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ABSTRACT

A physical model testing program was conducted in a
cavitation tunnel to investigate the hydrodynamic
performance and cavitation behaviour of a generic ducted
propulsor, with and without the duct. Propeller-only tests
were conducted for comparison, particularly to understand
interactions between the propeller blade tips and the duct.
A wide range of propeller loading and cavitation conditions
was covered for both configurations to capture conditions
representative of real-world operating scenarios and to
generate baselining data for high-fidelity numerical model
validation.

The experimental program emphasized improved
visualization techniques, including synchronized video
imaging to obtain clearer records of cavitation dynamics
within the confined duct region, such as tip-vortex
structures interacting with the duct interior, sheet
cavitation on the blades, and possible transitional cloud
cavitation. These flow features were documented alongside
thrust and torque measurements, enabling a direct link
between hydrodynamic performance and the observed type
and extent of cavitation. Regardless of the presence of the
duct, the propulsor's performance depended strongly on the
cavitation number: specific regimes exhibited stable
operation, while others showed unsteady cavitation
patterns that altered thrust efficiency and led to load
fluctuations. The recorded video sequences are intended to
serve as training material for machine-learning approaches
to cavitation image processing and as reference data for
studies on cavitation and cavitation-induced underwater
radiated noise (URN).

This paper summarizes the experimental investigation of
ducted  propulsor  performance and  cavitation
characteristics conducted in the cavitation tunnel. The
findings highlight the role of blade-tip and duct-interior
interactions in shaping hydrodynamic efficiency and

cavitation characteristics, providing baseline and
validation data for numerical models and advancing
propulsor research.
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1 INTRODUCTION

1.1 Background and Motivation

Propeller cavitation remains a critical challenge in marine
propulsion because of its direct impact on hydrodynamic
performance, underwater radiated noise (URN), vibration,
and material durability. While cavitation tunnel testing has
long been used to observe cavitation patterns and measure
thrust and torque under controlled conditions, cavitation
characterization in  many studies remains largely
qualitative and subject to individual interpretation. Visual
observations are often recorded as sketches, photographs,
or selected video frames, and the connection between these
observations and time-dependent changes in propeller
performance or URN is not always explicit. In many cases,
this limitation leads to inaccurate interpretations of
cavitation characterization and, subsequently, to a critical
link being missing between hydrodynamic and URN
performance, possibly affecting design guidance or model
validation efforts.

Due to recent regulatory requirements and increasing
industry demand for quieter, more efficient vessels, there
is a growing need for reliable methods to assess cavitation-
induced performance losses and URN generation at the
early design stage. URN, in particular, is now a key
consideration for naval, research, and commercial vessels
operating in environmentally sensitive waters. This has
driven renewed interest in developing experimental and
analytical tools that can directly associate cavitation




characteristics, such as inception, location, type, and
spatial extent, with measurable changes in hydrodynamic
and URN performance.

In this context, an initiative within the Ocean, Coastal and
River Engineering (OCRE) research centre of the National
Research Council Canada (the NRC-OCRE) was taken
with the aim of developing a practical tool that facilitates
the efficient identification and characterization of
cavitation on marine propulsors, rudder and hull
appendages, including their interactions and combined
effects on hydrodynamic performance and URN. The
motivation was to improve cavitation visualizations and to
move beyond traditional qualitative assessment toward a
more systematic, data-driven analysis that integrates
synchronized measurements, video imagery, and
automated analysis.

A key enabler for this work is the availability of a dedicated
cavitation tunnel facility, which provides a controlled and
repeatable environment for acquiring high-quality
hydrodynamic, visual, and, ultimately, URN data.
Leveraging this facility enables the development and
testing of new data and video processing tools under well-
defined operating conditions, while maintaining close
control over flow quality and pressure. By embedding such
a tool development within routine cavitation tunnel testing,
the initiative supports more efficient test planning,
improved consistency in cavitation documentation, and
better traceability between operating conditions, observed
cavitation behaviour, and measured performance changes.

The development of an integrated data- and image-driven
analysis tool can also support ongoing and future
computational fluid dynamics (CFD) activities. Quantified,
time-dependent cavitation characteristics derived from
experiments can be used to validate CFD predictions of
cavitation onset, extent, and dynamics, and to assess the
influence of cavitation on hydrodynamic performance and
URN emissions. Also, complementary experimental-
numerical assessments can reduce the number of iterations
between testing and simulation, enabling more targeted test
campaigns and greater confidence in the use of CFD in
design optimization studies.

Overall, the motivation for this work is to establish a
practical, extensible data and image analysis capability that
bridges traditional cavitation tunnel testing and modern
data-driven methods. By developing and demonstrating
tools that systematically associate cavitation characteristics
with hydrodynamic and, ultimately, URN performance,
this ongoing research seeks to support more efficient
propulsor development, more reliable CFD validation, and
improved understanding of cavitation-performance-URN
interactions relevant to contemporary marine propulsion
challenges. The following section reviews existing
literature on cavitation characterization, measurement of
ducted propulsor performance under cavitating conditions,
and URN, thereby establishing the technical context and
identifying the specific gaps this work seeks to address.

1.2 Literature Review

Ducted propulsors are widely used in marine propulsion
where high thrust at low speed and controlled inflow are
required, yet their hydrodynamic and acoustic behaviour
remains more difficult to predict than that of open
propellers. The literature consistently shows that this
difficulty is not primarily associated with global
performance metrics such as thrust and torque, but rather
with localized flow physics near the blade tip and duct
inner wall. Tip-gap leakage flow and the vortical structures
it generates dominate cavitation inception, cavitation
unsteadiness, and underwater radiated noise (URN), and
therefore represent the principal remaining uncertainty in
both CFD prediction and experimental interpretation
(Oosterveld, 1970; Kerwin et al., 1987; Zhang et al., 2022).

