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ABSTRACT
Accurate prediction of full-scale propeller performance is
essential for reliable ship design and energy-efficiency
assessment.

The Tripping Joint Industry Project (JIP) was initiated to
improve the reliability of propeller performance prediction
through controlled boundary-layer tripping in model-scale

testing combined with RANS-based extrapolation methods.

Controlled model tests employing leading-edge turbulators
were conducted to enforce turbulent boundary layers and
mitigate  transitional effects. In parallel, RANS
computations assuming fully turbulent flow conditions
were performed over a range of Reynolds numbers,
enabling consistent comparison between numerical and
experimental results.

Amongst others, the Wageningen C-series propellers were
re-tested to quantify the impact of boundary-layer control.
RANS computations were performed for the same
propellers over a range of Reynolds numbers and advance
coefficients, enabling the development of a scaling
procedure linking model-scale results to full-scale
performance. The resulting formulation was found to
generalize to additional propeller designs.

Besides open-water tests and simulations, propulsion tests
were conducted to evaluate extrapolation performance.
Consistent with ITTC guidance, the results indicate that the
2POT approach, combined with tripped-propeller testing
and the proposed scale-effect corrections, provides more
reliable powering extrapolations.

Although the boundary layer is almost fully turbulent
during tripped model tests, Reynolds-number scale effects
remain significant and must be accounted for when
analyzing the individual components of propulsive
efficiency.

The developed methodology accounts for scale effects
associated with boundary-layer transition and separation,
improving the consistency of model-scale testing and
marking a significant step towards industrial
implementation of more reliable full-scale propulsion
prediction methods.

Keywords
propeller, scale
extrapolation

effects, propulsion tests,

tripping,

1 INTRODUCTION

MARIN is leading the Tripping JIP (Joint Industry Project)
(Figure 1), which focuses on achieving even more reliable
full-scale predictions for both open-water and propulsive
performance.
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The main challenge in assessing ship propellers on model
scale arises from the difference in flow regime compared
to full scale operation. At full scale the boundary layer
flow over the propeller blade is predominantly turbulent,
where at model scale the boundary layer can be partly or
fully laminar. In addition, the empirical scale-effect
corrections currently used do not adequately capture the
underlying physics. Addressing these issues is essential for
reducing uncertainty and improving the accuracy and
repeatability of model tests.

The Tripping JIP is based on the work and
recommendations from Schuiling et al. (2024) & Kerkvliet
et al. (2024). Schuiling et al. (2024) state that the next step
is to revise the current scaling procedures, such as the
ITTC-78, by developing CFD-based extrapolation
methods. This approach is expected to reflect the effects of
Reynolds scaling more accurately, bridging the gap
between model-scale tests and full-scale propeller
performance.



1.1 Objective

The main objective of the Tripping JIP is to develop a new
propeller scale-correction method that enables more
accurate full-scale performance predictions.

The goal of the Tripping JIP is to aim both for

* Improving  full-scale  propeller = performance
predictions using either model scale experiments or
RANS computations

* Narrowing the gap between model tests and RANS
simulations results.

The Tripping JIP addresses the challenge of laminar flow
effects on model-scale propellers by applying turbulators
to the leading edges, tripping the flow towards a turbulent
boundary layer.

Within the Tripping JIP, CFD computations will not be
adapted towards model scale results using transition
modelling, but model test procedures are adapted using
tripping towards standard RANS computations. This
approach significantly decreases the uncertainty of both the
CFD computations and the model tests.

1.2 Approach
The approach is as follows:

1. Trip the flow on the model-scale propellers, such that
the flow is turbulent, resembling the full-scale
situation. As such, the experimental uncertainty due to
laminar flow effects is avoided.

2. Determine new scale corrections (for only the mere
viscosity effect on turbulent flow) with standard
RANS computations (without transition modelling).

Within Tripping JIP new scale correction methods are
being developed, replacing the current ITTC corrections
that do not adequately capture the scale effects. The
corresponding uncertainty of the final performance
prediction and the deviation to full-scale trials will greatly
improve.

The Reynolds scale effect for a fully turbulent flow can be
computed with CFD. Using standard RANS computations,
more reliable scale corrections can be obtained for tripped
propellers.

