by the

conventional methods. Also the absolute pressure can be determined from the
color density measured by the densitometer specifically designed for Prescale

or by the standard color chart.

STRUCTURE

Prescale is composed of "A-sheet"” baving a layer of microencapsulated color

forming material end "C-sheet" baving a layer of a color developing material.
The thin and uriform coated layers, which are essential to the Proacale, are

realized by highly sophisticated coating hy derived from photo-

graphic film menufacture.

A-sheet consists of :

e bardly b: film of low compressibility;
Intermediate laver for binding the substrate and the microcapaule

layer; and
Microcapsule laver containing a color forming material which gemerates

a vivid color when reacted with the color developing saterial.

C-sheet consists of :

ubstrate, a hardly b b film of low compreasibility;
Intersediate laver for binding the substrate and the color developer

layer; and
Color develover laver composed of a highly active color developing material

which generates a vivid color when reacted with the color forzming material.
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WOREKING PRINCIPLE
In the pressure measurement, the A-sheet and C-sheet are superposed, vith

the coated sides face to face.

Upon application of a pressure, the microcapsules are broken and the released
color forming material reacts with the color developing material to gemerate

a color on the C-sheet.

The microcapsule layer consists of microcapsules of various sizes. The
larger microcapsules are broken by a weaker pressure while smaller ones
require a stronger pressure for breakage.

An exact relationship between the pressure and the developed color density
1a realized by tho precise control of capsule size, size distribution asd
capsule wall thickuess. Thus the developed color mot only provides a
graphic presentation of pressure distribution but also serves for the
deternination of pressure either by the measurement with densitometer or

by comparison with standard color samples.

ADVANTAGES
1. No preparation required for the measurement :
You cen immediately stard measurement by simply cutting the Prescale

sheets into the required shape.

2. Pressure measurements in the places where the conventional methods are
not applicable :
Prescale erables the measurement for example of pressure between the

tightly pressed parts, or contact pressure between rolls.

3. Directly observable pressure distribution : "
The pressurs distribution over the cntire surface is displayed in a

directly observable pattern,

146



4. Simple determination of pressure :
The prossure can be simply determined by measuring the color density
with th densitomotor FPDIOL desigued for this purpose or with the
standard color samples.

PRODUCT GRADES AND SPECIFICATIONS

Prescale i-sheet is availabe in thres gredes : for Low Pressure (10 - 100 kg/
cn?), Mediun Pressure (70 — 250 kg/cn?), and High Pressure (200 700 kg/em?),
which should be selected according to the pressure to be messured.

Prescale C-sheet can be used in combination with either grade of A-sheet.

Crade
: Applicable -
Sheet Grade st Sigs Package
4-sheet Low Pressure 10 ~ 100 kg/cn? Roll; 270 am (width)
Medium Pressura| 70 - 250 kg/cm? x 10 o (length)
High Pressure 200- 700 kg/cw? Roll; 270 mm (width)
C-sheet Common. 10 - 700 kg/cn?® x 10 o (length)
Svecifications
A-gheet ) 105 &
Thickness bt K
Accuracy +10%
Usable tem- o o
perature range 5°¢C - 35%
Usable humidity
i . 20% RE - 90% RE.
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[EASY METHOD OF USE

Cut the Prescale sheets into the necessary shape from each roll.

2. Superpose the A-sheet and C-sheet with the coated sides

(inside surface of each roll) face to face.

3. Insert the supcrposed sheets into the place to be measured, and apply

the pressure.

4. Extract the sheets. The pressure distribution jis readily observable

by the color density pattern formed on the C-sheet. .

5. The pressure at each point can be determined by measuring the color
density with the densitometer FPD1OL designed exclusively for this
purpose and converting the density into the pressure from the attached

standard conversion chart.
*  Quick determination of pressure : Approximate pressure can be determined

by visual comparison of color density with the standard color samples

attached to the standard conversion chart.
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EXAMPLES OF APPLICATIONS

PRESCALE is useful for measuring :

Pressure between pressed surfaces in engines, gear bozes, turbines, valves,

punps, hydraulic cylinders, compressors etc. :

for deternining the tightening pressure of bolts and nuts,

for confiming the uniform tightening between mechanical parts,
for locating the leaking places,

for designing gaskets and paciings,

for training of correct machine assembly,

for effective determining the position of strain-gauge.

