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ABSTRACT

Ships with controllable pitch propellers (CPPs) in off-
design conditions, including manoeuvring, may run into
severe cavitation and vibration problems dictated by
unfavourable speed and pitch setting combinations. This
paper illustrates and discusses a problem encountered with
a newly built 100 m twin-screw roll-on/roll-off passenger
(RoPax) ferry, fitted with 4-bladed CPPs, Costa bulb
rudders, and A-brackets, during reverse manoeuvring.
Initial cavitation tunnel tests, conducted in a medium-sized
cavitation tunnel that included a ~1:17-scale model of one
propeller and a rudder, provided a simplified
representation of the ship, offering insight into the
problem. The full-scale cavitation observations and
vibration measurement trials followed these tests, which
included a well-established borescope system and its
plausible alternative, a scaffolding-supported submersible
camera system, for the observations. While the borescope
system failed due to severe vibrations experienced, the
observation system, comprising two video cameras, one
dedicated to real-time monitoring and accurate orientation,
and the other to high-resolution recording, successfully
captured the complex cavitation dynamics in reverse
motion. Due to the higher shaft speed dictated by the
vessel's generator PTO system, heavy tip-vortex cavitation
on the propeller, interacting with the prominent leading-
edge cavitation and the A-bracket in the slipstream, was
clearly responsible for the severe vibration problem. While
the paper presents some interesting results from the
cavitation tunnel tests, including those for air injection to
reduce fluctuating hull pressures, the details of these most
plausible full-scale cavitation observations, and the physics
of the complex cavitation dynamics observed are also
discussed in comparison with the CFD modelling, along
with a proposal for redesigning the CPP blades.
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1 INTRODUCTION

The University of Strathclyde (UoS) was requested to
contribute to the investigation into the vibration problem of
a recently built RoPax ferry during its reverse
manoeuvring. The investigation initially included a review

of a detailed finite element (FE) modelling report, along
with vibration consultancy reports from several parties,
including the propulsion system manufacturer. The review
of the structural analyses and field measurement reports
was followed by an assessment of the Vienna Model Basin
(SVA 2025) test report, a literature review on propeller-
induced hull vibration and air-injection-based mitigation
methods, and an examination of the general arrangement
plan, 3D model of the vessel, and the details of the existing
compressed air system provided by the Ferguson Marine.

The primary aim of this study is to provide definitive
evidence of the severe vibration problem experienced
during astern operation and to investigate potential
methods to reduce and mitigate it. To achieve this aim, the
paper presents and discusses full-scale cavitation
observations, vibration measurements, and supporting
numerical analyses.

The specific objectives of the study are;

e to propose further support for the full-scale cavitation
observation system,

e to discuss the physics and dynamics of the observed
cavitation and vibration phenomena,

e to investigate and evaluate different vibration and
cavitation reduction or mitigation approaches,
including air injection, air bag implementation, CPP
blade redesign, and blade leading-edge modification,
together with their potential advantages and
limitations, and

e to provide CFD-based support for the assessment and
development of the proposed mitigation solutions.

2 OBSERVATIONS

2.1 Cavitation Tunnel Tests

Prior to the full-scale cavitation observation, an extensive
cavitation tunnel test campaign (SVA 2025) was conducted
at the Vienna Model Basin (SVA) using a 1:17-scale model
under a wide range of ahead and astern operating
conditions. The test programme included cavitation
observations, pressure pulse measurements, thrust
fluctuation measurements, different pitch configurations,
with and without rudder arrangements, and air injection
applications. The tunnel tests provided valuable insight



into the CPP's cavitation dynamics and confirmed that
severe cavitation generated during astern manoeuvring
might be the source of the excessive vibration problem.
Despite the extensive scope of the experimental campaign,
the cavitation tunnel setup inevitably involved several
simplifications relative to the actual configuration. In
particular, the absence of the complete hull geometry,
simplified wake representation, and limited reproduction
of the A-bracket and stern flow interaction restricted the
capability of the model tests to fully reproduce the complex
full-scale cavitation dynamics and the associated structural
vibration characteristics (Fig. 1). These limitations further
highlighted the importance of conducting full-scale
cavitation observations and vibration measurements under
actual operating conditions.

Figure 1. Cavitation tunnel simplified test setup.

2.2 Full-Scale Observations

The sea trials of the RoPax were conducted in the Firth of
Clyde in September 2025. The trial campaign included ship
speed and vibration measurements, together with full-scale
propeller cavitation observations under varying CPP pitch
configurations during astern manoeuvring.

The full-scale cavitation observation plan combined
several complementary monitoring approaches proposed
by different parties. The propulsion system manufacturer
planned to deploy a borescope-based observation system to
provide close-range visualisation of the propeller and
cavitation dynamics during the sea trials. In parallel, the
University of Strathclyde team proposed secondary
observation methods, including drone-assisted and
scaffolding-supported approaches, to improve overall
monitoring capability and provide redundancy under
challenging operational conditions.

