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Summary and recommendations

The tests reported here covers acoustic emission measurements on a typical model scale set-up with
a model propeller in behind condition on a hull model in the cavitation tunnel. An AE transducer was

mounted in rear end of the propeller shaft on an existing Aframax model. Two propellers were tested
at several operating conditions. P2754 showed weak indication of erosion at a few bladed tips in the

erosion tests. P5091 did not show any sign of erosion.

The number of AE peaks at each amplitude are approximately proportional to the amount of
cavitation. Even atmospheric condition, there are some, but very few, peaks up to 3.9 V amplitude.
Whether these are due to sporadic cavitation incidents or some disturbance in the measurement is
not clear at this moment. At the cavitating conditions, peaks up to 4.0 V amplitude are detected. All
these conditions are judged to be barely erosive with just a few pit marks on a couple of blades. The
guestion is if there would be even higher amplitudes in a highly erosive case? It is obvious that the
tests must include conditions that are significantly more erosive.

LR and DSME have suggested a threshold amplitude of 3.6 V for erosion based on systematic
Sonotrode tests with erosion paint samples. It seems such amplitude threshold must be combined
with a minimum number of incidents to be classified as erosive, otherwise non-cavitating conditions
would also be classified as erosive.
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A

Propeller damage caused by cavitation erosion is a phenomenon that is becoming more frequent as
propeller designers try to increase propeller efficiency. The strive to design energy efficient
propellers leads often to a design point close to cavitation inception, i.e. since lower margin usually
means better efficiency, and cavitation erosion damage may then occur if the ship is operated
off-design. The alternative to design with larger cavitation margin is mostly not acceptable since it
will usually increase the fuel consumption. To meet the future goals of the shipping industry, there is
a growing demand for methods to optimize the propulsion efficiency without increasing the risk for
cavitation erosion. The present model test methods for evaluation of the risk for cavitation erosion
are time-consuming and therefore they are rarely used to check more than just one or two operating
conditions for cavitation erosion. Thus, there is a need of time- and cost-effective methods for
evaluation of the risk for cavitation erosion during model tests.

1 Introduction

The primary aim of the present work is to develop a time- and cost-effective acoustic emission
method for model-scale tests to predict and quantify the risk of erosion for the full-scale ship. The
starting point for this was the method developed for sea-trials by Boorsma and Fitzimmons (2009).
The project includes the development and tests of measuring equipment to determine whether the
acoustic emission technique is useful for model tests and how well the method correlates with full-
scale observations. The expected result is a working acoustic emission (AE) method for model tests
enabling a fast and reliable scanning of many operating conditions in order to map a safe operational
range in terms of cavitation erosion.

Assessments of the risk for cavitation erosion is presently based on two types of tests performed in a
cavitation tunnel: visual observations of cavitation and erosion tests using a soft paint technique.
This combination of methods has generally been successful and reliable (Bark et al., 2004), but the
development of highly efficient propellers increases the demands on the prediction methods. The
soft paint technique is quite time consuming, therefore are usually only one or few operating
conditions tested. A method that could scan many operating conditions efficiently would be very
advantageous. Visual observations are useful but there are occasions at which the risk for cavitation
erosion is difficult, or even impossible, to judge by observations in stroboscopic lighting. There is for
example a risk of not spotting erosive cavitation hidden behind other cavitation.

Over the past 40 years SSPA have developed the soft paint technique for evaluating the potential risk
for erosion at model scale tests. However, SSPA are looking to improve the speed and quantitative
accuracy of their erosion prediction procedures. Over the last number of years Lloyds Register (LR)
have been involved with detecting potentially erosive propeller cavitation by using acoustic emission
(AE) techniques during ship trials (Boorsma and Fitzimmons, 2009). In this project, one of the goals is
to apply the acoustic emission technique at model scale tests in the large cavitation tunnel of SSPA.
Similar technique has been investigated by others, e.g. (Bajic and Keller, 1995), (Escaler et al., 2006),
(Pfitsch et al. 2009) and used at model scale laboratory tests for other applications (Lohrberg and
Stoffel, 2001), (Rus et al., 2007). Acoustic emission techniques have been used in full scale hydro
turbine applications for some time (Francois, 2012). All these studies show a relationship between
the extent of the cavitation and the recorded data from sensors or between the cavitation intensity
and the recorded data from sensors.