Early work on wake-adapted ducted propulsors established
that the duct must be treated as an integral lifting
component rather than as an add-on, and that its interaction
with the propeller fundamentally alters the pressure field
and cavitation behaviour compared with open propellers.
Oosterveld (1970) showed that accelerating and
decelerating ducts significantly affect thrust distribution,
efficiency, and cavitation margins across operating
conditions, highlighting the importance of propeller-duct
coupling. Analytical and panel-method approaches
developed later, such as those by Kerwin et al. (1987),
provided early insights into  ducted-propulsor
hydrodynamics and explicitly identified the modelling
challenges associated with confined tip regions and strong
interaction effects.

As viscous CFD matured, RANS-based methods became
the standard tool for analyzing ducted propulsors because
they can more realistically resolve duct boundary layers,
separation, and propeller-duct interaction. Hoekstra (2006)
demonstrated that RANS-based open-water analysis
improves prediction of duct forces and overall performance
relative to inviscid methods. Subsequent blade-resolved
RANS studies, combined with experiments, such as those
by Gaggero et al. (2013, 2017) and Villa and Gaggero
(2020), confirmed that modern CFD can accurately
reproduce thrust and torque trends for ducted propulsors.
However, these same studies show that agreement in global
hydrodynamic coefficients does not guarantee correct
prediction of local flow structures or cavitation behaviour,
particularly in the tip-gap region.

Recent experimental work has clarified that cavitation in
ducted propulsors is often governed by tip-gap leakage
flow rather than by classical blade-sheet cavitation. High-
speed cavitation-tunnel visualizations and detailed flow
measurements show that cavitation inception often occurs
within the tip-leakage vortex or in secondary vortices
generated in the clearance. Saraswat et al. (2024) directly
visualized multiple cavitation modes in the tip region of a
ducted marine propeller, including intermittent vortex
cavitation and travelling bubbles convected along the
duct's inner wall. These observations align with broader
tip-clearance flow studies, which show that small changes
in gap size strongly influence leakage strength, vortex



stability, and breakdown behaviour, leading to non-
monotonic effects on cavitation inception and unsteadiness
(Lu et al., 2019; Zhang et al., 2022).

From a CFD perspective, the literature consistently
identifies the tip-gap region as the most difficult part of the
flow to model. RANS and URANS simulations are highly
sensitive to mesh resolution, turbulence modelling, and
near-wall treatment in the clearance region, and small
differences in predicted vortex strength or minimum
pressure can lead to large changes in cavitation inception
and intermittency (Zhang et al., 2022; Saraswat et al.,
2024). Scale-resolving approaches can improve the
representation of vortex dynamics but remain
computationally expensive and challenging to validate in
the presence of weak or intermittent cavitation. As a result,
cavitation tunnel testing remains essential for establishing
whether simulated cavitation mechanisms are physically
realistic, especially in the tip-gap region.

These uncertainties carry directly into URN prediction. For
ducted propulsors, a significant portion of the radiated
noise is associated with unsteady changes in the cavitation
volume and vortex cavitation due to the tip leakage.
Validated URN studies on marine propellers consistently
show that broadband noise levels and spectral shape are
strongly influenced by tip vortex and tip-leakage
cavitation, and that these contributions are often under-
predicted when cavitation is weak or intermittent (Sezen &
Atlar, 2022; Sezen et al., 2023). Although not all URN
studies explicitly address ducted propulsors, recent work
on tip-clearance vortex cavitation demonstrates that vortex
dynamics and collapse are efficient broadband acoustic
sources, directly relevant to ducted configurations where
clearance flow is unavoidable (Liu & Xu, 2025).

The experimental literature also highlights that meaningful
URN validation requires careful consideration of the test
environment. The International Towing Tank Conference
(ITTC) recommended procedures for model-scale
cavitation  noise = measurements emphasize  that
hydrodynamic performance and cavitation behaviour must
be validated before interpreting acoustic data (ITTC,
2024a). Recent studies on cavitation tunnel acoustic
characterisation further show that tunnel response and
background noise can strongly influence measured spectra,
making it essential to understand facility-specific acoustic
behaviour when comparing CFD-based predictions with
experiments (Bocanegra et al., 2024). At the regulatory
level, IMO guidance on underwater radiated noise
reinforces cavitation as a dominant noise source and frames
URN as a design-relevant performance metric (IMO,
2023).

Taken together, the literature supports a clear validation
strategy for ducted propulsors. The dominant uncertainty
lies in predicting tip-gap leakage flow and the associated
cavitation structures. A robust workflow, therefore, begins
with cavitation tunnel experiments that combine open-
water hydrodynamic measurements with high-quality
cavitation visualization focused on the blade tip and the

duct's inner wall. CFD models are validated against thrust,
torque, and observed cavitation type and extent, with
particular emphasis on reproducing tip-leakage vortex
behaviour. Only once this level of agreement is achieved
does it become meaningful to extend the analysis to URN,
using hydrophone measurements and established acoustic
modelling approaches. In this context, cavitation
visualization and validated hydrodynamic performance
prediction tools form the essential foundation for credible
prediction of underwater radiated noise from ducted
propulsors.

1.3 Objectives and Scope

The primary objective of this work is to generate a high-
quality, openly publishable experimental dataset for a
generic ducted propulsor, tested both with and without the
duct, in a small, well-controlled cavitation tunnel. The
experiments provide thrust and torque measurements over
a wide range of loading and cavitation numbers
representative of practical operating conditions, enabling
direct comparisons between ducted and open
configurations and isolating the effects of blade tip-duct
interaction.

A second objective is to document the inception,
development, and unsteadiness of cavitation, with
particular emphasis on the blade tip and the duct interior.
Synchronized high-speed video imaging captures tip-
leakage vortex cavitation, blade-sheet cavitation, and
transitional cloud cavitation, thereby directly linking
cavitation behaviour to measured hydrodynamic
performance and load fluctuations.

