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1. INTRODUCTION

Propeller designer for a high powered con-
tainer ship is often encountered with series of
basic questions concerning the efficiency, vibra-
tion, strength and propeller erosion, and how
to overcome such kind of formidable require-
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ments. One of the solution for these problems is
to give the high skew within certain limit to
the propeller geometry*®. The fluctuating hull
pressure investigated by Yamasaki et al’® for
highly-skew propellers compared with conven-
tional propeller showed considerable amounts
of reduction in the first blade frequency compo-
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nent and indicated that the skew distribution
as well as skew angle significantly affected on
fluctuating pressure field. Concerning the pro-
peller open water performance, it was found
that the variation of skewness had given
insignificant influence on efficiency for ahead
condition, while large reduction of efficiency
was shown on backing condition®.

The effects of skew were studied in the
design of container carrier in order to find the
way of reducing pressure fluctuating pulses on
stern hull and cavity extent on the propeller
blades to prevent blade erosion. From past in
experiment and operation of highly-skewed
propeller for container vessel, we knew that it
was necessary and important to consider pro-
peller strength problem carefully not only in
ahead condition but also in backing condition
where propeller is frequently suffered from
excessive load change. Four model propellers
with different skew distributions have been
designed and tested in the cavitation tunnel
and towing tank to investigate the effects of
skew in propeller performance such as efficien-
cy, cavitation characteristics and fluctuating
pressure on the hull.

To meet the requirement of high performance
propeller in terms of speed and vibration, we
reviewed the test results of skew series and
decided to study the rake effects. Three model
propellers having same skew distribution with
different rakes have been designed and tested
in the cavitation tunnel to assess rake effects
on propeller cavitation behavior and fluctuat-
ing pressure pulse level. The second part of this
paper will present the propeller rake varied
design and model test result focusing on cavity
behavior control near propeller tip region and
pressure fluctuating pulse reduction.

2. SKEW PROPELLER DESIGN

AND TEST

2.1 DESIGN

The design target is to reduce the fluctuating
hull pressure level as much as possible and
prevent the propeller blade surface from ero-
sion due to cavitation while keeping the pro-
peller efficiency as normal. From the past expe-
riences of design it was clear that the judge-
ment based on a single series of engineering
calculation and tests would not lead to opti-
mum design and it would not be sufficient to
guide a good design selection with minimum
risk. In assessing the design and calculation
the systematic experimental database would be
a valuable reference. It was decided to design
the four propellers to investigate the skew
effects on propeller performance including cavi-
tation and fluctuating hull pressure. In order
to minimize the other geometrical effects major
parameters were fixed and the skew distribu-
tions were varied including total skew angle
and tip skew angle with reference to existing .
design propeller®?. The skew angles along the
propeller radius are expressed in the 3rd
degree polynomials.

Four model propellers were manufactured of
water-resistant aluminum alloy. Blade tip radii
and leading edges were finished by hand. The

Table 1 Main Particulars of the Skewed Model
Propellers

| Model Prop. No| v__P{PQ&i[ HP285 |HP261 [HP289
Diameter{D) mm 216.34
~ HubRatio 1 ~0.2073
Pitch Ratio | at 0.7 r/R ! 1.136
rExp Area Ratio] EAR | 1.00 R
_ TipSkew | Degree | 0.0 | 20.0] 34. [ 51. |
~ Rake i 0. [ 0. | o [o
Total Skew Degree 0.0 | 250 | 40. | 60.
No. of Blades u 6
| Material Aluminum Alloy
Direc. of 'I‘umingj | Right Hand
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Fig. 1 Skew distributions along propeller radial
direction

manufacturing accuracy of the model propeller
was estimated to be 0.1lmm in diameter. Table
1 lists the main particulars of the model pro-
pellers and Fig. 1 shows the skew distribution
of the model propellers.

2.2 TEST

Propeller open water tests were performed in
the towing tank using propeller dynamometer
which is capable of measuring the thrust(T) up
to 200N and torque(Q) up to 10N-m in full
scale values. The propeller rotation rate(n=15)
has been chosen to be sufficiently high to avoid
laminar flow effects on the propeller blades and
to be low enough to measure the highest pro-
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Fig. 2 Propeller open water efficiency

pelier loading. To assure the repeatability of
the test conditions propellers have been tested

successively under identical circumstances.
Propeller open water efficiency curves, which
are expressed by loading coefficient of K; /J2,
are represented in Fig. 2

Cavitation tests and pressure fluctuation
measurements were conducted in Hyundai
maritime research institute(HMRI) cavitation
tunnel. This facilities have three exchangeable
test sections and a test section of 850mm by
850mm was used for this test. It can accomo-
date propeller models up to 300mm in diameter
and rotation speed of 3500 revolutions per
minute. The cavitation observation was made
by naked eyes with stroboscope and pho-
tographs were taken for every condition. The
right-handed propeller rotates counter clock-
wise when looking downstream. The blade posi-
tion is indicated in degrees in direction of rota-
tion with respect to vertical top position as zero
degree.