The tests reported here covers initial acoustic emission measurements on a typical model scale set-
up with a model propeller in behind condition on a hull model in the cavitation tunnel.
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2 Models

The following model configuration was used for the tests in the cavitation tunnel.

2.1 Hull model

The existing model M3336-A2 equipped with stator S28 was mounted in the cavitation tunnel. Two
different rudders were used during the tests: a rudder with bulb, denoted RB1, and a wooden rudder
without bulb. The scale factor of the model is 33.182, it has a trip wire mounted at station no 19 and
an additional trip mesh is mounted just upstream of station no 1.

2.2 Propeller models

The propeller models P2754 and P5091 were used for the AE measurement tests. Propeller model
P5091 was manufactured for the current tests and corresponds to the propeller fitted on the ship.

Propeller model P2754 was used in the original cavitation tests for DSME year 2012 and showed at
that time weak indication at the blade tips after an extended 60 minutes cavitation erosion test.

Propeller model P2567 was prepared but never used for the AE measurements.

Table 1: Main Characteristics for model propellers P2567, P2754 and P5091.

Characteristic Value Value Value

Id P2567 P2754 P5091
Type Fixed pitch Fixed pitch Fixed pitch
Direction of turn Right Right Right
Number of blades, Z 4 4 4
Diameter full scale, Ds 7400 mm 7400 mm 7400 mm
Diameter model scale, Dm 223 mm 223 mm 223 mm
Hub ratio 0.155 0.16 0.16

Pitch ratio at 0,7R, P/Do.7 0.671 0.644 0.6423
Blade area ratio, Ae/Ao 0.4904 0.504 0.4905
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3 Testarrangement and procedure

3.1 Cavitation tunnel

At the cavitation tunnel tests the complete ship model, M3336-A2, was mounted in test section no. 2
(width 2.60 m, height 1.50 m) of the tunnel, Figure 1. The model was mounted in the cavitation
tunnel corresponding to 9.7 m draught fore and 11.2 m draught aft. The propeller model was
powered by an AC motor and the thrust and torque were measured by a Kempf & Remmers type R46
dynamometer. The motor and dynamometer are immersible and were mounted inside the water
filled model. The tunnel water speed was kept constant at 4.5 m/s during the tests.

The rudder with bulb was used from 2018-11-20 throughout 2018-11-21 and the wooden rudder
without bulb was used during the remaining tests. The rudder was changed because the first rudder,
the rudder with bulb RB1, had been deformed during the long time of storage.

The propeller force measurements in behind condition at atmospheric pressure, Table 3, were mainly
performed for determination of the effective speed of advance using Kr-identity. The shaft rate was
varied to cover the loading range of interest.

3.2 AE data aquisition

The AE transducer (Mc Wade S303), Figure 2, was mounted in rear end of the propeller shaft, Figure
4, approximately inside the boss. The AE pre-amplifier (McWade PA3301), Figure 3, was mounted
further upstream, inside the propeller shaft, Figure 4. The pre-amplifier output signal and its voltage
feed was transferred between the rotating shaft and the data acquisition equipment by sliprings
inside a sealed box. The shaft assembly drawing is shown in Figure 4.

The pre-amplifier has a gain of 100 in terms of voltage which corresponds to 40 dB in terms of AE
power. Thus, we have:

Lag = 2010g;10(Vs303/107°) = 2010g10(Vpaz301/107%) — 40

Measurements were made using two different devices between the PA3301 and the NI 9223:

1. A “phantom decoupler” (PD) which is an electronic circuit that supply power to the pre-
amplifier and decouples the DC component from the signal.

2. A peak-hold amplifier (McWade RSM2) with logarithmic compression that samples the
highest peak in every 10 s block. The time signal contains information from DC up to
approximately 10 kHz, Figure 10.