The scope of the paper includes documentation of the
experimental setup, test conditions, data processing, and
uncertainty analysis, with the explicit aim of providing
validation-grade data for CFD modelling of the
hydrodynamics and cavitation of ducted propulsors. The
recorded cavitation videos are also intended as reference
and training data for data-driven and machine-learning
approaches to cavitation analysis, as well as for future
studies of cavitation-induced underwater radiated noise.

The novelty of this work lies in combining controlled
physical-model  testing,  synchronized  cavitation
visualization, and open-data publication, all focused on the
hydrodynamics of ducted propulsors. By testing the same
propeller with and without the duct and by publishing both
quantitative performance data with uncertainty estimates
and cavitation imagery, this paper provides a benchmark
experimental dataset that directly addresses a key gap in
the literature and supports rigorous numerical and data-
driven validation.

The present work is part of a broader, coordinated research
effort on ducted-propeller hydrodynamics, cavitation, and
underwater radiated noise. The overall research
programme is structured around three complementary
topics. This paper focuses on experimental measurements
and observations from ducted propulsor testing in a small
cavitation tunnel, with emphasis on hydrodynamic
performance, cavitation inception, and cavitation



behaviour in the blade tip-duct clearance region. The
second paper (Chizfahm et al., 2026) addresses CFD
modelling of ducted-propeller hydrodynamics and
cavitation, including model setup, sensitivity studies, and
validation against experimental data. The third paper
(Brinson et al., 2026) presents a dedicated cavitation
visualization and analysis framework developed to support
both model testing and CFD validation, enabling
systematic identification, classification, and comparison of
cavitation features. A near-future plan is to include URN
measurements in similar operating conditions for the
ducted propulsor model to provide a consistent
experimental-numerical-empirical foundation for
improved understanding and prediction of ducted
propulsor performance and URN, with particular emphasis
on tip-gap leakage cavitation and the resulting URN.

2. PHYSICAL MODELLING AND METHODS

2.1 Ducted Propulsor Geometry and Modelling

A physical model of a generic ducted propulsor was
designed and manufactured for cavitation tunnel testing,
based on a full-scale Kaplan-type marine propeller with a
19A duct supplied by Robert Allan Ltd. (RAL). The full-
scale propulsion unit consists of a four-bladed propeller
with an expanded area ratio (EAR) of 0.70, a pitch of 2657
mm (pitch-to-diameter ratio of 1.022), and a propeller
diameter of 2600 mm. The geometry was uniformly scaled
by a factor of 11.0638 to produce a model-scale propeller
with a diameter of 235 mm, suitable for installation in the
NRC Cavitation Tunnel facility in St. John’s, NL.

Geometric scaling was applied directly to the full three-
dimensional CAD model of the propeller and duct to
preserve the blade planform, camber, thickness
distribution, and blade tip-duct clearance characteristics.
The resulting model-scale duct has an outer diameter of
285 mm and corresponds to a standard 19A duct profile.
Figure 1 illustrates the full-scale and model-scale CAD
representations of the ducted propulsor unit.

Both the propeller and the duct were manufactured using
high-precision CNC machining to ensure accurate
reproduction of the blade geometry and a narrow clearance
between the blade tips and the duct's inner surface. The
propeller was fabricated from bronze, while the duct was
manufactured from transparent acrylic to enable direct
optical access to the confined flow region. All wetted
surfaces were carefully polished to minimize the effects of
surface roughness on cavitation inception. One propeller
blade was marked with radial reference lines on both the
pressure and suction sides to support qualitative and
quantitative assessment of the extent and dynamics of
cavitation. The transparency of the duct and the controlled
blade marking enabled clear visualization of cavitation
structures at the blade tip and in the duct interior gap
region, as illustrated in Figure 2 and Figure 3. Table 1
summarizes the principal geometric characteristics of the
full-scale and model-scale propeller and duct used in the
experiments.

RAL Ducted propulsor - RAL Ducted pr'opulsor N
Eull-scale CAD Model Model-scale (1:11.0638)
CAD Model
Figure 1: The ducted Kaplan propeller CAD model and the
target full-scale system.

Figure 2: The blade marking and the narrow gap between
the blade tip and the duct interior.



Figure 3: Th
(left, downstream) and right (upstream).

Table 1: Principal geometric particulars of the ducted

propulsor.
Parameter Full scale Model scale
Propeller type Kaplan-type  Kaplan-type
Number of blades 4 4
Expanded area ratio (EAR) 0.70 0.70
Propeller diameter, D 2600 mm 235 mm
Pitch at reference radius 2657 mm 240.2 mm
Pitch-to-diameter ratio (P/D) 1.022 1.022
Duct type 19A 19A
Duct outer diameter 3153.2 mm 285 mm
Scale ratio 1:11.0638
Propeller material TBD Bronze
Duct material TBD Acrylic

In addition to the propeller-duct assembly, dedicated
support and mounting structures were designed and
fabricated to enable open-water-style testing of the ducted
propulsor in the cavitation tunnel. These components
include a hydrofoil-shaped duct mounting frame, propeller
forward and aft fairings, and a weighted hub, all designed
in accordance with ITTC recommended procedures to
ensure hydrodynamic relevance and minimize flow
disturbance. The propeller was mounted without a front
fairing cone; instead, a nut-washer configuration was used
to replicate the full-scale arrangement.

During initial testing, the duct was supported solely by a
hydrofoil-shaped structure attached at the top. At tunnel
flow speeds approaching 3 m/s, this configuration proved
insufficient, and the duct exhibited vibration consistent
with vortex-induced vibration-type behaviour. To mitigate
this issue and ensure stable operation, an additional
hydrofoil-shaped support was added at the base of the duct
for selected high-flow tests. This modification significantly
improved structural stability, eliminated unwanted motion,
and ensured reliable measurements of force and cavitation.
All ducted propulsor tests reported in this paper were
repeated with the dual-support configuration in place, as
shown in Figure 4.