Prior to the sea trials, a series of preliminary tests and
feasibility assessments were conducted by the UoS team
within the trials area to evaluate the practicality of the
proposed splash drone with a submerged camera-based
monitoring arrangement. These tests demonstrated that
maintaining a stable drone position near the stern during
manoeuvring operations might not be feasible due to harsh
sea conditions, vessel motion, spray, and safety limitations
associated with operating close to the wake region.
Furthermore, the restricted visibility beneath the hull
significantly limited the effectiveness of aerial

observations for capturing detailed cavitation dynamics.
As a result, the drone-based monitoring concept was
abandoned before the full-scale trials commenced.

Consequently, in addition to the manufacturer’s borescope
arrangement, the UoS team designed and implemented a
secondary bespoke observation mechanism based on a
dedicated scaffolding-supported underwater camera
system. The primary objective of this system was to
provide a stable, adjustable, and vibration-resistant
platform capable of capturing high-quality cavitation
observations close to a propeller under severe operating
conditions. This secondary observation arrangement
ultimately became the principal source of usable cavitation
data during the trials.

The scaffolding arrangement was specifically developed to
withstand the severe vibration environment experienced
during astern manoeuvring operations. The system
consisted of an aluminium sliding pole supported by two
guide-bearing arrangements installed at the mezzanine
deck bulwark level and the main deck freeing port level,
respectively (Fig. 2). The arrangement enabled manual
adjustment of the camera pole in both vertical and
rotational directions while maintaining sufficient structural
rigidity throughout the sea trials.

AR /
Scaffolding arrangement.

Figure

Two separate underwater camera systems were employed
as part of the UoS observation setup. The first was a
simple, portable system used primarily for real-time
monitoring and precise orientation adjustments during
deployment. The second was a camera dedicated to
continuous, high-speed, high-resolution video recording of



cavitation phenomena. Both cameras were mounted on a
dedicated end plate together with an underwater lighting
system attached to the lower end of the sliding pole.

The scaffolding installation procedure involved securing
the upper support arrangement at the mezzanine deck
bulwark while simultaneously fixing the lower support
through the freeing port opening on the main deck. The
sliding aluminium pole was then inserted through the guide
bearings and lowered toward the propeller region. Multiple
pin positions and securing holes were incorporated into the
pole design to allow controlled height adjustment,
rotational positioning, and safe retrieval of the camera
platform above the water level during transit operations or
battery replacement procedures.

During the full-scale trials, one of the most significant
operational challenges encountered was the severe
vibration affecting the stern region of the vessel. Under
these conditions, the borescope system experienced
substantial vibration-induced instability, resulting in
blurred imagery and limited usable recordings. In contrast,
the UoS secondary scaffolding-supported observation
system remained operational and successfully captured
clear images and high-speed video recordings of the
cavitation phenomena. The system enabled detailed
observation of cavitation dynamics, including transient
cavitation dynamics and flow structures around the
propeller during astern manoeuvring, thereby providing the
primary visual dataset used for subsequent analysis.

Full-scale cavitation observations were conducted only
during astern manoeuvring, under varying CPP pitch
configurations, and were synchronised later with pressure
pulse and vibration measurements. The observations
revealed highly unsteady and complex cavitation
dynamics, particularly within the intermediate astern pitch
range where severe hull vibrations were experienced.
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Figure 3. Full-scale cavitation observation around -
20% pitch of CPPs.

The cavitation dynamics were dominated primarily by tip
vortex cavitation (TVC), accompanied by intermittent
vortex interactions and large-scale vortex deformation
downstream of the propeller. At relatively mild astern pitch
conditions, approximately around -20% pitch, cavitation
vortices were already visible and exhibited intermittent
breakup behaviour (Fig. 3). However, despite the visually
unstable appearance, the corresponding hull vibration

levels remained limited. In these early stages, the cavitating
vortices appeared relatively thin and spatially confined.

As the propeller pitch was gradually shifted further into the
heavy  vibration regime, particularly  between
approximately -40% and -55% pitch, the cavitation
dynamics changed significantly (Fig. 4 and Fig. 5). The tip
vortex structures became substantially thicker, more
coherent, and highly energetic. The vortex core appeared
to expand radially and develop a twisted, ribbon-like
structure propagating downstream of the propeller. The
cavitating vortex was frequently observed to twist around
itself while maintaining a large cavitating core over several
vortex revolutions.

One of the most remarkable observations was the presence
of chaotic vortex interaction and intermittent vortex
bursting dynamics. Secondary vortices were repeatedly
observed winding around the primary cavitating vortex
core, suggesting the existence of vortex-vortex interaction
mechanisms. These interactions appeared particularly
pronounced after the second or third vortex revolution
downstream of the propeller, especially in the vicinity of
the shaft brackets and stern appendages.