Engagement between. gear teeth :
for determining the pressure and pressure distribution on the teeth,
for confirming uniforn pover transmission,

for identifying the presence of excessive force leading to teeth breakage.

Pressure under heavy equipment. :*
for determining the pressure on the supports for receiving heavy machinery,

for designing tread pattern of automobils tires.

Contact pressure and pressure pattern in brakes and clutches :

Roll contact pressure in coating machines, paper mills, press printers, etc. :
for determining the pressure and its distribution between rolls,
for adjusting the roll mip pressure,
for checking the grinding of rolls,

for determining the proper amount of crowning.
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ressure between press molds :

for identifying excessive pressure or abrasion in the molds.

Iapact pressure :
for determining the pressure and its distribution in the package drop test,
for selecting suitable packeging naterial stending the prolonged shipment.

Pressure in flat presses for plywood making :

Winding pressure :
for measuring the pressure distributicn on the film or paper winding,
for deternining the pressure on the coil bobbina,

Others : ¥
for deternining the place and the pressure of cavitation on the wings,

for determining the foot pressure in orthopedic diagmosis.

Structure

A-sheet Intermediate layer

Microcapsule layer

Color developing leyer
C-sheet msmum el

izt

Fuji Photo Fi'c Co., Ltd.
Paper Products Sales Dept.
2-26-30, Nishi-Azabu,
Minato-ku, Tokyo, JAPAN
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Appendix B

Open Propeller Model Tests:
Data Sheets
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st

SUMMARY OF OPEN PROPELLER TESTS

Propelier Mod
Diameter (m

Manomeler He:
Test| Tunnel Pressure

NOTES:

dings (mm Ha) |
Water Velocity
Left | Right

362 5'7%5—
469.0 | 473.0
4520 | 489.0
469.0 | 473.0
462.5 | 4785
460.0 | 4730
462.5 | 479.0
4520 | 489.0
46255 | 478.5
46255 | 478.5
4625 | 478.5
a62.5 | 4785
462.0 | 479.0
462.5 | 4785
4500 | 481.5
461.0 | 480.0

Propeller model was fixed pitch.
Test duration set at 15 minutes, except for experiment O-5, which was 30 minutes.



CAVITATION TUNNEL PROPELLER TESTS

i M.Dm“-}- Date: S_:F{_'.[ZQE page: [ of |
Propeller Model: R-Ci 0.2in

Diameter:
Test No.: =
Test Desciiption: —_ Eygs oy Tosk = ik

REQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Contenl 40 %
S
] mm
75 min
[Water Temp. (asum 9¢  °C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

JT 0.4 ] Manometer Readings Iﬁascumenl TCnitial):
Vo[ 2.07_mis Manometer (mm H [(Final):
n |/90h RPM Left Ah 5
Polyooge Pa| | Vel 1,35 4955] /b
Pv9300 Pal|Pres 3oy [hpg | 4og |
cl2.97 1} [Water Temp.: [(Inilial):
L JFinah: | 7§, 5 °C

ADDITIONAL NOTES AND INFORMATION

Puiat Conon Blue Toelwalions Tl

Test Set-up:

& Video:
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CAVITATION TUNNEL STS

i M. Dot Date: <,Zf£.{é5 Page: _/ _of
Propeller Model: R [g5¢ Diameter: (.75
TestNo.: =2
Test ipti Erpeioy Lost - Eﬁm+

REQUIRED TEST CONDITIONS & ASSUMED VALUES

MEASURED TEST PARA! RS & ACTUAL TEST CONDI

J Manometer Readings (Gas Content [(Initi #9.8 %
Va Manometer (mm Hg - 450 %
n e of Blockag E
| Pol | Vel | =~ mm
Py Pres. /< __min
o p.: |(Initial): °C
L (Final): | /9.4 °C
ADDITIONA! IATION

Testseup:  Paist: Curan s Toclunbo's Tale

&Video:




CAVITATION TUNNEL PROPELLER TESTS

i M. Doueet Date: S,z,f,é[gs' Page: _ / of
Propeller Model: R-Cle Diameter. (3. dm
Test No.: 0-3
Test Description: By oo, Tl = Paiut

EQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Content 40 %
De ree of Blockage:

15
[Water Temp. (@asumd);] 2y

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

I/l | Manometer Readings [Gas Content [(1
Val 3o mis Manometer (mm H
j5]5 RPM| Left | Right