Figure 4: The ducted propulsor with both t'd'p and bottom
support structures (both hydrofoil shapes).

Flow visualization and cavitation observation were
performed using a dual-camera system comprising one
high-definition global-shutter camera and one rolling-
shutter camera, supplemented by occasional handheld
high-speed video recordings. The global-shutter camera
was positioned upstream of the propeller and used in
multiple viewing configurations, including orthogonal and
slightly offset angles, with a particular focus on the blade
suction side and the blade tip-duct clearance region.
Global-shutter recordings were post-processed to remove
frames captured during shutter closure.

The downstream rolling-shutter camera provided
complementary views of the propeller wake and cavitation
structures exiting the duct. While the visualization system
did not provide fully synchronized, real-time monitoring
during testing, it produced clear, repeatable records of
cavitation inception, development, and unsteadiness.
These recordings form the basis for the cavitation
observations reported in this paper and are intended for
subsequent CFD validation and data-driven cavitation
analysis.

2.2 Cavitation Tunnel and Instrumentation

All experiments were conducted in the National Research
Council (NRC) cavitation tunnel facility in St. John’s, NL.
The tunnel configuration and operating principles are
described in detail by Doucet (1992) and related facility
documentation (Savage, 2018; ITTC, 2005; Butt, 2008).
The facility consists of a closed-loop water circuit with a
rectangular test section measuring 2.2 m in length and 0.5
m x 0.5 m in cross-section, with rounded corners of 60 mm
radius. Large Plexiglas windows provide optical access
from multiple viewing directions. A schematic of the
cavitation tunnel facility is shown in Figure 5.

The tunnel allows independent control of flow speed, shaft
rotational speed, and static pressure. The achievable water
speed ranges from approximately 2 m/s to 10 m/s, while
the shaft rotational speed can be varied from 0 to 30 rps.
The absolute pressure in the test section can be adjusted
between approximately 10 kPa and 100 kPa. Tunnel
operation, including control of flow conditions, pressure



regulation, and water quality, is managed through the
Foxboro control system.
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Figure 5: The Overall Layout (3D rendered image) of the
NRC Cavitation Tunnel facility.

Hydrodynamic forces were measured using a sealed strain-
gauge dynamometer (Kempf & Remmers) installed
between the propeller and the first shaft bearing, with
capacities of 900 N (thrust/drag) and £45 Nm (torque).
Only propeller thrust and torque were measured; duct
thrust was not directly measured due to facility limitations.
Tunnel pressure and flow were monitored using calibrated
pressure transducers, and shaft speed was measured with a
digital tachometer. An oxygen sensor was used to monitor
dissolved gas content for consistent cavitation scaling.
Further details on tunnel operation, instrumentation, and
procedures are available in Doucet (1992), Butt (2008),
Miles (1992), Butt and Hill (2012), and Sullivan (2015),
and are not repeated here.

While the cavitation tunnel provides a controlled
environment for propulsor testing, several facility
constraints were taken into account. The test section size
limits the allowable model dimensions to avoid blockage
and flow distortion; a maximum characteristic dimension
of ~250 mm (a ~20% blockage ratio) is recommended. The
19A duct used here has an outer diameter of 285 mm,
approaching this limit, and was therefore accounted for in
test planning and interpretation.

The practical upper limit for steady operation is
approximately 9 m/s. Although pressures as low as 2 psi
are achievable, stable operation at very low pressures is
limited. These constraints were incorporated into the test
matrix and data interpretation. In particular, extreme
cavitation conditions were selected within stable operating
limits, and the results were assessed with potential
blockage and flow-quality effects in mind.

2.3 Cavitation Tunnel Testing

The test plan was designed to generate a comprehensive
dataset for performance assessment, cavitation
characterization, and subsequent CFD validation. During
testing, the primary measured quantities were tunnel flow
speed, propeller thrust and torque, shaft rotational speed,
and water temperature and pressure.

A structured test matrix was developed to account for both
the propulsion system's intended operating conditions and
the cavitation tunnel's practical operating limits. In total,
approximately 60 test conditions were planned, including
repeat runs to assess data repeatability and measurement
reliability.

The overall test matrix was organized into three groups.
The first group consisted of operational-condition tests
representative of selected model-scale operating points.
The second group focused on Reynolds number effects on
propeller hydrodynamics, achieved by varying shaft
rotational speed at fixed or slowly varying tunnel speeds;
these cases are summarized in Table 2. The third group
focused on cavitation characterization over a wide range of
cavitation numbers and Reynolds numbers for both
“propeller-only” and ducted-propeller configurations, as
summarized in Table 3. The test conditions presented in
these tables form the core dataset used in the analysis
discussed in the remainder of this paper.

Table 2: The test matrix to evaluate the Reynolds number
effect on the propeller hydrodynamics.

Speed  Shaft Shaft Adv.
(m/s) RPS  depth (m) Ratio Re-MS
2.00 12 0.76 0.71 5.42E+05
1.75 12 0.76 0.62 5.36E+05
2.00 12 0.76 0.71 5.42E+405
2.25 12 0.76 0.80 5.49E+05
2.50 12 0.76 0.89 5.56E+05
2.75 12 0.76 0.98 5.64E+05
3.00 12 0.76 1.06 5.73E+05
2.25 18 0.76 0.53 7.96E+05
2.25 18 0.76 0.53 7.96E+05
2.50 18 0.76 0.59 8.01E+05
2.75 18 0.76 0.65 8.07E+05
3.00 18 0.76 0.71 8.13E+05
3.25 18 0.76 0.77 8.20E+05
3.50 18 0.76 0.83 8.27E+05
3.75 18 0.76 0.89 8.34E+05
2.50 24 0.76 0.44 1.05E+06
2.75 24 0.76 0.49 1.06E+06
3.00 24 0.76 0.53 1.06E+06
3.25 24 0.76 0.58 1.07E+06
3.50 24 0.76 0.62 1.07E+06
4.00 24 0.76 0.71 1.08E+06
450 24 0.76 0.80 1.10E+06
5.00 24 0.76 0.89 1.11E+06

Table 3: The test matrix for Cavitation characterization for
the propeller with and without the presence of the duct.