The downstream evolution of cavitation indicated that the
surrounding stern flow field played a major role in the
mechanisms of instability. Close to the propeller, the tip
vortex retained a relatively organised helical structure.
However, further downstream (i.e., towards the ship during
astern manoeuvring), particularly near the bracket region
and within the influence of the hull boundary layer, the
cavitation became increasingly chaotic and exhibited
flashing-type behaviour, accompanied by rapid vortex
deformation and collapse.

Although the cavitation visually appeared highly unstable
throughout a broad range of astern conditions, direct
correlation between instantaneous vortex bursting and
measured vibration pulses could not be conclusively
established. In several operating conditions, strong vortex
breakup events were observed without corresponding
severe hull vibration levels. Conversely, the most severe
vibration conditions were associated with significantly
thicker and more coherent cavitating vortex structures.
This observation suggested that the overall vortex volume,
coherence, and vortex-vortex interaction characteristics
played a more dominant role in the excitation mechanisms
than local vortex breakup events alone.

Another important observation was the apparent hysteresis
between pitch-reduction and pitch-increase conditions.
During pitch recovery from heavy astern operation, the
cavitation vortex thickness decreased rapidly. However,
the cavitation behaviour at identical pitch angles differed
from that observed in the earlier pitch reduction stage due
to the presence of astern vessel speed and altered inflow
conditions. This demonstrated that the cavitation dynamics
were strongly dependent not only on pitch angle itself, but
also on the instantaneous wake field and inflow
characteristics (Fig. 4).
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Figure 4. Full-scale cavitation observation around -
40% pitch of CPPs, (top) lower ship speed and
(bottom) higher ship speed during astern
manoeuvring.

The observations further suggested that the cavitation
mechanism was not solely associated with conventional
isolated tip vortex cavitation. Due to the highly skewed
propeller geometry, interactions between leading-edge
vortex cavitation and tip vortex cavitation also occurred.
Such vortex interactions would generate large coherent
cavitating structures capable of producing substantial
pressure fluctuations and structural excitation.

Comparison with cavitation tunnel observations indicated
that the full-scale cavitation dynamics were considerably
more complex than those observed under controlled
model-scale conditions (Fig. 5). The presence of the real
stern geometry, brackets, hull boundary layer, and full-
scale wake field appeared to fundamentally alter the
downstream vortex interaction mechanisms.
Consequently, although model-scale tests reproduced
several important pressure fluctuation characteristics, full-
scale cavitation exhibited additional chaotic interaction
phenomena that were difficult to replicate in a conventional
cavitation tunnel setup.

Overall, the full-scale observations demonstrated that the
severe vibration problem originated from a coupled
hydrodynamic and hydroelastic phenomenon involving
large-scale tip-vortex cavitation, vortex-vortex interaction,
stern  appendage interaction, broadband pressure
excitation, and potential resonance mechanisms between
hydrodynamic excitation and hull structural response.
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Figure 5. Cavitation observations at -55% pitch under
(top) full-scale and (bottom) model-scale conditions.

2.3 Hull Survey in the Drydock

Following the completion of the sea trials, an inspection
was conducted while the vessel was in dry dock for
maintenance. The purpose of this visit was to investigate
potential physical evidence of cavitation-induced effects
on the hull and appendages and to correlate these
observations with the findings obtained from the full-scale
and cavitation tunnel observations along with analyses.

During the drydock inspection, noticeable coating removal
and localised surface degradation were observed on the
hull plating above the propeller as well as around the shaft
brackets and adjacent stern structures (Fig. 6). In particular,
the regions surrounding the brackets exhibited clear signs
of intense flow interaction and repeated exposure to highly
energetic vortical flow structures. The observed paint
removal patterns were considered consistent with regions
of elevated unsteady flow activity and possible cavitation
exposure in these regions, consistent with the cavitation
structures identified during both the model-and full-scale
experimental and numerical investigations.



Figui‘é 6. Hull survey in drydock.

However, it should be noted that alternative mechanisms
such as erosion, debris impact, and flow-induced wear may
also have contributed to the observed coating degradation.

The drydock observations further supported the hypothesis
that the interaction among the propeller tip vortices, sheet
cavitation structures, and the shaft brackets may play a
significant role in amplifying unsteady flow phenomena
and the associated vibration during astern manoeuvring.
The coating damage patterns suggested that the vortical
flow structures generated near the blade tip region could be
transported downstream and outward towards the bracket
surfaces and the overlying hull plating. These interactions
likely promoted local vortex breakdown, secondary vortex
formation, and repeated collapse events close to the hull
surface, potentially resulting in elevated fluctuating
pressure loads and localised coating deterioration.

The observed damage distribution was broadly similar on
both the port and starboard sides of the vessel, indicating
that the severe flow dynamics was unlikely to be associated
with a localised asymmetry or an isolated structural issue,
but rather was a characteristic feature of the astern
operating condition and the vessel's stern flow
arrangement. The drydock observations, therefore,
provided useful full-scale supporting evidence of the
cavitation patterns identified during the sea trials.

