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ABSTRACT

The VTT test case is an unconventional ice-class pulling
thruster designed for benchmarking and validating
numerical methods. The tests include open water
measurements of the propeller, the housing, and the
combined propeller-housing unit. A comprehensive
database of the experimental results is provided, together
with full 3D CAD geometries of both the propeller and the
thruster unit. Additionally, an OpenFOAM tutorial case
has been developed for the propeller and thruster in open-
water conditions, including both wetted and cavitating
states. The design of the unit was supported by RANS
computations using the FINFLO CFD solver to estimate
the effective wake at the propeller plane induced by the
unconventional housing geometry.

Experimental and numerical uncertainties are assessed to
support the use of the test case for validation and method
development.

Keywords
Ice-class thruster, benchmarking, CFD validation, open-
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1 INTRODUCTION

Validation of numerical methods in ship hydrodynamics
requires access to high-quality open data suitable for
benchmarking. Several hull forms—such as S175, the
Kriso Container Ship (KCS), the Duisburg Test Case
(DTC) (ElI Moctar et al., 2012), and the Hamburg Test Case
(HTC)—as well as propellers including the Potsdam
Propeller Test Case (PPTC) (Barkmann et al., 2011), the
INSEAN E779a (Calcagno et al., 2003), and the DTMB
series are widely available in the public domain. However,
comparable open data for thrusters are scarce.

Concerning podded propulsors, Karafiath and Lyons
(1998) conducted a study on the hydrodynamic
performance of podded propulsors, focusing on the effects
of pod geometry variations on the performance. They
examined how changes in pod length and strut position
influenced pod drag and pod-propeller interactions. Islam
et al. (2006) investigated the variation of five geometric
parameters (pod diameter, length and taper length, strut
distance from the propeller plane, and propeller hub angle)
on the propulsive characteristics of puller-podded
propulsors in straight course open water conditions.

This paper presents a benchmark version of an ice-class
pulling thruster intended for CFD validation. The data set
includes open-water measurements of the propeller, the
thruster housing, and the combined unit. The experimental
campaign was conducted at the VTT towing tank in Espoo,
Finland. Alongside the experimental data set, a numerical
database is also provided. An OpenFOAM tutorial case has
been constructed for the propeller and thruster in an open-
water configuration, and this tutorial case is available on
reasonable request. Additionally, a cavitating case has been
analyzed numerically, and the corresponding OpenFOAM
tutorial is also provided.

The design and analysis of the thruster unit involved two
stages of viscous-flow CFD analyses. In the first stage, the
interaction between the propeller and other submerged
bodies was examined using a hybrid potential flow lifting
line — viscous-flow CFD method, following the correction
factor approach of Sanchez-Caja et al. (2021). This stage
focused on evaluating the effective wake of the thruster
unit. In the second stage, the open-water performance of
the entire thruster unit was analyzed using the OpenFOAM
solver, and a formal numerical uncertainty analysis was
conducted. The computations included the analysis of the
thruster unit under cavitating conditions.

This paper is organized as follows. Section 2 describes the
geometry and main particulars of the thruster unit. Section
3 presents the results of open water model tests. Section 4
addresses cavitation tests. Section 5 details the numerical
method and OpenFOAM study case, and Section 6
provides additional information on the effective wake
simulation.

2 GEOMETRY AND MAIN PARTICULARS

The propeller is a fixed-pitch, four-bladed design. Its
geometry follows a philosophy typical for ice-class
propellers, employing relatively thick blades to meet
strength requirements. The blades are unloaded toward the
tip to improve cavitation performance in that region, at the
cost of a slight reduction in efficiency. The main particulars
of the selected propeller version are listed in Table 2. These
include propeller diameter (D), pitch ratio at 0.7 of
propeller radius (P/D), number of blades (Z), expanded
disk area ratio (Ae/Ao), chord length at 0.7 of propeller
radius (co7), effective skew angle (Osew), rake line



inclination angle (Brae) and non-dimensional hub diameter
(Dn/D). The model propeller was CNC milled from brass.
The VTT identification numbers are P109L and P109R for
the left-handed and right-handed propellers, respectively.

Figure 1. Photographs of the propeller and the thruster unit.

Table 1. Main parameters of the propeller.

Model Scale
D 0.229 m
P/D 1.055
Z 4
AdlAe 0.64
Co7/D 0.445
Oskew 9.7 deg
Orake -15 deg
Dw/D 0.33

The thruster housing was designed under strong constraints
resulting in relatively large pod-to-propeller diameter
ratios. For the benchmark case, a preliminary thruster pod
geometry with an unconventional shape was selected,
featuring its maximum diameter located in the upstream
half of the pod. The thruster unit was manufactured from
Divinycell using CNC milling. Photographs of the
propeller—thruster assembly are shown in Figure 1.