Shaft A
Speed Adv. Pressure Cavitation
(mis) RPS d(erﬁgh Ratio (Pa)  No(n) <eMS
2 12 0.76 0.71 101351 26.78 5.42E+05
2 12 076 0.71 74393 20.00 5.42E+05
2 12 0.76 0.71 34680 10.01  5.42E+05
2 12 0.76 0.71 24752 7.51 5.42E+05
2 12 0.76 0.71 14823 5.01 5.42E+05
2 12 0.76 0.71 10756 3.99 5.42E+05
2 12 0.76 0.71 6895 3.02 5.42E+05
3.00 18 0.76 0.71 101351 11.90 8.13E+05
3.00 18 0.76 0.71 61983 7.50 8.13E+05
3.00 18 0.76 0.71 39644 5.00 8.13E+05
3.00 18 0.76 0.71 35163 4.50 8.13E+05
3.00 18 0.76 0.71 30681 4.00 8.13E+05
300 18 0.76 0.71 21718 3.00 8.13E+05
3.00 18 0.76 0.71 12755 2.00 8.13E+05
250 24 0.76 0.44 101351 6.69 1.05E+06
250 24 0.76 0.44 61983 4.22 1.05E+06



Shaft o

Speed Adv. Pressure Cavitation

mis) RPS d?ﬂﬁ;h Ratio  (Pa)  No(n) ReMS
250 24 076 044 39644 281 1.05E+06
250 24 076 044 35163 2.53 1.05E+06
250 24 076 0.44 30681 2.25 1.05E+06
250 24 076 044 21718 1.69 1.05E+06
250 24 0.76 0.44 13789 1.19 1.05E+06

2.4 Data Acquisition and Analysis

The Cavitation Tunnel experiments were conducted using
the standard OCRE propeller open dynamometer (Bultt,
2008) to record propeller shaft speed, thrust, and torque.
An in-house 6-component dynamometer was used to hold
the duct and record the forces and moments in the three
coordinate directions. Both systems were fitted at the top
section of the Cavitation Tunnel test section. An in-house-
developed GDAC data acquisition and analysis application
was used (Miles, 1996a, 1996b). All acquired analog DC
signals were low-pass filtered at 10 Hz, amplified as
required and digitized at 50 Hz using OCRE’s standard
data acquisition system and software (Sullivan, 2000). The
extracted data is stored in a single DAQ file, which serves
as the starting point for data analysis (Sullivan, 2000). The
signals measured and recorded during the propeller
experiments include tunnel flow speed, tunnel pressure,
shaft speed, propeller thrust, torque, duct thrust and side
force. The calibration of each sensor was completed using
the standard OCRE calibration procedure and sign
conventions provided in Butt (2008) and Sullivan (2000).

The GDAC-format data were converted to MATLAB
format and analyzed in-house during the test to verify the
integrity of the acquired data. The online and offline data
analysis for each propeller configuration has been
completed in accordance with recognized standards and
presented using non-dimensional parameters. The
operating conditions for the propeller are expressed
through three coefficients: advance ratio, J, cavitation
index o, and propeller blade chord length-based Reynolds
number Rec:

/4
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The analyzed outputs correspond to typical propeller
performance indicators, namely the thrust coefficient K+
and the torque coefficient Kq. These properties are
expressed as:
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In those equations: D: propeller diameter, n: shaft

rotational speed, h: depth of the shaft centre from free
surface (h=0.76 m), r: blade radial position, c(r): chord
length at the radial location r; To: propeller only thrust (N),
To: duct thrust (N), Q: shaft torque on the propeller (Nm),
p: Density of water (kg/m?), V: tunnel flow velocity (m/s),
P.: Ambient pressure, Py: Vapour pressure of water at
tunnel  temperature, J: advance coefficient/ratio
(dimensionless). The water temperature ranged from 20°C
to 21°C; however, for the analysis, it was assumed to be
20°C. The water properties of the cavitation tunnel used for
analyzing the test data are provided in Table 4.

Table 4: The Cavitation tunnel water properties used for the
analysis of the measurements.

Parameter Value Unit
Water temperature, T 20 °C
Water density, p 998.23 Kg/m?®
Dynamic viscosity, 0.001003 Kg/m.s
Ambient pressure, P, 101325 Pa
Vapour pressure, Py 2337 Pa

3. RESULTS AND DISCUSSIONS

4.1 Reynolds Number Effect

Figure 6 and Figure 7 show the effect of shaft rotational
speed, and therefore Reynolds number, on the
hydrodynamic performance of the “propeller-only” and
ducted propulsor, respectively. Results are presented for
shaft speeds of 12, 18, and 24 rps, spanning a transition
from low- to high-Reynolds-number operation.

At the shaft speed of 12 rps, both configurations exhibit
systematic deviations from the higher-speed results,
particularly at low to moderate advance coefficients. The
12 rps curves show higher thrust and torque coefficients
and, correspondingly, higher efficiencies. This behaviour
is consistent with increased viscous influence at lower
Reynolds numbers, where boundary-layer growth and
separation alter the effective blade loading and circulation.
These deviations are observed for both the “propeller-
only” and ducted propulsors, indicating that sensitivity is
primarily driven by blade-scale viscous effects rather than
by the duct.