Furthermore, the observed coating removal regions and
bracket interaction zones were used as qualitative reference
locations for comparison with and overlay on the
experimental observations and CFD-based flow
visualisations. This combined assessment provided an
additional baseline for understanding the spatial
distribution and dynamics of the cavitating flow structures
responsible for the severe vibration experienced during
astern operation.

3 VIBRATION REDUCTION/MITIGATION IDEAS

3.1 Air Injection

The two air blowing mitigation strategies, air layer
generation (air cushion) and air injection to the propeller
tip at its top dead centre (tip air injection), were
investigated during SVA’s cavitation tunnel tests in astern
mode to reduce the severe pressure pulses experienced by
the vessel (Fig. 7).
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Figure 7. Cavitation tunnel simplified test setup for
(top) air cushion (layer) generation and (bottom) tip
air injection.

A summary of the tests is provided in Table 1. The results
demonstrated that neither the air-blowing strategy (i.e.,
macro or micro bubbles) nor the air-blowing position
significantly affected the pressure pulses. Nevertheless, the
preliminary investigations provided encouraging technical
observations, particularly considering the model-scale
conditions and the constraints associated with the
experimental setup. Unfortunately, the influence of vertical
distance to the propeller shaft axis could not be assessed,
probably due to accessibility constraints in the model test
setup. Among the parameters investigated, only the volume
of air (flow rate) blown had a significant influence on the
results. Low flow rates led to only marginal reductions in
pressure pulses, whereas higher flow rates tended to
amplify the primary pressure peaks. However, they also
eliminated off-harmonic peaks, which contributed to the
decrease in broadband pressure pulses, a primary objective,
assuming that the heavy vibration source is the complex
dynamics of propeller cavitation. This assumption was
supported by the fact that no dominant frequency could be
attributed to specific onboard equipment in the vibration

consultancy report.

The proposed solution to reduce the ship's vibrations
involved configuring and testing a temporary air blowing
arrangement, which could be implemented during the sea
trials to safely assess its potential. The implementation
would enable us to test the following air-blown strategies:
an air cushion alone, tip air injection alone, and a
combination of both. According to the SVA’s cavitation
tests, both strategies can be effective in reducing pressure



pulses. These findings aligned with the results of the
literature review, which aims to minimise hull pressures
and underwater radiated noise (URN).

Table 1. Summary of air blowing tests.

Air Air Air
. . . Flow rate
Blowing Blowing Blowing (Us)
Strategies Methods Position
. . Macro Behind
Air cushion bubbles rudder 0.25
Tip air Macro Rudder 0.6
injection bubbles headbox '
Tip air Micro Rudder 0.6
injection bubbles headbox '
Tip air Micro Rudder 0.15
injection bubbles bulb )
Tip air Micro Rudder 0.6
injection bubbles bulb '

Table 1 (continued). Summary of air blowing tests.

Number of D()izf‘::fctlfr Pl;)eslsstre Pressure
holes hole (mm) (BPF') pulse (BB?)
16 1 Decreased Decreased
1 3 Increased  Disappeared
21 0.2-0.4 Increased Decreased
21 0.2-0.4 rselfgfelz Not affected
21 0.2-0.4 Increased  Disappeared

The hole diameters for blowing air across the hull plating
were selected based on the SVA test results and the air-
blowing methods described in Table 1. These were then
scaled to full scale using a scale ratio (1) of 1:16.96.

Discussions with the shipyard during this process revealed
that, ideally, the maximum allowable diameter for hull
drilling was 1 inch (25.4 mm). Accordingly, the number of
holes was determined by considering both this constraint
and the full-scale (extrapolated) hole diameters.

Based on the scaling, the calculated diameters were 17 mm
(1x16.96) for the air cushion and 3.4 mm (0.2x16.96) for
the tip air injection. As a result, the selected number of
holes was one for the air cushion system (1x17 mm) and
three for the tip air injection (3x3.4 mm). Both the number
and diameter of holes for the air cushion configuration are
also consistent with those reported by Lee et al. (2014),
who successfully reduced ship hull pressures using this
strategy.

! Blade Passing Frequency (BPF)

Although it would be ideal to increase the number of holes
to be drilled on the hull and hence the air injection tubes
for more air supply, e.g. for the tip air injection, practical
constraints such as limited flow rate supply, tight project
timeframe, and the need to validate the concept at full scale
led to a more conservative blowing configuration.
Therefore, the number of tubes and holes for the tip air
injection was limited to one and three, respectively, despite
being significantly lower than the configurations used in
SVA’s cavitation tests and similar studies in the literature.

Three methods were employed to estimate the optimal flow
rate for the full-scale application, based on the SVA model
test results. The first two were established extrapolation
methods, while the third was compared with similar studies
in the literature as a cross-validation check.