In the list of measurements, Table 2, the column “Peak-hold” contains a “Y” if the RSM2 was used,
else “N” mean that the PD was used. The RSM2 was used by LR to be able to transmit the signal with
wireless transmission from a rotating propeller shaft in full scale. However, the RSM2 is too large to
fit on the rotating shaft in model-scale. Here, we used sliprings to transfer the signal. The AE-level is
given by:

LAE = 35 " VRSMZ + 10 —40
When the PA3301 reaches 10 V output (100 dBae), the RSM2 peak-hold (logarithmic) amplifier gives
4.0 V output. According to LR, more than 4 V output from RSM2 is overrange. However, it is not clear
if it means the PA3301 or the RSM2 or both. The McWade PA3301 datasheet says that it can give up

to 50 V output, but more than 10 V is considered as “beyond the normal dynamic range of the pre-
amplifier”.
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The linear amplifier does not down-sample the signal but has a high-pass filter with a cut-off
frequency about 1000 Hz. Time data acquisition of this signal is made with f; = 102.4 kHz. Thus, these
signals contain information between approximately 500 Hz and 50 kHz, Figure 12.

The AE-measurements performed with P2754 and P5091 on the DSME Aframax are analysed with
respect to distribution of AE peaks. The complete time series of 300 s are used for evaluation.

e The peaks above a certain amplitude are detected using the Matlab function ‘findpeaks’.

e The peaks are sorted into “bins” using the Matlab function ‘hist’.

e The number of peaks/bin are normalised by division by the sampling time and the blade
frequency to get the number of peaks per blade passage.

3.3 Cavitation erosion paint test

The propeller is coated with a soft paint and after drying, the propeller is run in the cavitation tunnel
for 30 minutes at the desired loading condition. The paint layer is then inspected carefully for any
damage. Removed paint indicates a risk for cavitation erosion in full scale.
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4 Test programme

All tests that were carried out are summarised in Table 2.

Test programme.

Table 2
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Table 3: Calibration and preparation tests.

Series Test
Dummy hub calibration 001 001
Atm. force, P2754 002 001
Atm. force, P5091 003 001

4.1 Loading conditions

Table 4: Loading conditions for cavitation tunnel tests, P2754.

Configuration

Hull model: M3336-A2
Propeller model: P2754
PSS: $28 with setting PU =—, PC=14°, PL=18°,5C=—
Rudder: RB1 and wooden rudder without bulb
Parameter Unit Ballast Ballast Ballast Ballast Ballast
MCR MCR+5% MCR+10% MCR+20% MCR+30%
Series 006, Test number - 001 002 003 004 007
Brake power, Ps PS 18 953 19901 20 848 22 744 24 639
Brake power, Ps MW 13.940 14.637 15.334 16.728 18.122
Transmission loss % 1 1 1 1 1
Power take-out, Pro MW 0 0 0 0 0
Seamargin % 0 0 0 0 0
Propeller immersion, h m 4.20 4.20 4.21 4.21 4.22
Ship velocity, Vs kn 17.06 17.24 17.41 17.72 18.02
Wake fraction, wrs - 0.434 0.433 0.432 0.428 0.424
Propeller power loading, Ko/J? - 0.323 0.327 0.330 0.334 0.338
Advance coefficient, J - 0.366 0.365 0.364 0.363 0.362
Rate of revolutions, n 1/min 109.9 111.6 113.2 116.5 119.5
Rate of revolutions, n 1/s 1.831 1.859 1.887 1.941 1.992
Cavitation number, o - 11.23 10.96 10.69 10.19 9.74
Froude number, Fn - 0.182 0.184 0.185 0.189 0.192
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Table 4: Loading conditions for cavitation tunnel tests, P2754, (continued).

\

Parameter Unit Ballast Ballast Ballast
NCR NCR+15% MCR atm
SM
Series 006, Test number - 005 006 009
Brake power, Psg PS 17 063 17 058 18 953
Brake power, Ps MW 12.550 12.546 13.940
Transmission loss % 1 1 1
Power take-out, Pro MW 0 0 0
Seamargin % 0 15 0
Propeller immersion, h m 4.19 4.18 4.20
Ship velocity, Vs kn 16.64 16.06 17.06
Wake fraction, wrs - 0.434 0.432 0.434
Propeller power loading, Ko//? - 0.313 0.343 0.323
Advance coefficient, J - 0.369 0.361 0.366
Rate of revolutions, n 1/min 106.3 105.6 109.9
Rate of revolutions, n 1/s 1.772 1.761 1.831
Cavitation number, o - 11.79 12.53 Atm.
Froude number, Fy - 0.177 0.171 0.182
SSPA Sweden AB - Your Maritime Solution Partner
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Table 5: Loading conditions for cavitation tunnel tests, P5091.