IGES-format geometry files for both the propeller and the
housing are available upon reasonable request, and an
OpenFOAM tutorial case for the thruster unit can also be
provided.

3 OPEN WATER MODEL TESTS

The experimental campaign was carried out in the VTT
towing tank in Espoo, Finland. The tank is 130 m long,
11m wide, and 5.5m deep. Open-water tests were
performed at a temperature of 17.9 £0.2 °C, with a water
dynamic viscosity of 1.055x10° +5x107® Pa -s and a
density of 998.62 + 0.08 kg/m3. The measurements covered
the first quadrant, i.e., ahead advance speed and positive
rotational speeds. The thruster unit operates in a pull
configuration.

In the tests for open propellers, the thrust and torque of the
propeller, as well as its rate of revolution, are measured.
The propeller axis was submerged to 2D. The drag of the
propeller nose cone is compensated in the open water
characteristics of the propeller. That is, the results are given
as the performance of the propeller blades. The drag of the
nose cone is measured in a separate test with a dummy hub
in place of the propeller.

A schematic drawing of the open-water setup for the
thruster unit is shown in Figure 2, and a photograph of the
thruster under test is provided in Figure 3. The propeller is
driven by an electric motor. The thrust of the unit and
torque of the model propellers are measured using a
dynamometer which is calibrated for thrust and torque
prior to tests using precision weights. The measured torque
includes contribution due to friction in the bearings and the
gear. This is compensated by using data from an earlier
calibration measurement of the shaft line torque that has
been carried out for the same gear and shaft combination
with a known input torque level.

Open-water performance measurements of the complete
thruster unit are then carried out from bollard pull to zero
thrust at constant propeller revolutions. The drag of the
thruster unit housing is measured in a separate test with a
similar setup, where a dummy hub is used in place of the
propeller.

The results are expressed using the standard open-water
coefficients: the thrust coefficient Kr, the torque coefficient
Kg, and the open-water efficiency 7o:
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In the equations above, T [N] is unit thrust, Q [Nm] the  Table 2. Propeller open water data for P109L. First
propeller torque, D [m] propeller diameter, n [1/s] rotation  quadrant. Results n =16 1/s.
rate, p [kg/m?] water density, Va [m/s] advance speed, and

J advance ratio,
J Kr 10 KQ n

0.000 0543 0.787 0.000
0.100 0500 0.730 0.109
0.199 0450 0.669 0.213
9 0299 0399 0611 0311
, | 0398 0.348 0552 0.400
= T ! 0498 0.297 0489 0.481
' 0.600 0.246 0.422 0.555
0653 0218 0.385 0.587

; 0703 0.92 0.351 0.612
0752 0.167 0317 0.631

Vy
] =D

I

Il

\/% 0.801 0.142 0.281 0.643
0.850 0.118 0.245 0.648
B v 0.899 0.094 0.208 0.643

0.997 0.045 0.129 0.551
1.093 -0.009 0.038 -0.424

Figure 2. Experimental setup for the open-water tests of the . .
thruster unit. V is the speed of the carriage, n the rate of Table 3: Propeller open water data for P109R. First

propeller revolutions, Qp the propeller torque and Tuwir the ~ duadrant. Resultsn =16 1/s.
thrust of the unit.

J Kr 10Ky 7
0.000 0550 0.797 0.000
0.100 0503 0.739 0.108
0199 0455 0.682 0.211
0299 0404 0621 0.310
0398 0.353 0.559 0.400
0398 0.354 0.560 0.400
0498 0.302 0496 0.483
0599 0.249 0.427 0.557
0703 0.195 0.355 0.613
0801 0.142 0.286 0.634
0.900 0.094 0213 0.631
0.997 0.045 0.131 0.542
1.093 -0.010 0.039 -0.451

Figure 3. Photograph of the thruster unit in open-water tests.

3.1 Open water tests for the propeller

Open-water tests were carried out for both the left-handed
(P109L) and right-handed (P109R) versions of the
propeller. All tests were performed at a constant rotational
speed of 16rps. Tables 2 and 3 present the resulting
open-water characteristics for the P109L and P109R
propellers, respectively.

3.2 Thruster unit housing drag measurements

The drag of the thruster unit housing was measured in a
separate set of tests using a dummy hub in place of the
propeller. Table 4 presents the measured housing drag in
model scale as a function of advance speed Va.



Table 4. Model scale housing drag for the thruster unit

Va R
[m/s]  [N]
0.00 0.00
0.50 0.78
1.00 2.14
1.50 4.13
2.00 6.67
250 1041
3.00 16.26
350 2279
4.00 29.56
445  36.95

Table 5: Open water data for the VTT thruster unit.
Results at n =10 1/s.