Initially, the method proposed by Lloyd et al. (2024) was
applied, which utilised air blowing to reduce URN. This
approach involves two separate equations for extrapolating
flow rates: one for generating an air cushion (Eq. 1) and
another for air injection into the TVC (Eq. 2).

QSAC

Qi =ac'® (1)
Q Al .
ﬁ = 7\A12 ® (2)

where Qs and Qy are the flow rates at full scale and model
scale, respectively, while the subscripts AC and Al denote
the air cushion and air injection configurations,
respectively.

The second method, based on the work of Hilo et al.
(2025), estimated the injected airflow rate using the non-
dimensional flow coefficient Cq (Eq. 3) to reduce TVC.

Q

Cq=—
97 VA,

(3)
where Cq is assumed to be the same at both full scale and
model scale, V is the free-stream velocity, and A, is the
cross-sectional area of the holes.

The compressor input pressure was estimated using the
hydrostatic pressure at the propeller's depth (p = pgh),
applying a conservative safety factor of 2. Pressure losses
due to pipes, cable glands, and fittings need to be
considered, as the air flow velocity inside the hose between
the compressor and the air injection tube can be highly
dependent on the cross-sectional area.

The full-scale configuration (Fig. 8) for both strategies, as
predicted based on the above approaches, are presented in
Table 2.

2 Broadband (BB)



Table 2. Full-scale air blowing configurations for both

strategies.
Air Inner
blowing Number of diameter of Flow rate’
Methods tubes:holes tubes:holes  (m3/min)
(mm)
Air cushion 1:1 17:17 1.05
Tip air 1:3 17:3.4 42.6
njection

Table 2 (continued). Full-scale air blowing configurations
for both strategies.

bl(?v:'li‘ng Flow rate*  Flow rate pglslstllle:eS
Methods (m3/min) (m3/min) (bar)
Air cushion 1.12 2.4-4.5¢ 1 atm+0.05
Tip air 4.87 5.07 1 atm+0.43
njection

Figure 8. Air blowing configuration at full scale (the
short pipe is for the air cushion, while the long pipe is
for air injection).

The results were presented for both air blowing strategies,
namely the air cushion and tip air injection, and the SVA
test data were extrapolated using the two different
extrapolation approaches described earlier: one based on
Lloyd, T. et al. (2024) and the other based on Hilo, A.K. et
al. (2025). Table 2 also includes valuable practical data
used in full-scale applications for hull vibration mitigation
by Lee, J.H., etal. (2014) and for URN mitigation by Lovik
et al. (1983).

As shown in Table 2, the predicted flow rates for the air
cushion, derived using extrapolation methods, are
comparable to one another but at least twice as low as the
practical values reported in the literature and in full-scale
applications. In contrast, there is a significant discrepancy

3 Lloyd, T. et al. (2024).
4 Hilo, A.K. et al. (2025).

5 Pressure losses were not considered and should be
included once the system configuration is finalized.

between the flow rate results from the two extrapolation
methods for tip air injection. In this case, Hilo et al.’s
(2025) suggestion yielded results that closely matched
those reported in the literature and tested at full scale. In
contrast, the outcome of Lloyd et. al.’s (2024) approach
appeared impractical.

Within the above framework, it is concluded that a
minimum flow rate of 5m3min at the required outlet
pressure (excluding pressure losses) would be necessary to
properly test the proposed air cushion and tip-air injection
strategies at full scale.

As an alternative to direct air injection, the possibility of
introducing an air bag or permanent air-cushion
arrangement above the propeller region was also
investigated conceptually. The proposed arrangement
aimed to create a localised compressible buffer layer
between the cavitating flow structures and the hull surface
in order to reduce the direct transmission of pressure pulses
to the hull plating. This concept was considered
particularly relevant due to the observed cavitation
interaction between the propeller tip vortices and the
overlying hull structure.

Nevertheless, despite the encouraging technical
observations  obtained  during the preliminary
investigations, neither the air injection arrangement nor the
air bag concept was ultimately selected for implementation
on board the vessel. Several practical considerations
influenced this decision, including the complexity of the
installation, operational and maintenance requirements,
long-term reliability concerns, and uncertainties about the
systems' effectiveness under varying operational
conditions.

Consequently, the ship owner determined that the primary
focus of the mitigation strategy should instead be on
improving the propeller design itself, together with
reinforcing the structural arrangement of the stern. As a
result, subsequent investigations concentrated mainly on
developing modified CPP blade geometries, a practical
blade leading-edge optimisation, and on implementing
structural reinforcement solutions intended to reduce the
transmission and amplification of cavitation-induced
vibration, as described in the following sections.