Poly v Pa Vel |45J 1&g | 39
Pvl)3ee, Pa| [ Pres {211 1659 (4.3
slzpe

E]

ADDITIONAL NOTES AND INFORMATION

Testsetup: [ ol Cyrun Blue Toolwalors Tulk

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

i = . Do {' Date: Loy page: _I_of
Propeller Model: R-Cliss Diameter:  G.Zm
Test No.: C=4
Test Description: __Eyen o Tesk ~ [ .‘}‘

REQUIRED TEST CONDITIONS & ASSUMED VALUES
Gas Content 40 %

Degree of Blockage:
[Proximity to Blockage:
Test Duration:

[Water Temp. (asumd):

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

Jl e 1 lanometer Readings IGas Content [(Initial): | 29 1 %
Val| t¢i _mis Manometer (mm Hy Final): | 240 %
[5cy_RPM Left | Right | _Ah [Degree of Blockage: 3

Po |#100 Pa| [ Vel | 449 (425 | & [Proximily to Blockage: | 2 /___mm
Pv(23ny Pal [Pres DI (4955 |54 Test Duration: 15 mn
h K [Water Temp.: [(nftal): T
[ [EinaD: | /99 °C

Bl

ADDITIONAL NOTES AND INFORMATION

TestSetup: Lt Coownr Bliio Toelwalars Tule

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

M.Daucd}' Date: §!F{: [‘{_/g/, Page: [ __of
Propeller Model: R -Clgss Diameter: (.2

¥
Test No.: 0-5
Test Descri “Erosion Test Paint

REQUIRED TEST CONDITIONS & ASSUMED VALUES

40, %
3
B (___mm
3 min
[Water Temp. (asum'd):{ 20 °C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J O.% Readings [Gas Content }(Initial)
Val 2.0/ mis Manometer (mm H

n /520 RPM Left | Right Ah [Degree of Blockage:

Polit /1,00 Pa | [ Vel 132,551 Jo
Pvl 2300 Pa|[Pres. Ta/1 [u%e J%55
s]3:0¢

| [Finad: ] 793 °C

ADDITIONAL NOTES AND INFORMATION

restsetup [oiat: Covwn Bl ﬂc"n‘wal\t‘\' Tuk

Photographs & Video:
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CAVITATION TUNNEL PROPELLER TESTS

i . Dot Date: 2# 13fs5 Page: _/ o
PropellerModel: R -([4eS : Diameter: 7 Az
Test No.: =

Test Descriplion: _EZypnin Test - /)ru‘uﬁ

REQUIRED TEST CONDITIONS & ASSUMED VALUES

4G %

EY
A L mm
75 __min
[Water Temp. (asum'd):| 20y °C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J1 0 lanometer Readings [Gas Content [(Initial): | 40,% %
Va _mls Manomeler (mm Hg (Final): | q4.J %

n | /71| RPM Left | Right | _ah [Degree of Blockage: i
Pold)5C) Pa Vel. (4,9 | 493 LA : [___mm
Pl J20p Pa|[Pres [2/2 | ¢35 483 min
ol 302 °C
| —_|(FinaD: | /9.4 _°C

ADDITIONAL NOTES AND INFORMATION

Test Set-up: ﬁ\in‘k (A'r. o Ble To fwa‘rm fw!{

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

Mo Doecst Date: Sorl [4/35 Page: [ of
Propeller Model: - Clas: Diameter. (1.4
TestNo.: Ci=7
Test B oE= Puiak

REQUIRED TEST CONDITIONS & ASSUMED VALUES

/__mm
| /5 min

[Waler Temp. (asumdy] g9 'C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

T 0ot 1 Readings Gas Content[(initial);
mis Manometer (mm H Final):
n [/5J¢ RPM Lefl | Right [ _ah Degree of Blockage:

PolfI§q Pa Vel (76251429 | /68

Pvl2200 Pal | Pres /1.5 [ £95 [483. 5]
s13.08 1

ADDITIONAL NOTES AND INFORMATION
Testsetwp: [t Coowin Bluo Toolualiws Tl

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

Experimenter: Date: Se ':| é Page:

Propeller Model: R-r/o 3 Diameter: n;
Test No.:

Test Descripti Evosioa TosE (hidt

REQUIRED TEST CONDITIONS & ASSUMED VALUES

4G %
[Degree of Blockage: 2
3 / mm
/5 min
(VWater Temp. (asum‘d) 20 °C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J1G.6/ ] Manomeler Readings unhisl):

Val3.0k ﬂ Manometer (mm Hi inal):

n |75/% RPM| Lefl | Right | _ah 3 lockage:

Pol4/poe Pa Vel [453 (489 [39

Pvi3ipa Pa| | Pres_|2// 1555 954 Test Duration: /5 _min

o | 3./ | (Water Temp.:[(initiai): °C
[Fina): | 0./ °C

ADDITIONAL NOTES AND INFORMATION
Test Set-up: L “own Bl al ult

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

i M. D ,,,+ Date: ’x#&.[ﬁﬁ;’ Page: of
Propeller Model: R ~( a5 i Diameter: (% 7
Test No.: ~
TestD Frosion Toof= Paidk
REQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Content (7 %
Degree of Blockage: 3
Proximily to Blockage: | &

[ Test Duration:
[Water Temp., (asumd):

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITION:

10,901 Manometer Readings Im}@m 2.8 %

Val 247 _mis ‘Manometer (mm Hg (Final): | 3, .9 %

n /50 RPM| Left g 3

Pold/ 200 Pa Vel 14951475 | /b e:| & mm

Pv[230e Pa| [Pres {271 /.65 | 454 | |TestDuration: i<,5__min

c{3.0n ] [Water Temp.:|(Initial): C
L (Final): | /7.4 __°C

ADDITIONAL NOTES AND INFORMATION

Z\l‘m'h Cl/hwn Blue. ﬁu{wal{ﬂ‘% lﬁak

Test Set-up:

)
Erosin soews (Xcesove | ’Aadﬁcwll Feaw ed

capl

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

M. Douedt Date: .SAFL&A'?: Page:
R Diameter: (-ln

Propeller Model: __ R - Class
Test No.: ;

Test Description: __Zyog,on Trel~ Loiud

IRED TEST CONDITIONS & ASSUMED VALUES

J 4C %
Va g 3 I

n Proximity to Blockage: | /¢

Po Test Duration:

Py

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J1 .39 ] Manometer Readings Gas Content [(Initial): | 47.% %
Val2.01 mis Manometer (mm Hi [Final): | 47.4, %
n [/53¢ RPI Left [ Right Ah Degree of Blockage: 3
Polyagon Pal [ Vel 1525 14065 /g : gﬁ, mm
Pulascg Pal | Pres. 191651 65¢ 147397 /4 %3 min
°C

ol3.3

[2.3_°C

ADDITIONAL NOTES AND INFORMATION
Test Set-up: (it~ Coron Bloe T, duiks s Tal,

Experiment:
i el Lo Er st

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

Experimenter: Date: Sg {,g (é; Page: of
Propeller Model: ;},( lass Diameter: _ 0. A

Test No.:
Test Descrpton: ~ Eyos. s Toat = Faia

REQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Content %
Degree of Blockage:

[Proximity to Blockage: | _(___mm

Test Duration: /
[Water Temp. (asurmd)

J
Va
n
Po
Py
o

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J 100 ] lanometer Readings |Eascw|lem [Gnitial): | 347/ %
ValAC7 mis ‘Manometer (mm H I(F"_E'L 29.8 %
n |/5ly, RPM Left 3

Poyi3cn Pal [ Vel (%] [Proximity to lncka e:| 9¢c  mm
Pvljige Pa|[Pres |2/ 45 __min

s]3.09 ] [Water Temp..

3 .
(Initial): °C
(Final): | /0.4 °C
ADDITIONAL NOTES AND INFORMATION

Test Set-up: [7(1:”‘1" (l/m 1L 6.’33. T;!E’w”[(ﬂ/f ful(

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

- M Dnur,e‘j' Date: Szf:‘iﬁz’b/ page: _/
Propeller Model: R- rla Diameter: 0.7

Test No.:
Test Description: __E TesF Pa.m‘f’
//?av‘.zn"F r 0

REQUIRED TEST CONDITIONS & ASSUMED VALUES

[Gas Content
Degree of Blockage:

Vi) min
(Water Temp. (asum'd):| 720 °C
MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS
J R 1 Manometer Readings [Gas Content [(initial): | 2.8 %