Configuration
Hull model:

Propeller model: P5091

M3336-A2

\

PSS: S28 with setting PU =—, PC=14°, PL=18°,5C=—
Rudder: RB1 and wooden rudder without bulb
Parameter Unit Trial 1 Trial 2 Trial 3 Trial 4
Series 006, Test number — 011 012 013 014
Brake power, Pg PS 13 909 10 986 7747 5221
Brake power, Pg MW 10.230 8.080 5.698 3.840
Transmission loss % 1 1 1 1
Power take-out, Pro MW 0 0 0 0
Seamargin % 0 0 0 0
Propeller immersion, h m 5.16 5.15 5.15 5.15
Ship velocity, Vs kn 14.80 14.10 12.90 8.20
Wake fraction, wrs - 0.330 0.345 0.365 0.132
Propeller power loading, Ko/J? - 0.219 0.214 0.216 0.222
Advance coefficient, J - 0.409 0.412 0.411 0.408
Rate of revolutions, n 1/min 101.0 93.6 83.2 72.8
Rate of revolutions, n 1/s 1.684 1.559 1.387 1.213
Cavitation number, o - 11.36 13.09 16.64 22.04
Froude number, Fn - 0.158 0.150 0.137 0.087
SSPA Sweden AB - Your Maritime Solution Partner
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5.1 Results acquired using the peak-hold amplifier and propeller painted with
erosion paint

5 Results

The measurements made simultaneously with the erosion paint tests were made with new paint for
each test condition. The water was lowered between the tests to dismount the propeller for
documentation and re-painting. These measurements were spread over several days, 2018-11-22,
2018-11-23 and 2018-11-27. Thus, there is a higher risk that differences in painting and water quality
might influence the cavitation behaviour.

No peaks lower than 2.0 V was detected with MINPEAKHEIGHT=-Inf, thus MINPEAKHEIGHT was set to
2.0 V to speed up the calculation. The histogram bin width was set to 0.05 V.

These tests spread over several days with different painting are less consistent and harder to
interpret compared to the tests with the red paint, Section 5.2 below. The number of peaks in each
bin for S5T1 and S5T6 are of the same order (+/- 20%) as with the red paint while S5T3 and S5T7 are
only about one fourth of the number compared to the red paint measurements, Figure 13 and Figure
14. One need to compare the video recordings to see if they can bring more clarity, e.g. different
cavitation patterns.

P2754 showed weak indication of erosion at a few bladed tips in the erosion tests. P5091 did not
show any sign of erosion.

5.2 Results acquired using the peak-hold amplifier and propeller painted in red

The measurements with propeller painted in red are the most complete in terms of test conditions
and the use of both amplifiers. They seem also to be most consistent. These measurements were
made 2018-11-26 between 9 and 10:30 without lowering the water between the measurements. This
means the propeller painting remained the same and the water quality did not change significantly.

No peaks lower than 2.0 V was detected with MINPEAKHEIGHT=-Inf, thus MINPEAKHEIGHT was set to
2.0 V to speed up the calculation. The histogram bin width was set to 0.05 V.

Figure 15 shows the distribution of all voltage peaks. One can note that in the atmospheric condition,
S5T9, there is a large number of peaks with low amplitudes (2.2 to 2.4 V), that are not found in the
cavitating conditions. The overall shape of the distribution at the cavitating conditions agree with the
analysis results by LR. Figure 16 shows a close-up of the higher end of the distribution. We can see
that the number of peaks at each amplitude are approximately proportional to the amount of
cavitation. Even atmospheric condition, there are some, but very few, peaks up to 3.9 V amplitude.
Whether these are due to sporadic cavitation incidents or some disturbance in the measurement is
not clear at this moment. At the cavitating conditions, peaks up to 4.0 V amplitude are detected. All
these conditions are judged to be barely erosive with just a few pit marks on a couple of blades. The
question is if there would be even higher amplitudes in a highly erosive case? It is obvious that the
tests must include conditions that are significantly more erosive.