The pressure fluctuation measurements were
carried out on a flat plate located in the cavita-
tion tunnel. The flat plate was made of bronze
and reinforced to prevent the plate vibration.
The measuring arrangement is shown in Fig. 3.
Three miniature pressure gauges with
diaphragms’ diameter of 3mm(Pressure range
-100kPa to 60kPa, natural frequency 20kHz in
water) were fitted to flush with the surface in
the flat plate. The pressure measurements
were carried out simultaneously with cavita-
tion observation in the tunnel at uniform flow
and non-uniform flow. The cavitation number

is defined as follows,?

PC - PV

%= 0.5p n'D? )

The numerator contains the pressures from
ambient conditions, Pc is the static pressure at
submergence depth of propeller 0.7 radius
above the shaft center line and Pv is the vapor
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Fig. 3 Arrangement of pressure pick-ups

pressure in cavity. The denominator is a mea-
sure for the pressure created by the propeller
action.

The pressure signals were fed by a sampling
method via analog-digital converter. The sam-
pling was taken for 100 revolutions of the pro-
peller, and the harmonic analysis was per-
formed giving 5% highest pressure amplitudes
for up to the 5th order'. The sampling rate was
determined to be sufficiently high enough for
higher harmonic components corresponding to
the model propeller revolution. The dissolved
gas content in the tunnel was measured by oxy-
gen-probe and maintained around 45% during
the test for minimum or no cavity fluctuation.'V
The pressure signal x(t) can be expressed by
Fourier expansion as follows®.

X(t)y= :):ApiCOS(an}t - a) (2)

where

AP, : peak to peak amplitude
f, : frequency

t: time

o; : phase angle

The pressure coefficient of measured pres-

sure amplitude of harmonic order i, which is

the peak to peak values of harmonic amplitude,

is defined by
APi
KPi = ;;l"i“bT (3)

The prediction of full scale pressure ampli-
tude is based on the assumption that the pres-
sure coefficients are the same as model and full

scale.
2.3 TEST RESULTS

Uniform flow condition

The cavitation tests and pressure measure-
ments were performed in the cavitation tunnel
with freely selected rate of revolution n=25, 27
and 30 revs/sec while keeping K;=0.3423 and
o,=1.51. Fig.4 shows the cavitation test
results with rate of revolution n=25. It was
noticed that cavity extent and behavior seem to
be similar in general fashion of all 4 propellers
but the tip vortex was decreased in HP261 and
HP289 compared with HP284 and HP285.
Near the tip region, the skew propellers seem
to initiate earlier and smoother detachment of
cavity than non-skewed propeller and this kind
of detachment could avoid cavitation erosion in
the trailing edge region. These phenomena can
be found in results of elliptic and swept back
foil tests conducted in cavitation tunnel™.
According to Yamaguchi*, the sheet cavity on
the swept back foil was more stable compared
to the elliptic foil and the tip vortex cavity was
weaker than that of the elliptic foil. Even if the
elliptic wing flow differs from propeller rotating
flows, these results are interesting.

The pressure measurements of the first blade
frequency are calculated in dimensionless val-
ues based on HP284 and represented in Fig. 5
which shows the skew effects. The propeller
revolution shows negligible effects in uniform
flow. From the observations of uniform flow
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test, results can be summarized as follows.
- Cavity extent is similar in uniform flow
while the tip vortex was decreased in high
skew

~The skew seems to initiate early and

HP-284 HP-285 HP-261 HP-29
(Skew = 407

(Skew = 25% {Skew = 60"

%

n=25 K;=0.3423 on=1.51
Fig. 4 Cavity extent of the skew propellers in uni-
form flow

(Skew = 0%

PG BASED UK MPIBL
AT 136K
BATE OF
(18,3810

L1 TITTTY)

L1231 YY)
SXEY DEOREES

Fig. 5 Pressure amplitudes of skew propellers in
uniform flow

smooth detachment of cavity near the tip
region

- The fluctuating pressure values are
decreased with increasing skew angle

- The propeller revolution effects were negli-
gible in fluctuating pressure values at uni-
form flow

Non-uniform condition

The axial wake field at the propeller plane
were reproduced by using a wire mesh screen
in accordance with the nominal wake pattern
measured behind the ship model at the full
load draft. Fig. 6 shows the wake patterns
behind simulated wake screens in the cavita-
tion tunnel. The cavitation tests and pressure

measurements were also performed at the sim-
ulated model wake field in the cavitation tun-
nel with freely selected rate of revolution n=
23, 24 and 25 revs/sec to check propeller revo-
lution effects and test accuracy. Cavitation
behavior in this reproduced wake fields at the
test condition of K;=0.2075 ando,=1.51 is
shown in Fig. 7 which is the sketch of observed
mean cavity extent.