Manometer (mm H

Final): | 39,3 %
[ Right | [Degree of Blockage: 3
Po[yifop Pal [ Vel leg.51478.5 [Proximily to Blockage: | 5 mm
P [J30 Pa| [Presfains [¢95 1763, Test Duration:
o3 | (Water Temp.: [(initial):
(Finab: | /., __°C

EY
B
2]
ke
=

ADDITIONAL NOTES AND INFORMATION

Test Set-up: 7'{’ Conun Bl ’r wy wll

P & Video:




CAVITATION TUNNEL PROPELLER TESTS

i H. Dot vae: (o page 1 of
Propeller Model: R-Clo U Diamet ol
Test No.: -

Test D Evosiy [est- PAM"

—(Repond oF 0 => tost ew iuk)

REQUIRED TEST CONDITIONS & ASSUMED VALUES

Degree of Blockage:
[Proximity to Blockage:

[ Water Temp. (asum'd):

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J1G.4) 1 Manometer Readings F:!scumenl (nitial): | JG.b %
VA 20X ﬂ Manometer (mm H __{(Fina)): | 30. %
n /53 RPMI Left | Right | 4h Degree of Blockage: )

Polif17ce Pa| | Vel [#,J 47y |7 [Proximity to Blockage: | ~ / _mm
Pl 2300 Pal [Pres [y 1497 14 [Test Durafion: 75 __min
ol3.03 \Water Terp.:[(initial): [ /Dy °C

__|(Final): | 0.3 °C

ADDITIONAL NOTES AND INFORMATION

Test Set-up: 'u+z S 2 l SC iL

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

Dhucet vue: (It o5 page:
Diamef

Pmpeller Model: R-Clus

Test N -
Test Descnp(lnn Frimim Tod— Pt

REQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Content 40 %
De ree of Blockage:

[ Water Temp. (asum'd):

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J | (.3e ] Manometer Readings Gas Content (Inmal) 35.0 %
Val 201 ﬂ Manometer (mm H [(Finah): | 38.5 %
n /939 RPM| | R [Degree of Blockage: —

Po| 4700 Pa 635 Proximity to Blockage: — mm
Pvlaice Pa| E | /Lsg | 931; [Test Duration: /5 ___min
2 ) [Water Temp.: [qniiad: | 5./ __"C

|Finah: | /h./__°C

ADDITIONAL NOTES AND INFORMATION

Test Set-up: ﬁlrem Fle.s
it Cotn Tolae Taalualies e Tz steck)

& Video:
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CAVITATION TUNNEL PROPE! JESTS

Experimenter: % Je ‘A Date: (“iﬁ (22' Page: _/ o
Propelier Model: - las: Diameter: 0.

Test No.: 3~
Test Descripti Ervsan Tk = Faial
(Rogeat o 0-ju)

REQUIRED TEST CONDITIONS & ASSUMED VALUES

n | /<00 TR

(Water Temp. (asum'd):|

Pt

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

LS I | Manometer Readings l’e-_s Content [(niia: | 27,5 %

[V | m/s |Final): [37.0 %
g RPM| [Degree of Blockage: -

Po 4 4Gy Pa i - _mm

Pl 320 Pal 5

ICAEE <

[Finad: | /5.9_C

ADDITIONAL NOTES AND INFORMATION
Test Set-up: Cpew Flow

Photographs & Video:
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CAVITATION TUNNEL PROPELLER TESTS

i .0 ra‘l’ vate: Ol 1 /aT Page: [ _of
Propelier Model: K- C/ < Diameter: C-éﬂ
Test No.:

Test Descrption: 2z, Fpat Tesl—
Recocd of C-1%)

REQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Content 4 %
Degree of Blockage: v
[Proximity to Blockage: —~ _mm
[ Test Duration: /4____min

(Water Temp. (asum'd):{ Zg C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

1093 ] Manometer Readings lEasCumem @ %
ValR.1G mis Manometer (mm Hy

n |/920 RPM Left | Right Ah

Po 500 Pa | | Vel 10/ 45 179

Puld30 PaI Pres. am e 1R«

o [2.58

| |(Final): | /59 °C

ADDITIONAL NOTES AND INFORMATION

Test Set-up: Obouw Fla
Rl L

‘—Lmzu*_bﬁmulzmm&_/ﬂu_%talud&__

& Video:
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Appendix C

Ducted Propeller Model Tests:
Data Sheets

169



SUMMARY OF DUCTED PROPELLER TESTS

Propeller Moder
Diameter (m)