LR and DSME have suggested a threshold amplitude of 3.6 V for erosion based on systematic
Sonotrode tests with erosion paint samples. It seems such amplitude threshold must be combined
with a minimum number of incidents to be classified as erosive, otherwise non-cavitating conditions
would also be classified as erosive.

SSPA Sweden AB - Your Maritime Solution Partner
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5.3 Results acquired using the linear amplifier and propeller painted in red

MINPEAKHEIGHT was set to 0.05 V to avoid detection of very low amplitudes. The histogram bin
width was set to 0.05 V.

Figure 6 shows the distribution of all voltage peaks. No peaks at all are detected for the atmospheric
condition, S5T9. For the lower voltage amplitudes (0.005 V to 0.25 V), the number of peaks seems to
follow the cavitation volume as for the corresponding peak-hold measurements (Figure 7).

For the amplitudes higher than 0.3 V, the results are harder to interpret. Condition S5T6 stands out
with the highest amplitudes and the largest number of peaks. But this condition should be the
mildest with no erosion expected which is a bit confusing. The number of very high amplitudes per
blade passage is low, maybe longer sampling times are required when using the linear amplifier.

SSPA Sweden AB - Your Maritime Solution Partner
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Figure 1: The ship model mounted in the cavitation tunnel.
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Figure 3 McWade PA3301 AE pre-amplifier.
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Figure 4 Drawing of the shaft configuration with measuring equipment.
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p2754 Back BL
ssPA 4017829
ser/Test: 00

Blade no 1, suction side. Blade no 1, suction side, close-up

P2754 Back BL 2
SSPA 40178293
Ser/Test: 005 / 001

Blade no 2, suction side. Blade no 2, suction side, close-up.

Figure 5: Cavitation erosion test, extended test, 60 minutes at ballast MCR.
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Blade no 3, suction side. Blade no 3, suction side, close-up.

Blade no 4, suction side. Blade no 4, suction side, close-up.

Figure 5: Cavitation erosion test, extended test, 60 minutes at ballast MCR, (continued).
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P2754 Face BL 1
SSPA 40178293
Ser/Test: 005 /001

p2754 Face BL2
SSPA 40178293
Ser/Test: 005 / 001

m Py ~ g

Blade no 1, pressure side, no indication. Blade no 2, pressure side, no indication.

p2754 Face BL 4
SSPA 40178293

P2754 Face BL 3 ser/Test: 005/ 001

SSPA 40178293
Ser/Test: 005 / 001

e s P
Blade no 3, pressure side, no indication. Blade no 4, pressure side, no indication.

Figure 5: Cavitation erosion test, extended test, 60 minutes at ballast MCR, (continued).
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Blade no 1, suction side. Blade no 1, suction side, close-up.

Blade no 2, suction side, close-up.

Figure 6: Cavitation erosion test, standard 30 minutes at ballast draught and increased power of MCR+10%.
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Blade no 2, suction side.

Blade no 4, suction side.

Figure 6: Cavitation erosion test, standard 30 minutes at ballast draught and increased power of MCR+10%, (continued).
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Blade no 1, pressure side, no indication. Blade no 2, pressure side, no indication.

P275
SSPA 40178293
05 /003

cation.

Figure 6: Cavitation erosion test, standard 30 minutes at ballast draught and increased power of MCR+10%, (continued).
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Blade no 1, suction side, no indication. Blade no 2, suction side, no indication.

p2754 Back BL3
SSPA 40178293
Ser/Test: 005 / 006

p2754 Back BL4
SSPA 40178293
Ser/Test: 005/006
& P ©0 ~
Blade no 3, suction side, no indication. Blade no 4, suction side, no indication.

Figure 7 Cavitation erosion test, standard 30 minutes at ballast draught and decreased power of MCR-10%.
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p2754 Face BL p2754 Face BL
SSPA 40178293 SSPA 40178293

Blade no 1, pressure side, no indication. Blade no 2, pressure side, no indication.