The pressure measurements results of the
first blade frequency with varying rate of pro-
peller revolution are shown in Fig. 8 in non-
dimensionalized values based on HP284. The
propeller revolution effects were shown to be
negligible which indicates the accuracy of test
set-up and measurements. The marked differ-
ence of measured pressure values indicates the
effectiveness of skew and about 80% of fluctu-
ating pressure pulse reduction was achieved at
the first blade frequency in comparison with
non-skewed propeller. Fig. 9 gives the harmon-
ics of Fourier analysis of the pressure signal for
pressure pick-ups directly located above the
propeller. The skew was also effective in the
second and third blade frequency. This situa-
tion may be due to smooth transition of cavity

behavior around propeller blade and relatively

Fig. 6 Simulated wake in the cavitation tunnel
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Fig. 7 Cavity extent of the skew propellers in non-
uniform flow
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Fig. 8 Pressure amplitudes of skew propellers in
non-uniform flow
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Fig. 9 Harmonic components of pressure amp. for
skew propellers in non-uniform flow

stable tip vortex cavity. Hull pressure measure-
ments and observed cavitation phenomena can
be summarized as follows.
- Skew helps to stabilize cavity behavior and
delays cavitation detachment from blade.
- Reduction of pressure pulse corresponding
to increasing skew angle was confirmed

3. RAKE EFFECTS

The five(5) blade propeller was selected as
initial study. Three model propellers having
same skew distribution with different rake
have been designed on the basis of same condi-
tion. To support the choice of the basic design
variant, the propulsive performance was calcu-
lated by a steady and unsteady lifting surface
program™®. The rake distributions applied to

HP322
Fig.10 Rake distribution(side projection)

HP333

HP334

three propellers are shown in Fig. 10 in terms
of side view of propeller geometry. The model
propellers are made of water-resistance alu-
minum alloy to a diameter of 250mm.

The aim of this study was to investigate the
rake effects on propeller cavitation perfor-
mance and hull pressure with reference to ordi-

HP322 HP333
n=25 K;=0.35 0,=143
Fig.11 Cavity extent of the rake propellers in uni-

form flow

HP334

nary propeller design in limited range.

The cavitation test results at the uniform
flow of K;=0.35 and ¢,=1.43 are shown in
Fig. 11. The extent of cavity was observed
almost same and hard to distinguish the differ-
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Fig.12 Amplitudes of the rake propellers in uni-
form flow

ences for all three(3) propellers. This trend was
also found in pressure measurements indicated
in Fig. 12.

Fig. 13 shows the cavitation pattern observed
at the test condition of K;=0.212 and ¢,=1.43
for non-uniform model wake field, and cavity
extent and behavior in whole are similar and
no marked difference was seen. The cavity vol-
ume and extent of HP334 seem to be a little
smaller than that of HP322 and HP334, while
the behavior of cavity on blade of HP334 was

1V (N

HP333 HP334
n=25 K;=0.212 0,=143
Fig.13 Cavity extent of the rake propellers in non-
uniform flow

HP322

observed small disturbances toward trailing
edges. Hull pressure measurements were
simultaneously performed during the cavita-
tion observation and are shown in Fig. 14 in
which the pressure amplitude of each harmonic
and the first blade frequency of without-cavita-
tion were divided by amplitude of the first
blade frequency of HP322

The first blade frequency amplitude of tip
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Fig.14 Pressure amplitudes of the rake propellers
in non-uniform flow

rake propeller HP334 was twice greater than
no-rake propeller HP322 and linear-rake pro-
peller HP333, while HP333 and HP322 have
similar values in without-cavitation condition
in which propeller loading was the prime fac-
tor. The first blade frequency amplitude of the
pressure pulses of HP334 is 10 to 15 percent
less than those of HP333 and HP332, while the
3rd blade frequency amplitudes are similar or
higher than those of HP333 and HP332 as in
Fig. 14. The reason of higher values at higher
frequency of HP334 compared with HP333 and
322 may be come from the violent cavity behav-
ior around 40 to 70 degrees blade position.

4. CONCLUSION

Firstly the four geosim propellers except
skew, which are having different skew angles
and skew distributions, were designed and
tested to investigate the skew effects on pro-
peller performance. To find out another possi-
bility of improving propeller performance,
investigations were carried out about the rake.
Three model propellers having same geometri-
cal particulars including skew angle and distri-
bution were designed and model-tested. From
the theoretical and experimental investigations

of above mentioned study major conclusions
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are summarized as follows

- Increasing skew angle helps to stabilize
cavity behavior, lessens cavity collapse and
generation, delays cavitation separation from
blade, and may help the prevention of blade
erosion

- Reduction of pressure pulse corresponding
to increasing skew angle was confirmed at both
the uniform and the non-uniform conditions.

- Cavity extent and behavior in different rake
distributions were similar and no marked dif-
ferences were observed at both the uniform and
the non-uniform conditions.

- The hull pressure measurements result of
the rake variant propeller have shown possibil-
ity of 10 to 15 percent reduction at the first
blade frequency against the linear-rake and no-
rake propeller

- Some further works on propeller rake dis-
tribution are desired theoretically and experi-
mentally with a particular attention to

strength evaluation and design technique.
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