Readings (mm Hg) _|Water]
Test| Turinel Pressure | Water Velocity | Temp
No. [ Teft | Right | Leit | Rignt | (

°C)

oLl

D-1| 211.0 | 6950 | 465.0 | 476.0 | 20.0
D-2| 214.0 | 6920 | 4650 | 4765 | 20.0
D-3| 485.0 | 439.0 | 466.0 | 4755 | 20.0
D-4| 2135 | 693.0 | 469.5 | 471.5 | 20.0
D-5| 208.0 | 697.5 | 456.0 | 484.0 | 20.0
D-6| 211.0 | 695.0 | 465.0 | 4765 | 20.0
D-7| 208.0 | 698.0 | 4620 | 478.0 | 20.0
D-8| 209.0 | 696.0 | 464.0 | 476.5 | 20.0
D-9| 211.0 | 695.0 | 465.0 | 476.0 | 20.0

NOTES: Propeller model was variable pitch. All tests were completed at a nominal pitch
angle of 25°, except for test D-9, which was performed at a pitch angle of 10°.
Test duration set at 15 minutes, except for experiment D-9, which was 30 minutes.



CAVITATION TUNNEL PROPELLER TESTS

Experimenter:  _ M. Douc ate: oo,y /95 Page: of |
Propeller Model: Rokert Loy Diameter: -
Test No.: =l
Test Descri Eveaiet Test
Paud
REQUIRED TEST CONDITIONS & ASSUMED VALUES
[Gas Content 00 %
3
/___mm
/4 ___min
[Water Temp. @sumd);| _2() __"C
MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS
JCyl | Manometer Readings [Gas Content |(Initial): | 3, %
Vallif,) mis Manometer (mm Hy (Final): | 1%, 5 %
n ;245 RPM| Left | Right | ah Degres of Blockage: 3
Poli/9¢a Pa Vel 445 | Y96 1 [Proximity to Blockage: [ __mm
Pv23ce Pa| [Pres 211 | 195 |us¥ [Test Duration: Jo__min
A AE] Water Temp.: [(nitial): | _7%.(__°C
| |(Final): | /3 6 _°C

ADDITIONAL NOTES AND INFORMATION

Test Set-up:

Bt Ture - Aoy Mavker
ril )

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

M Dogeot Date: Do SA5  Page:

of _i
Propeller Model: Robort Lopicuy Diameter: 1, 2y,
Test No.: =
Test Description: __F v, 740 Teol
Brin
EQUIRED TEST CONDITIONS & ASSUMED VALUES
[Gas Content 9 %
Degree of Blockage: 2

[Proximity to Blockage:

10471 Manometer Readings [Gas Content [(niaD: |__GJ %
Val 19y mis Manometer (mm H inal): %
n [7240_RPM Left | Right | an [Degres of Blockage:
Polvis0e_Pa | | Vel | 445 | 4769 /1.5 /_mm
Pl 7, Pa| [Pres [ 214 1 402 1958 | q__min
sl 495 1 4.0 °C
13 7 C

ADDITIONAL NOTES AND INFORMATION
Testsetup: [t TJI( : /J.vegj Mo lier

{ Elucho Cors o RPA_pen'd small o
Lo Vol (bt ane 1210 - 292K

& Video:




CAVITATION TUNNEL PROPELLER TESTS

M. Dessr ot
Propeller Model: —_ Robyvt | oMes
Test No.: -~
Test D Zygsioan les
2

REQUIRED TEST CONDITIONS & ASSUMED VALUES

Gas Conlent %

Readings Gas Content

Manometer (mm H

(Initial 44X %

Left | Right Ah

Vel. 75 ‘mm
Pres. 1439 [~ 4¢ min
°C
°C

ADDITIONAL NOTES AND INFORMATION

Test Set-up: ﬁx.'./:( T\:)F 2 /L,evJ f/lar{(e\/

Experiment:
b e el

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

Experimenter: il pate: Doc,” (/2;' page: | of
Diameter: _Q.lm _

Propeller Model: Kebort ooy

Test No.: =
Test Description: __£vge gy Tos
[

REQUIRED TEST CONDITIONS & ASSUMED VALUES

J I i i s B |Gas Content

Val Q% mis .S, mm H [Degree of Blockage:
n | /324 RPMJED A Proximity to Blockage:
Po| 4goee Pa Test Duration:

Pv| J3pp Pa |fiEsaass

ol 43 e

[Water Temp. (asum'd):

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J 1 () | Manometer Readings ___ IGascam_em intia): | 45.2__ %
Va| 050 4] ’_ Manometer (mm H [(Fina): | 3%3 %
n [J23]_REM| Left | Right | 4h 3
Poly1pg Pa) | Vel 14,057 45,5] & ] mm
Pv[a3¢e Pa| yPres [703.51£93 14955 /5__min
o | 4.5 139 °C
2.8 °C

ADDITIONAL NOTES AND INFORMATION

Testsen Pk - Macker - Df\j ing Tiw: b

& Video:
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ION TUNNEL PROP! STS

Experimenter: _ﬂ,l PR Date: gr_.ll/g_f Page: [ of
Propeller Model: chont Lol Diameter _0.J m
TestNo.: D=
Testl Evpspnt Test

il

REQUIRED TEST CONDITIONS & ASSUMED VALUES

J Gas Content

Va [Degree of Blockage:
n [Proximity to Blockage:
Po Test Duration:

Pv T (Water Temp. (asum'd):
5| 4.5 B

[EASURED TEST PARAMI S & ACTUAL TEST CONDITIONS

J1 (LS ] Manometer Readings |GES Content [(nitial): | 34,F %
Val2.of mis Manometer (mm Hg (Final): | 3.0 %
n [/223 RPM| Left | Right [ an 3 3

Poldlice Pa Vel. | 451, | #5% g [Proximity to Blockage: | / __ mm
Pvl2zge Pal | Pres. [20% 1409514895 : 74 __min
ol %l | Water Temp.:[(Initial): | ;3 9 °C

3
|Final): | /3. *C

IDITIONAL NOTES AND INFORMATION

Test Set-up: AR . p¢ Sy Lo g7 /.

& Video:

175




CAVITATION TUNNEL PROPELLER TESTS

Experimenter: 5 o “J: pate:  Dec. ! géf Page: ul
Propeller Model: LeMounr Diameter. _O.4m

Test No.:
Test F./v‘ 3on Te
P ial

REQUIRED TEST CONDITIONS & ASSUMED VALUES

(Gas Content Yo %
Degree of Blockage: 3
Proximity to Blockage: 4 __mm
[Test Duration: 75 __min
Water Temp. (asum'd):[ 2, °C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

Manometer Readings Fascamem (it | 33,

Manometer (mm H; F(nal A%
Left | Right [ ah 3
Vel [ 445 |45 11.8
Pres. 1 [pog” T4

ADDITIONAL NOTES AND INFORMATION
Test Set-up: Pai \+ Avﬂ/kl Ma ‘[(ﬂ"

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

Experimenter: o ‘o-t Date: kc.13/45  Page: of

PrapellerMadal 24 oMo Dlameler 0.4
Test No. “h-n

Test Descdpllun Eveaon oot

it

REQUIRED TEST CONDITIONS & ASSUMED VALUES

[Water Temp. (asum'd):|

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

J CFa | Manometer Readings IG_as Content [(nitial): | 40,00 %
Val2.01 il Manometer (mm H ](Fma!) 40 %
n /225 Left | Right | ah =
PolUippo Pa| [Vel (94,2 [#9g | /b — mm
2300 Pa| [Pres. 1208 [p9% 1490 75 __min
sl 6% /3.5 °C
133 °C

ADDITIONAL NOTES AND INFORMATION

Test Set-up: Craws Flows Test = Mo Bleckaao
0 4
it Awwf} Mavker

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

M. Douest pate:  Dec. 34T Page: [ of
Propeller Model: Robart LoMeun Diameter: _0.dwr
Test No.: -
Test Description: @ e~ Joof

P

REQUIRED TEST CONDITIONS & ASSUMED VALUES

[Gas Content W%
Degree of Blockage:

[Proximity to Blockage: 20 mm

Test Duration: [5___min
\Water Temp. (asum'd): °C

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

JTo.4% | Manometer Readings [Gas Content [Unial: |_35./ %

Val (7% mis Manometer (mm H; (Fina): | 15,8 %

n [)ade Rﬂ WIT_@‘T—A%L € 3

Po iy Pa | [ Vel Thly (406511, dmi e | 30 __mm
Test Duration: /5 min

Pvld30g Pa)|Pres. [209 [£9e (457
o 4.7 |

[Water Temp.:[(Initial): | /¢,
| }?%I). B.b C

ADDITIONAL NOTES AND INFORMATIO|

Test Set-up: Pn‘/;\[: A\/gu q‘ H/w’(pv*

& Video:
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CAVITATION TUNNEL PROPELLER TESTS

M.Deuc ot

Propeller Model: __ olet o
Test No.: =

Heur

Date: Dgc.[ﬂ(lﬁﬁ Page:

of

Dlameler 0.2m

Test DI

ADDITIONAL NOTES AND INFORMATION

Test Set-up: P[ ;m{' : Avel

Mﬂl/ L{QV‘

Gas Content YO %

Degree of Blockage: 3
[Proximity to Blockage: g mm
Test Duration: J6___min
[Water Temp. (asumd):| Jp  °C

Pikh Av\\(llt = 10°

MEASURED TEST PARAMETERS & ACTUAL TEST CONDITIONS

T 04l | Manometer Readings |G_ascan|ent [anitian: | 4.3 %
Val 1ph mis Manometer (mm Hg) | {Final): | 457 %

n [/295 RPM| Left | Right [ ah [Degree of Blockage: 3
Po |21 202 _P: 468 | 4Nk Proximity to Blockage: 4 mm
Puldies Pa 210 | bo5 | 4aF Test Duration: /g___min
s | 473 1 Wuler Temp.:[(nitial): | /4,7 °C
|Fina): | /39 €

P Fk A“ﬁl

& Video:
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Appendix D

Open Propeller Model Tests:
% Erosion vs. Blade Number

180



% Erosion

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Back)

0 1 2 3 4

Blade Number
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% Erosion

% Erosion

30
25
20
15
10

Propeller Erosion in Blocked Flow

R-Class Propeller Model (Face)

.

Test No. O3 |

0 1 2 3

Blade Number

Propeller Erosion in Blocked Fiow

R-Class Propeller Model (Back)

182

| TestNo. 03 |
.
. ¥ Y
0 1 2 3 4
Blade Number




% Erosion

% Erosion

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Face)

[ TestNo, 04 |

0 1 2
Blade Number

3

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Back)

Blade Number
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% Erosion

% Erosion

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Face)

| TestNo. 0-5
0 1 2 3 4 5
Blade Number
Propeller Erosion in Blocked Flow
R-Class Propeller Model (Back)
.
. . "
Test No. O-5 ‘

0 1 2 3 4

Blade Number



% Erosion

Propeller Erosion in Blocked Flow

R-Class Propelier Model (Face)

.

[TestNo. 08|

0 1 2 3

Blade Number




% Erosion

% Erosion

50

40

30

20

Propelier Erosion in Blocked Flow
R-Class Propeller Model (Face)

.
. .
.
Test No. 0-9
0 1 2 3 4 5
Blade Number

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Back)

. .
.
Test No. 09 |
0 1 2 3 4 5
Blade Number
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% Erosion

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Back)

| TestNo. 0-10 |

Blade Number

187




% Erosion

% Erosion

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Face)

50
* .
40 .
30
.
20
10 ; "
| Test No. O-12 |
0
0 1 2 3 4
Blade Number
Propelier Erosion in Blocked Flow
R-Class Propeller Model (Back)
10
8
6
4
. & - .
2
| Test No. 0-12
0
0 1 2 3 4

Blade Number
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% Erosion

% Erosion

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Face)

0 1 2 3 4

Blade Number

Propeller Erosion in Blocked Flow
R-Class Propeller Model (Back)

| Test No. 0-13

0 1 2 3 4

Blade Number
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Appendix E

Ducted Propeller Model Tests:
% Erosion vs. Blade Number

190



% Erosion

% Erosion

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Face)

20
. 2]
15 .
.
10
5
0
0 1 2 3 4
Blade Number
Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Back)
20
15
10 . . .
.
5
0
0 1 2 3 4
Blade Number
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% Erosion

% Erosion

20

o

20

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducled Propeller Model (Face)

| Test No. D3 |
. . . .
0 1 2 3 4

Blade Number

Propeller Erosion in Blocked Flow
MV Robert LeMeur Ducted Propeller Model (Back)
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