3.2 Blade Redesign

A new CPP blade design was developed by the propeller
developer, in consultation with the university team, based
on modifications to the blade pitch distribution and outline
geometry, aimed at mitigating severe cavitation and
vibration observed during astern manoeuvring. While the
detailed design methodology and geometric modifications
are beyond the scope of the present paper, additional

¢ Lee, J.H., et all. (2014).
" Lovik, A. and Holden, K. (1983).



cavitation tunnel investigations were conducted to evaluate
the effectiveness of the new blade design under
representative operating conditions.

The cavitation tunnel campaign was carried out at the SVA
using the same diameter propeller model (SVA 2026).
Comparative tests were performed for both the original
propeller geometry and the newly developed propeller
under identical operating conditions in ahead and astern
modes. The test programme included cavitation
observations, pressure pulse measurements, and thrust
fluctuation measurements at varying CPP pitch settings
corresponding to the operational conditions identified
during the full-scale vibration investigations.

In addition to evaluating the influence of the new propeller
design, the extended test campaign also investigated the
influence of the shaft brackets and the aft ship geometry on
the cavitation dynamics and pressure fluctuations (Fig. 9).
Earlier cavitation tunnel investigations had been conducted
using a simplified arrangement including the rudder system
but excluding the shaft brackets and aft ship dummy
arrangement. Therefore, an additional series of tests was
specifically introduced in the present campaign to quantify
the impact of the brackets and the restricted stern flow
environment on the measured cavitation dynamics and
pressure excitations.

To ensure a systematic comparison, the astern cavitation
investigations were conducted in two configurations. The
first configuration used a rudder-only arrangement,
without shaft brackets and the aft-ship dummy, primarily
to maintain direct comparability with previous cavitation
investigations of the existing propeller design. The second
configuration incorporated the shaft brackets and the aft-
ship dummy arrangement to more realistically reproduce
the full-scale stern flow environment and the interaction
between the propeller slipstream and the surrounding
appendages.
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Figure 9. Cavitation tunnel simplified test setup,
including A-brackets and dummy hull.

The comparative observations demonstrated that the shaft
brackets significantly influenced the cavitation dynamics
during astern operation. Under fully appended conditions,
the interaction between the propeller tip vortex structures
and the shaft brackets generated additional secondary
vortical structures. In particular, at the -55% astern pitch
condition, thick sheet cavitation extending from
approximately 0.7R to the blade tip transitioned into

coherent tip vortex cavitation, while secondary vortices
generated by bracket interaction were clearly observed. In
contrast, the rudder-only configuration exhibited a similar
overall cavitation pattern but with noticeably weaker
secondary vortex structures.

At the more severe -80% astern pitch condition, aggressive
sheet cavitation and strong tip vortex cavitation developed
for both propeller configurations. However, the inclusion
of the shaft brackets intensified the secondary vortex
interactions. The comparative tests therefore confirmed
that the shaft brackets and aft ship structures contributed
significantly to the complexity of the cavitation dynamics
and pressure excitation mechanisms experienced during
astern manoeuvring.

The comparative measurements further demonstrated that
the newly developed propeller geometry provided an
improved cavitation pattern relative to the original design.
The new propeller exhibited reduced harmonic and off-
harmonic pressure amplitudes together with more
controlled cavitation development and more stable thrust
characteristics, particularly at the moderate astern loading
condition corresponding to -55% pitch and 4 kn astern
speed. Overall, the tunnel investigations indicated that the
modified blade geometry reduced the severity of
cavitation-induced excitation and improved the stability of
the resulting flow structures under astern operating
conditions.

3.3 Blade Leading-Edge Modification

Following the cavitation tunnel tests and the full-scale
cavitation observations during the sea trials, additional
CFD-based investigations were conducted to better
understand the cavitation dynamics and to evaluate
potential mitigation strategies through local blade
geometry modifications. The numerical investigations
primarily focused on severe leading-edge cavitation and
coherent tip vortex structures observed during astern
manoeuvring conditions, particularly in the moderate CPP
pitch configuration.

The numerical studies initially focused on local
recontouring of the blade's leading-edge geometry in the
outer radial regions, where the most severe cavitation
structures and vortex development had been observed
experimentally. The modifications were applied primarily
between approximately 0.6R and 0.95R, targeting the
blade sections most exposed to large variations in
incidence angle and reversed inflow effects during astern
operation.

The first-stage blade modification strategy involved
systematic recontouring of the leading-edge sections
through adjustments to several geometric parameters,
including:

e leading-edge radius multiplier,
chordwise leading-edge position,
leading-edge offset relative to the mean camber line,
and

e pressure-side fairing length.