P2754 Face BL4
SSPA 40178293

Blade no 3, pressure side, no indication. Blade no 4, pressure side, no indication.

Figure 7 Cavitation erosion test, standard 30 minutes at ballast draught and decreased power of MCR-10%, (continued).
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Blade no 1, suction side. Blade no 1, suction side, close-up.

Blade no 2, suction side. Blade no 2, suction side, close-up.

Figure 8 Cavitation erosion test, standard 30 minutes at ballast draught and increased power of MCR+30%.
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P2754 Back BL 3
SSPA 40178293
Ser/Test: 005/ 007

[=)

Blade no 3, suction side. Blade no 3, suction side, close-up.

72 g
Blade no 4, suction side. Blade no 4, suction side, close-up.

Figure 8 Cavitation erosion test, standard 30 minutes at ballast draught and increased power of MCR+30%, (continued).
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p2754 Face BL 1
SSPA 40178293
Ser/Test: 005/ 007

Blade no 1, pressure side, no indication.

P2754 Face BL4
SSPA 40178293
Ser/Test: 005 / 007

p2754 Face BL3
SSPA 40178293
Ser/Test: 005/ 007

Blade no 3, pressure side, no indication. Blade no 4, pressure side, no indication.

Figure 8 Cavitation erosion test, standard 30 minutes at ballast draught and increased power of MCR+30%, (continued).
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F5091 Back BL 2
SSPA 40178293
Ser/Test: 006 / 00

c

Blade no 1, suction side, no indication. Blade no 2, suction side, no indication.

v ot e
By 15 . — I~ \8 : :
Blade no 3, suction side, no indication. Blade no 4, suction side, no indication.

Figure 9 Cavitation erosion test, standard 30 minutes, ballast draught at MCR power.
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p5091 Face BL 1
SpA 40178293
Bcer/Test: 006 :
=2 < S ’
Blade no 1, pressure side, no indication. Blade no 2, pressure side, no indication.

P5091 Face BL 4
5SPA 40178293
Ser/Test: 006 / 001

P5091 Face BL :
SSPA 40178293
Ser/Test: 006 / 001

™

Blade no 3, pressure side, no indication. Blade no 4, pressure side, no indication.

Figure 9 Cavitation erosion test, standard 30 minutes, ballast draught at MCR power, (continued).
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S5T1R5 Peak-Hold signal
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Figure 10. Example of time history of the signal recorded through the peak-hold amplifier

S5T7R1 filtered P-H vs linear
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Figure 11. Example of time history of the signal recorded through the linear feed device compared to the peak-hold signal
after high-pass filtering. Note that these two signals are not recorded simultaneously (i.e. the location of peaks cannot be
compared).
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Figure 12. Comparison of spectra for the peak-hold amplifier signal, the peak-hold signal after high-pass filtering and the
linear feed signal. The peak-hold amplifier down-samples to 10 kHz and amplifies the signal with 40 dB in terms of power.
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Distribution of peak-values over 300 s, peak-hold device, fS = 20 kHz
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Figure 13. P2754. Distribution of peak values acquired using the peak-hold amplifier and propeller painted with erosion
paint.

Distribution of peak-values over 300 s, peak-hold device, fS = 20 kHz
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Figure 14. Close-up of Figure 13.
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Figure 15. P2754. Distribution of peak values acquired using the peak-hold amplifier and propeller painted with red paint.
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Figure 16. Close-up of Figure 15.
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Distribution of peak-values over 300 s, linear amp. device, f, = 102.4 kHz
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Figure 17. P2754. Distribution of peak values acquired using the linear pre-amp and propeller painted with red paint.
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Figure 18 Close-up of Figure 17.
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Distribution of peak-values over 300 s, peak-hold device, fS = 20 kHz
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Figure 19. P5091. Distribution of peak values acquired using the peak-hold amplifier and propeller painted with red paint.
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Figure 20. Close-up of Figure 19.
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Distribution of peak-values over 300 s, linear amp. device, f, = 102.4 kHz
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Figure 21. P5091. Distribution of peak values acquired using the linear pre-amp and propeller painted with red paint.
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Figure 22. Close-up of Figure 21.
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8 Video recordings

The following videos were recorded during the tests:
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