In contrast, the results at 18 rps and 24 rps collapse closely
across the full range of advance coefficients in the
propeller-only case, see Figure 6. The thrust, torque, and
efficiency curves at these two speeds are nearly
indistinguishable, indicating that above approximately 18
rps the propeller performance becomes largely
independent of Reynolds number (Re > 0.8M) for the
present model. This convergence suggests that the
dominant viscous mechanisms that affect performance are
sufficiently developed at these higher Reynolds numbers,



and that further increases in shaft speed do not materially
alter the flow physics relevant to thrust and torque
generation.

A similar Reynolds-number effect trend is observed for the
ducted propulsor; the performance data show that
Reynolds-number independence is achieved at similar
shaft speeds to those of the “propeller-only” case (see
Figure 7). However, a small but discernible Reynolds
number effect remains between the 18 rps and 24 rps
conditions, which is more clearly visible in thrust,
particularly at lower advance coefficients. This may be
attributed to the added complexity introduced by the duct.
The duct modifies the inflow, and the additional viscous
surface introduces strong blade-tip-duct interactions and
complex flow conditions, which may account for the
marginal differences between 18 rps and 24 rps.

Based on these observations, it is recommended that ducted
propulsor testing be conducted at 18 rps or higher
(preferably at 24 rps), where practicable, to minimize
residual Reynolds-number effects and ensure that the
results are as representative as possible of fully developed
flow conditions and suitable for full-scale performance
predictions and CFD model validations.
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Figure 6: The effect of propeller shaft speed on the
hydrodynamic performance of the “propeller-only”.
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Figure 7: The effect of propeller shaft speed on the
hydrodynamic performance of the ducted propulsor.

When comparing the “propeller-only” and ducted
configurations, Figure 6 and Figure 7 show lower propeller
thrust and apparent efficiency for the propeller operating
inside the duct. This should not be interpreted as a
reduction in total system performance. In a ducted
configuration, part of the total thrust is carried by the duct,
and the propeller experiences a redistribution of loading.
When the duct thrust is included in defining the total thrust
(unit thrust), the total efficiency reflects the unit’s
efficiency, which becomes significantly larger than when
only the propeller contribution is considered. The observed
reduction in propeller-only thrust, therefore, represents
load sharing between the propeller and the duct rather than
a loss of overall propulsive efficiency.

Figure 8 presents the measured duct, propeller, and unit
(total) thrust, along with “propeller-only” and ducted
propulsor efficiencies for tests conducted at 18 rps. These
results clearly show that the ducted propulsor is
significantly more efficient and generates higher thrust at
lower advance coefficients (J < 0.75) compared to the
propeller-only configuration under the same operating
conditions.

It is also noted that the measured efficiencies, particularly
for the ducted configuration, appear to be higher than those
expected for equivalent propulsors with similar geometric
characteristics (Oosterveld, 1970). This may be attributed,
in part, to residual Reynolds number effects, as discussed
earlier, as well as to potential blockage and confinement
effects associated with the cavitation tunnel environment.
Further investigation is therefore recommended to quantify
these influences, particularly for complex ducted
configurations, to ensure accurate extrapolation to open-
water conditions.
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Figure 8: The effect of advance coefficient on the
hydrodynamic performance of the ducted propulsor.

3.2 Cavitation Number Effect

Figure 9 and Figure 10 show the influence of cavitation
number, o, and advance coefficient, J, on thrust and torque
for the “propeller-only” and ducted propulsor,
respectively, at shaft speeds of 18 and 24 rps. For both
configurations, performance remains largely unchanged at



higher o but degrades as ¢ decreases, particularly at higher
loading (lower J).

At 24 rps and at high-loading condition (J = 0.44), thrust
and torque exhibit a clear plateau over higher ¢ values,
followed by a noticeable breakdown once o falls below a
critical level of approximately ¢ = 2. This indicates a
transition from localized to more extensive cavitation,
altering blade pressure distributions and reducing effective
circulation, resulting in a measurable loss in thrust.

At 18 rps and the moderate-loading condition (J = 0.59),
the response to decreasing ¢ is more gradual. Performance
remains stable over a wider o range and shows only modest
reductions at low o, with no abrupt thrust collapse. This
suggests that cavitation remains more localized and less
disruptive to the overall blade loading under these
conditions.

The ducted propulsor in Figure 10 follows the same general
trends as the “propeller-only” case, but with sensitivity
influenced by propeller-duct interaction and cavitation
developing within the confined tip-gap region. These
interactions can affect force stability and the onset of
cavitation, particularly under high loading, reinforcing the
importance of treating the ducted propulsor as a coupled
system.

The low-speed cases included in Figure 10 (12 rps) show
increased scatter and less consistent trends with o,
reflecting low-Reynolds-number effects and intermittent
cavitation behaviour. Consequently, the higher-speed cases
(18-24 rps) provide the most reliable basis for cavitation
characterization and CFD validation.

Overall, Figure 9 and Figure 10 demonstrate that
cavitation-induced performance degradation is primarily
governed by the blade loading and cavitation number. A
practical threshold is observed at high loading, where
reducing o below a critical range leads to thrust
breakdown, providing clear guidance for selecting
representative validation conditions for cavitating CFD of
both “propeller-only” and ducted propulsor.
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Figure 10: The effect of cavitation number and advance

coefficient on the performance of the ducted propulsor.

3.3 Cavitation Observations

Representative  cavitation observations from video
recordings are shown in Figure 11 illustrating the
behaviour of the “propeller-only” and ducted propulsor
over a range of advance coefficients, cavitation numbers,
and shaft speeds.

A clear distinction is observed between configurations.
The “propeller-only” exhibits strong, persistent tip-vortex
cavitation under moderate to high loading, whereas this
mode is significantly weakened or suppressed in the ducted
case. The duct limits low-pressure regions at the blade tips,
reducing vortex strength and shortening the cavitating
core. This is acoustically significant, as tip-vortex
cavitation is a major broadband noise source due to its
unsteady collapse and downstream persistence.