J Kr  10Kg 1
0.000 0516 0.774 0.000
0.050 0505 0.761 0.053
0.100 0480 0.727 0.105
0.149 0453 0.699 0.154
0.199 0429 0.670 0.203
0.249 0406 0.647 0.248
0.298 0383 0.624 0.291
0.298 0383 0.624 0.291
0.348 0.358 0597 0.332
0.397 0333 0571 0.369
0.447 0310 0542 0.407
0.496 0286 0518 0.436
0.545 0.263 0.489 0.467
0.595 0237 0461 0.487
0.644 0213 0431 0.507
0.692 0.187 0.400 0516
0.751 0.156 0.366 0.511
0.800 0130 0.334 0.497
0.849 0.106 0.301 0.476
0.899 0081 0.267 0.435
0.953 0054 0.229 0.359
1.002 0028 0.192 0.235
1.051 0001 0.153 0.015

3.3 Open water tests for the thruster unit

The thruster open water experiments (Table 5) were made
at constant propeller rate of rotation and at several speeds
of advance covering the range from zero thrust to zero

speed of advance. The total uncertainties for a single run
for the thrust coefficient were determined as 0.7% and for
the torque coefficient as 0.4%.

4 CAVITATION MODEL TESTS

Two experimental campaigns at the SVA Potsdam
facilities were carried out to verify baseline non-cavitating
performance and study cavitation characteristics across
several operating points. The model tests are intended to
provide validation data for multiphase CFD and noise
simulations. Figure 4a shows test arrangement in the
cavitation tunnel and Figure 4b the hydrophone setup used
in the tests. Cavitation characterization included inception
testing and determination of cavitation buckets. Testing
campaign included cavitation sketches and standard
cavitation videos over a range of conditions and high-speed
videography at selected operating points capturing sheet
and bubbly cavitation on blades, multiple types of tip
vortex cavitation, and cavitation forming on the thruster
unit housing. Sound pressure level (SPL) measurements
using four hydrophones under wetted and cavitating
conditions at several operating points were carried out.
Moreover, LDV (laser Doppler velocimetry) velocity field
measurements were done on two planes: one between the
propeller and the strut of the housing and one downstream
of the housing.

test.



5 OPENFOAM SIMULATIONS

The flow simulations were carried out using the
incompressible formulation of the RANS equations
implemented in OpenFOAM Foundation Release v13. The
governing equations were discretized with the cell-
centered finite-volume method on unstructured meshes. A
second-order spatial discretization was applied, and all
computations were performed as transient simulations
using a fully implicit first-order time-integration scheme.
Figure 5 shows applied computational domain and grid
near the unit for the open-water simulations.

Turbulence was modelled with the k —w SST-SAS
method (Egorov & Menter, 2008). The numerical schemes
and algorithms follow the methodologies described by
Greenshields (2022) and Greenshields & Weller (2022).

Cavitation was modelled using the Kunz model (Kunz et
al., 2000). To capture the small-scale vortical structures
associated with tip-vortex cavitation, adaptive mesh
refinement (AMR) with dynamic load balancing was
employed. In addition, adaptive vortex confinement (Hahn
& laccarino, 2009) and interfacial turbulence damping
(Frederix et al., 2018) were implemented to enhance
numerical stability and physical fidelity in the multiphase
regions.

The computational hydroacoustics (CHA) approach was
based on the Ffowcs Williams—Hawkings (FWH) acoustic
analogy, following the fast volumetric-integration method
of Wang et al. (2022). At this stage, the SPL predictions
were obtained from the coarse-grid simulations.

Open-water characteristics were computed for a range of
advance numbers between J € [0.4, 0.9]. Cavitation and
noise characteristics of the thruster unit were analyzed at
J = 0.41 corresponding to K; = 0.35 and a cavitation
number of g, = 1.83.

A comparison of the predicted open-water performance
with model-test results is presented in Figure 6. The CFD
simulations reproduce the thrust and torque trends well.
The largest deviations appear at high advance ratios, where
torque becomes small and the efficiency is sensitive to
minor variations. Figure 7 illustrates the influence of grid
density on the resolved flow structures, showing pressure
distributions on the blades and unit, and Q-criterion
iso-surfaces for coarse, medium, and fine meshes. Figure 8
compares the instantaneous cavitation extent obtained
from experiments to that predicted by the CFD with AMR.
Figure 9 shows preliminary SPL comparisons for wetted
and cavitating conditions; the CFD results at this stage are
based on the coarse grid without AMR. Cavitation tunnels
differ widely, and no international standard exists for noise
measurements. In addition to correcting for wall reflections
also, elastic walls can absorb and re-radiate sound,
introducing local resonances and  measurement
uncertainty, see Hynninen et al. (2017). Because the
present study addressed hydrodynamic noise simulations
rather than vibro-acoustics, the wall-reflection corrections
were omitted. The hydrophone results should therefore be
regarded as approximate.