The CFD calculations were carried out using the STAR-
CCM+. The incompressible Reynolds-averaged Navier-
Stokes (RANS) model was utilised in the numerical
analyses with the SST (Shear Stress Transport) k-
turbulence model based on the Boussinesq hypothesis
(Tennekes and Lumley 1972). A segregated algorithm was
used in conjunction with the finite-volume method (Blazek
2001) to solve the momentum and turbulent transport
equations. The pressure-correction-based SIMPLE
technique (Patankar and Spalding 1972) was used to couple
the pressure and velocity fields. The spatial discretisation
of the convective terms of the Navier-Stokes and turbulent
transport equations was acquired with a second-order-
upwind scheme (Davidson 2005), whilst a bounded central
differencing scheme was used for the viscous terms. The
divergence of the mixture velocity is zero for the
incompressible flow. However, in the cavitating flow,
cavity evaporation and condensation cause a volume
dilation, and the divergence of the mixture velocity does
not vanish. Therefore, the general form of the conservation
equations, valid for incompressible and compressible
flows, is expressed in Cartesian tensor notation as follows.
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p is the liquid density, u averaged velocity, p averaged
static pressure, u fluctuating velocity and J; is the
Kronecker delta. pugu]f denotes the Reynolds stress term
produced by turbulent fluctuations, and the overbar
represents a short-hand average. The Boussinesq
hypothesis relates the pu;u; to the mean velocity gradient.

The mixture model theory is used to model multiphase
flows, in which the phases move at different velocities but
assume local equilibrium over short length scales. The
mixture model solves the mixture momentum equation and
prescribes relative velocities to describe the dispersed
phases. The mixture model assumes that both phases (i.e.,
liquid and vapour) are homogeneous. The multiphase mass
transfer (evaporation and condensation) is governed by the
vapour transport equation as given below.

P -
—(e,p,)+V-(@p,vn) =R~ R, (6)
The mass transfer source terms R. and R. are connected to
the growth and collapse of the vapour bubbles,
respectively. The volume fraction of vapour was solved by
Schnerr and Sauer's model (Schnerr and Sauer 2001),
implementing a simplified Rayleigh-Plesset equation,
which ignores the impact of bubble growth acceleration,
viscous effects, and the surface tension force.

The verification and validation studies were conducted for
the measurements from the sea trials and the cavitation

observations, using a high-fidelity Sliding Mesh (SM)
technique to facilitate a more detailed flow investigation in
full-scale numerical analyses (Celik et al., 2008). The Grid
Convergence Index (GCI) analyses were performed by
tuning the mesh resolution on both the propeller and the A-
brackets, as well as in their near field. A systematic series
of grid densities, refined by a constant ratio of 2"/ 3, was
used to quantify numerical uncertainty through validation
and verification analyses. The total numbers of cells for the
various grid densities were 2.6M, 3.3M, and 4.3M for the
coarse, medium, and fine meshes, respectively.

The results of the GCI analyses, including thrust (T) and
torque (Q), for the condition of (J = 0.5) at -55% pitch,
representing the astern manoeuvring condition under open-
water configuration, are presented in Table 3.

Table 3. Analysis of the Grid Convergence Index (GCI)
performed at -55% pitch (J = 0.5).

GCI 2-1
T(N) 0.08%
Q (N-m) 0.44%

The mesh generation was conducted using the STAR-
CCM+, employing a trimmer-type technique to generate a
hexahedral-type grid. The first grid size near the wall is set
to ensure an average y' value of <I. Local mesh
refinements were also employed at specific locations to
resolve the high-gradient flow and interaction.

Once the verification of the applied numerical methods was
confirmed, quantitative and qualitative comparisons were
carried out to validate the approach prior to conducting
further numerical analyses. A dynamic adaptive mesh-
refinement approach (Kdksal 2024a; Koksal 2024b) was
further implemented to model the tip-vortex cavitation
dynamics. Comparisons of the propeller open-water
coefficients at 92% and -55% pitch, representing the astern
manoeuvring and ahead design operating conditions,
respectively, are presented in Fig. 10.
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Figure 10. Comparisons of the propeller open-water
coefficients at (left) 92% and (right) -55% pitch.
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In addition, Fig. 11 presents a comparison overlaying the
cavitation patterns predicted by CFD and the cavitation
observations obtained from the model-scale experiments at
-55% pitch under open-water conditions.

Figure 11. Overlay of the cavitation patterns predicted
by CFD and the cavitation observations obtained at -
55% pitch under open-water condition.

Based on these comparisons, the numerical verification
and wvalidation of the applied methodologies were
demonstrated.

The baseline recontouring iteration utilised relatively
modest geometric modifications intended to improve
pressure recovery near the blade leading edge while
preserving propeller performance under ahead operating
conditions (Fig. 12).

Figure 12. Outline of the baseline and recontoured
blades.

Comparative CFD simulations of the baseline blade and the
recontoured geometry demonstrated that the modified
blade sections improved the pressure distribution along the
chord lengths at the blade sections, while the propeller
open-water characteristics and overall performance
remained effectively unchanged (Fig. 13)
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Figure 13. Comparison of the POC and Cr
distributions along the chord lines for baseline and
recontoured blades.