Despite this suppression, the ducted propulsor exhibits
localized cavitation within the blade tip—duct clearance.
This tip-gap cavitation appears as small, attached vapour
structures confined within the duct. While spatially limited,
it is sensitive to operating conditions and may generate
higher-frequency noise due to repeated local collapses near
solid boundaries.

Sheet cavitation is also observed on the pressure side near
the leading edge, rather than the suction side typical of
open propellers, reflecting the altered pressure field of the
ducted configuration. As cavitation number decreases and
loading increases, this cavitation grows and becomes
unsteady, particularly at higher shaft speeds, indicating
conditions associated with performance loss and increased
noise.

Shaft speed influences cavitation stability: at low speeds,
cavitation is intermittent and less repeatable, whereas at
higher speeds it becomes more stable but more energetic at
low cavitation numbers, increasing the potential for
vibration and noise.

Overall, the observations indicate that removing the duct
leads to earlier and stronger tip-vortex cavitation, which is
expected to increase broadband URN. The duct mitigates



this mechanism but introduces confined tip-gap cavitation,
which may act as a separate, more localized noise source.
These results highlight the need to capture tip-gap
cavitation dynamics in both experiments and CFD when
assessing cavitation-induced URN for ducted propulsors.

RAL Nozzled Propeller

=0.59,6=3.0

(2.5 m/s flow, 18 rps shaft speed)

“ propeller-only” at J;

2,
i

(=]
S

=0.44,6=1.5

(2.5 m/s flow, 24 rps shaft speed)

“ propeller-only” atJ

=044, 6 = 4.0

(2.5 m/s flow, 24 rps shaft speed)

ducted propulsor at J

2.11

—
=l

g

L o

C;U)

" g

o o

I

= 0

-

s 2

5% :

E;’ "B ama] E

a3 S

o= ] 25

BE } &

gl-n_ —n W ¢ by

LSRN B tipsi .00 e

" L Nozzled Propel

— =~ 4 A :

g T ==

© g Q 14
o &

<

< &

¢ e
w

AL

=8

-

=<

2%

3

23

o=

=9 e S

o f %

eE e

o wmw

g w

s &

AR - 205 o524 ¥nultipsi 001 § i
Figure 11: Cavitation observations of the “propeller-only”
and ducted propulsor at different loading and pressure,
showing the recordings from the upstream global shutter
camera (left) and downstream rolling shutter camera (right)
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3.4 Blockage Effects and Correction Considerations
Blockage effects are an inherent limitation of model-scale
testing in confined facilities such as cavitation tunnels.
When the projected area of the test article occupies a
significant fraction of the tunnel cross-section, the
constrained flow accelerates around the model, altering
local velocities, pressure gradients, and cavitation
behaviour. For ducted propulsors, blockage effects are
particularly relevant because the duct increases the
effective blockage ratio and modifies wake contraction and
pressure recovery within the test section.

In the present experiments, the combined propeller-duct
system occupies a non-negligible portion of the tunnel
cross-section. Classical blockage correction methods, such
as the potential-flow-based formulation proposed by
Glauert (1983), provide a simple analytical means of
correcting measured performance by accounting for
streamline displacement due to confinement. Figure 12
shows the Glauert’s (1983) method applied to correct
propeller performance predictions for blockage (B =
17.25%) in the cavitation tunnel as the first-order
correction to the “propeller-only” case propeller data. The
analysis shows that the blockage correction derived from
this approach resulted in an over-reduction of thrust and
torque by 2% across the full open-water performance
curves.
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Figure 12: Glauert’s (1983) method applied to correct
propeller performance predictions for blockage (B =
17.25 %) in the cavitation tunnel.

While Glauert’s and similar potential theory-based
methods are widely used and might be suitable for non-
cavitating or mildly cavitating flows, their assumptions
become increasingly questionable for ducted propulsors
operating under strong three-dimensional and cavitating
conditions. Katsuno and Dantas (2022) demonstrated that
the Glauert formula satisfactorily corrected thrust, torque,
and hydrodynamic efficiency, even in moderate cavitation.
However, when cavitation is intense, blockage may reduce
thrust and torque, and cavitation patterns are sensitive to
blockage, which can affect their patterns on the blade
surface.

For ducted propulsors, the flow within the duct and the
blade tip-duct clearance region is highly three-dimensional



and strongly coupled to the pressure field. As cavitation
develops, vapour formation alters the effective flow area
and changes the interaction between the propulsor and the
tunnel boundaries. Under these conditions, blockage
effects are no longer governed solely by geometric
confinement, and the applicability of classical correction
methods is limited.

This highlights the need to develop improved correction
processes that explicitly account for the coupled effects of
confinement, propeller-duct interaction, and cavitation
dynamics. CFD-based blockage-correction approaches,
such as the method proposed by Kinsey and Dumas (2017),
offer a more general framework by directly comparing
numerical solutions between blocked (tunnel) and
unblocked (open-water) configurations. These methods
can account for viscous effects and propeller-duct
interaction, but their accuracy under highly cavitating
conditions depends strongly on the fidelity of the cavitation
and turbulence models and comes at increased
computational cost. In the future, the authors intend to
implement this CFD-based approach to blockage
corrections using performance data under highly cavitating
conditions.