An uncertainty analysis was carried out in wetted condition
at the advance number of J = 0.7. The GCI (grid
convergence method) of Celik et al. (2008) is applied here.
Both the unit total and blades K values, and the system K,
value were used in the analysis. The grid sizes were N; =
55, N, = 3.0 and N; = 1.6 million cells, and
respective refinement ratios were r,;, = 1.22andry, =
1.21. The quantities examined included the total thrust
coefficient of the unit, the thrust and torque of the blades
alone, and the system efficiency.

Table 5 summarizes the GCI results. Both approximate and
extrapolated relative errors are low, not exceeding 1 % for
thrust. Thrust and torque predictions for the blades alone
show excellent agreement across all grids, with very low
numerical uncertainty.

Thruster Outlet

unit |

Inlet —_

*————

Figure 5. Computational domain (left) and grid near the unit
and blade (right). Fine grid shown with 5.5M cells.

Table 5. Calculation of discretization error for thruster unit
open-water simulations.

characteristic unit blades blades
03 0.175 0.216 0.399
02 0.183 0.215 0.401
01 0.185 0.215 0.402
p 6.81 1.41 3.50
Pext?t 0.186 0.214 0.402
g2 1.08% 0.14% 0.18%
ext?t 0.37% 0.44% 0.17%
GClfine?! 0.46% 0.55% 0.22%
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Figure 6. Comparison of CFD predicted open-water
performance (markers) to the model test results (solid lines).
Results on the fine grid.



Figure 7. Top row: Pressure coefficient distribution on the
blades and the unit. Bottom row: Illustration of vortical flow
using an iso-surface of Q-criterion. Coarse (left), medium
(middle) and fine (right) grids. Views from the suction side.

Figure 8. Comparison of instantaneous cavitation extent
experiments (left) and CFD simulations (right) with AMR
showing iso-surface of volume fraction a;;q = 0.9.
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Figure 9. Comparison of measured and simulated sound
pressure levels at 1/3 octave bands at Hydrophone 1.

6 EFFECTIVE WAKE

The interaction between the propeller and nearby
submerged bodies can be described in terms of the
effective wake. For a thruster, this wake consists of two
contributions: the hull-induced component and the
component generated by the thruster housing itself. Only
the latter is considered in this study. The housing-induced
effective wake was estimated numerically and yields an
average value of Whousing = 0.065.

The effective wake was evaluated using the
correction-factor approach described in Sdnchez-Caja et al.
(2014, 2018, 2021), which couples a potential-flow

lifting-line propeller model with a viscous RANS solver.
In this method, the propeller forces computed by the
potential-flow model are converted into distributed body
forces and applied within the RANS solver. The viscous
solver then provides the total velocity field, from which the
local component of the propeller-induced velocities is
removed. Before subtraction, the induced velocities are
corrected using incremental velocity factors, as defined in
the referenced studies. The resulting field represents the
effective wake, which is supplied back to the potential-
flow solver for the next iteration. This process is repeated
until convergence. Details about suitable mesh sizes and
boundary conditions can be found in the references.

The computations were performed using the FINFLO
RANS code. FINFLO solves the incompressible RANS
equations with a finite-volume method, using an
approximately factorized implicit time-integration scheme
with local time-stepping. Convective fluxes are discretized
using an upwind-biased scheme, and pressure-velocity
coupling is handled using a Rhie—~Chow-type method
following Johansson et al. (1995). The SST k- turbulence
model (Menter, 1994) is employed.

VxiV
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0.93
0.91
0.89
0.87
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(b)
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Figure 10. Effective wake components, (a) axial, (b)
tangential, (c) radial, and (d) total.

Figure 10 presents the non-dimensional axial, tangential,
radial, and total effective wake components generated by
the thruster housing. The black circle marks the edge of the
propeller disk. The upstream side of the strut produces a
localized reduction in axial velocity, and a small
asymmetry is visible in the tangential component due to the
flow incident on the strut. These features are consistent
with the unconventional housing geometry and confirm the
importance of capturing housing-propeller interaction
effects in the overall thruster analysis.

SUMMARY

An unconventional ice-class pulling thruster is designed
and analysed for benchmarking and validation of
numerical methods. The tests include a propeller, housing,
and unit open water measurements. The full 3D CAD
representations of the propeller and thruster unit are
provided upon reasonable request. Also, an OpenFOAM
tutorial case can be provided.
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