Although leading-edge cavitation was not eliminated
during the first-stage modifications, the simulations
confirmed that the cavitation dynamics became less severe
while maintaining the propeller's original hydrodynamic
efficiency (Fig. 14).
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Figure 14. (top) Comparison of the cavitation extent,
and (bottom) vorticity distributions: (left) the baseline
propeller; and (right) the recontoured propeller.

Following the encouraging results of the initial
recontouring study, a more extensive parametric
refinement process was initiated. A broader design matrix
was generated by systematically varying the principal
recontouring parameters across radial blade sections. The
refinement process included larger leading-edge radius
multipliers, modified leading-edge positions, variations in
pressure-side fairing lengths, and local offsets relative to
the mean camber line.

The further iterated blade geometries demonstrated
additional reductions in cavitation extent along with
improvements in the associated vorticity structures and
pressure excitation behaviour, with reductions reaching
double-digit percentages (Fig. 15, Table 4).



Importantly, these improvements were achieved without
any significant deterioration in propeller performance,
confirming that the proposed modifications could provide
cavitation mitigation benefits while retaining the
operational efficiency.

*3

Figure 15. Positions of receivers.

Table 4. Pressure amplitudes (rec. 1) at blade passing
frequency (BPF) harmonics for the baseline (Psp) and
recontoured (Prp) propellers.

Psp Prp Diff. (%)
BPF, 2.015 1.818 9.78
BPF, 0.139 0.045 67.6
BPF; 0.232 0.150 353

Table 4 (continued). Pressure amplitudes (rec. 2) at
blade passing frequency (BPF) harmonics for the
baseline and recontoured propellers.

Psp Pro Diff. (%)
BPF, 2.041 1.839 9.90
BPF, 0.131 0.255 94.7
BPF; 0.226 0.115 49.1

Table 4 (continued). Pressure amplitudes (rec. 3) at
blade passing frequency (BRF) harmonics for the
baseline and recontoured propellers.

Psp Prp Diff. (%)
BPF, 1.616 1.498 7.30
BPF, 0.167 0.327 95.8
BPF; 0.218 0.257 17.9

The numerical investigations further confirmed that the
severe cavitation dynamics observed during astern
manoeuvring were strongly governed not only by the local
blade geometry but also by the highly complex reversed
stern flow environment, including the interaction between
the propeller slipstream, shaft brackets, and the
surrounding aft ship geometry. The CFD investigations
presented in this study, therefore, provided an important
numerical baseline for understanding the sensitivity of
cavitation structures to local blade geometry modifications
and contributed to the ongoing development of mitigation
strategies to reduce cavitation-induced vibration during
astern operation. The findings of the study have now been
fully documented and will serve as the basis for the final
engineering decision on whether to manufacture
completely new propeller blades or apply the proposed
leading-edge modifications to the existing blades.

4 CONCLUSIONS

The present study investigated the severe cavitation-
induced vibration problem experienced during astern
manoeuvring of the RoPax ferry through cavitation tunnel
tests, full-scale sea trials, drydock inspections, and CFD-
based numerical analyses. The findings of the study led to
the following conclusions:

e A dedicated scaffolding-supported underwater
observation system developed by the UoS team
successfully enabled full-scale cavitation observations
under severe vibration conditions and captured the
complex cavitation dynamics during astern
manoeuvring.

e  The severe vibration problem was primarily associated
with large coherent tip vortex cavitation structures
interacting with leading-edge cavitation, A-brackets,
and the surrounding stern flow field.

e  The full-scale cavitation dynamics were considerably
more complex than those observed in the cavitation
tunnel tests due to the influence of the actual stern
geometry, shaft brackets, hull boundary layer, and
full-scale wake interaction. The drydock inspections
further supported these findings by revealing coating
removal and surface degradation around the shaft
brackets and the hull plating above the propeller
region.

e  The cavitation tunnel investigations demonstrated that
shaft brackets and aft ship structures significantly
influenced the cavitation dynamics by promoting
secondary vortex formation and increasing the
complexity of the downstream flow interaction. The
air injection and air-cushion mitigation concepts
demonstrated potential to reduce broadband pressure
fluctuations; however, practical implementation
limitations limited their suitability as permanent
onboard solutions.

e The CFD-based blade leading-edge modification
studies confirmed that local geometric recontouring
could reduce cavitation extent and improve vortex
structures while preserving the hydrodynamic
performance characteristics of the propeller.



Overall, the severe astern vibration problem was found to
originate from a coupled hydrodynamic and hydroelastic
phenomenon involving coherent tip-vortex cavitation,
leading edge cavitation interaction, stern appendage
effects, broadband pressure excitation, and potential
resonance mechanisms. The findings provide valuable,
full-scale insight into cavitation-induced vibration
mechanisms in CPP-operated vessels under off-design
manoeuvring conditions and contribute to the ongoing
development of mitigation strategies for similar ship
propulsion systems.
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