3.5 Measurement Accuracy and Uncertainty

Figure 13 and Figure 14 illustrate the repeatability of the
measured thrust and torque coefficients for the “propeller-
only” configurations, presented as functions of the advance
coefficient and cavitation number under atmospheric and
cavitating conditions. The repeated measurements were
acquired up to ten (10) times across propeller loading
conditions and cavitating conditions. The results show
tight clustering of thrust data across repeated runs,
particularly under atmospheric-pressure  conditions,
indicating stable thrust measurements and low sensitivity
to small variations in tunnel flow. Torque measurements
show similarly strong repeatability, with slightly increased
scatter at the lowest advance coefficient, see Figure 13.
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Systematic, physically consistent trends in thrust and
torque across repeated tests with varying advance
coefficient and cavitation number are observed,
demonstrating that the experimental setup reliably captures
cavitation-induced performance changes, see Figure 14.
The increased scatter under the most severe cavitation
conditions is attributed to inherent flow unsteadiness,
including extended sheet cavitation, intermittent cavity
collapse, and strong tip-vortex cavitation in the blade,
rather than instrumentation limitations.

An uncertainty assessment was performed on the
measurements, using repeated measurements to quantify
precision and assess the stability of the experimental setup
under both non-cavitating and cavitating conditions for the
propeller-only case.

The general recommendations and guidelines provided by
ITTC for uncertainty analysis in propeller open-water tests
(ITTC Guidelines 2014) are most closely aligned with the
testing techniques used to study the uncertainty of
dynamometer measurements. The methodology used to
analyze uncertainty in propulsor experimentation follows
the ITTC-recommended guidelines and incorporates
approaches described by Bose and Luznik (1996),
Coleman and Steele (1999), and Hess et al. (2000), as
presented in Islam et al. (2014). A brief overview of the
analysis methodology is provided, with particular focus on
elements unique to these experiments. A general
discussion of the uncertainty data is provided, followed by
recommendations to reduce overall uncertainty.

Total uncertainty was estimated as a 95% confidence
interval by combining bias and precision components using
the root-sum-square (RSS) method (Equation 10).
Repeatability statistics (precision components) were
obtained from 10 repeats at representative operating points
spanning moderate loading and cavitation levels. These
conditions were selected to provide conservative estimates
of uncertainty across the broader test matrix. The primary
contributors to uncertainty include thrust, torque, shaft
speed, tunnel flow speed, tunnel pressure, water density,



and propeller diameter. These uncertainties were
propagated through the non-dimensional data-reduction
equations for the thrust coefficient, torque coefficient,
advance coefficient, and cavitation number, as summarized
in Equations (11)-(14).

U, = /B2 + P2
Ukro\o  (Uro U,\* Up\? Up\* (11)
(TTO) _<To) +(7) +4(37) +16(3)
Uk N (Up\2 (U2 U,\2 Up\2
_feo) _ (ZQo _P _n b)Y a2
(KQ0> (Qo) +(2p> +4(n +25<D) (2

(13)

() = o5 + () + () + () e
o /A p Pa Pv

The overall uncertainty levels for thrust and torque
coefficients are presented in Table 5 and are estimated to
be within ranges typically recommended by the ITTC for
model-scale propeller experiments. Generally, the
uncertainty assessment confirms that the experimental data
are of sufficient quality for CFD validation, comparison
between “propeller-only” and ducted configurations, and
subsequent analysis of cavitation mechanisms.

Table 5: The Summary of Total Uncertainty for the

“Propeller-only” Performance Measurements at different
advance coefficients.

(10)

Jo Ul Ul UKre UKro/Kro Ukgo UKgo/Kgo
0.40 5.5E-03 1.38 5.1E-03 137 8.2E-04 1.48
050 5.7E-03 1.14 4.9E-03 141 6.8E-04 1.31
0.60 5.9E-03 0.99 4.6E-03 151 7.5E-04 156
0.70 6.2E-03 0.88 4.4E-03 161 6.9E-04 157
0.80 6.5E-03 0.81 4.3E-03 175 57E-04 142
0.90 6.8E-03 0.75 4.1E-03 1.89 6.4E-04 1.70
1.00 7.1E-03 0.71 4.0E-03 2.14 6.8E-04 2.11

4. CONCLUSIONS

The cavitation tunnel experiments presented in this paper
provide a validation-grade experimental dataset for a
generic Kaplan-type propeller tested both with and without
a 19A duct under controlled operating conditions. The
results demonstrate that, above a threshold shaft speed, the
measured thrust and torque become largely independent of
Reynolds number, establishing a reliable model-scale
operating regime for numerical validation.

The presence of the duct fundamentally alters the
cavitation mechanisms. Compared with the “propeller-
only” case, the ducted configuration exhibits strong
suppression of free tip vortex cavitation, confirming the
duct’s role in modifying the blade-tip pressure field and
limiting vortex development. At the same time, cavitation
is redistributed to the blade-tip-duct clearance region,
where it remains confined and highly condition-dependent.
These observations show that cavitation behaviour in
ducted propulsors is governed by coupled propeller-duct
interactions rather than by blade loading alone.

High-speed cavitation visualizations, interpreted alongside
hydrodynamic measurements, reveal distinct cavitation
regimes governed by the advance coefficient, cavitation
number, and shaft speed. The onset of cavitation-induced
performance degradation is consistently associated with
increased loading and reduced cavitation number,
providing a clear physical basis for selecting representative
operating points for CFD validation. Overall, the results
confirm that physical model testing remains essential for
resolving cavitation mechanisms in ducted propulsors,
particularly in the blade-tip and duct-internal regions,
where numerical uncertainty remains high.

Extending the present test program to include underwater
radiated noise measurements is recommended to directly
link the observed cavitation mechanisms, particularly
confined tip-gap cavitation and unsteady sheet cavitation,
to acoustic emissions.

Additional flow diagnostics, such as particle image
velocimetry or LDV, would provide quantitative
information on leakage flows and vortex dynamics in the
tip-gap region, further strengthening CFD validation.
Finally, targeted investigation of blockage corrections and
scale effects on cavitation dynamics due to propeller-duct
interactions would improve confidence in extrapolating

model-scale results to full-scale ducted propulsor
applications.
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