1.3 Joint Industry Project (JIP)
The Tripping JIP brings together major stakeholders in
propeller design and leading model-basin institutes to
address the influence of boundary-layer tripping on
propeller performance prediction.

The motivation for the Tripping JIP project is:

*  For propeller designers and manufacturers the results
of this project would lead to less surprises during
model tests or full-scale trials and better control of the
propeller design on both model scale and full scale.
Direct the design focus to full scale, without being
severely limited by model scale limitations. Improved
propeller design for full scale.

*  For yards, ship owners and operators this project
would result in more reliable full-scale predictions and
improved propeller designs.

*  For R&D, this project would provide benchmark data
for RANS computations on propellers for reference
and quality checks. Quality of and confidence in CFD
and computational design methods will improve
significantly.

e For other research institutes, class societies and
participants with their own model test facilities this
project would improve the extrapolation methodology
and would give more reliable predictions.

* And in general, without tripping it is difficult to
accurately distinguish the best-performing propeller in
a competitive evaluation. Propeller scale effects
remain uncertain; and comparing model test results
with RANS simulations continues to be challenging.
Other environmental factors also play a role, such as
the lack of control over temperature-dependent
laminar flow effects, which can further influence the
results. As a consequence, model tests may still
involve significant uncertainties in certain cases. On
top of that, considerable differences remain between
the methodologies applied by various institutes.

1.4 Scope of the Tripping JIP
The scope of the Tripping JIP project is defined in five
work packages:

1. Propeller open water model tests with turbulators — the
F-series, FC-series, C-series and B-series are being
revisited amongst other (public) propellers. About 65
model tests at 4 different Reynolds numbers were done
and 2 new propeller models were manufactured.
Several propulsion tests with tripping were carried out.

2. Open water RANS computations — study the
performance at a large range of Reynolds number, up
to full scale, with varying surface roughness. The 65
propellers will be extensively computed. A RANS
workshop was organized to set the CFD approach.

3. Develop a generic scale correction method based on the
model tests and RANS computations — to be used with
tripped propellers to replace the currently used scale
corrections. This will be at least a function of blade
number, pitch, blade area ratio, J-value, Reynolds
number (both at model scale and full scale) and full-
scale surface roughness. Correlation factors to tune
RANS computations will also be created based on this
dataset.

4. Develop a full-scale polynomials — combine the open
water model tests, the RANS-computations and the
generic scale correction method to make a new
polynomial to describe the propeller series. A software
package will be provided.

5. Exploratory investigations into ducted propellers using

tripping.

2 BACKGROUND OF THE TRIPPING JIP

2.1 Propeller series
The F-series JIP was finished in 2024. The F-series is a
series of 150 fixed pitch propellers (FPP) which were



manufactured and tested on model scale for the open water
performance. Figure 2 is a photo of the series on the wall
of the towing tank in Wageningen.

Traditionally, the B-series were used. The performance
data is used in the early design stages of ships and
propellers.

The efficiency of B-series propellers is good, but their
design does not particularly consider other aspects of
propeller performance -like hull pressures, noise and
cavitation erosion- that have become more and more
important over the years. It is important that in the early
stages of design, ship and propeller designers have reliable
performance data available that provide realistic and
competitive efficiency levels balanced against certain
cavitation, noise, and vibration requirements. The
Wageningen F-series was developed for that purpose for
fixed pitch propellers (FPP). Prior to that, the Wageningen
CD-series were developed for controllable pitch propellers
(CPP).

2.2 Scale effects

For both the F-series and the CD-series a set of high-
quality model scale data was obtained. Nonetheless,
propellers are not operated at model scale, but at full scale.
Full scale performance of propellers is still an area of large
uncertainty during the propeller design phase, during the
extrapolation of model tests for powering predictions and
during full scale monitoring.

On full scale, propellers usually operate with turbulent
flow. On model scale, however, laminar flow, flow
transition and more pronounced flow separation are
encountered. This is a well-known model scale artefact
which influences model test results.

The current model scale tests suffer from these scale effects
as paint tests have shown the large amount of laminar flow,
flow transition and flow separation present on model scale.
This makes model tests prone to inconsistencies and feeds
uncertainty to the full-scale prediction, since the currently
applied scale corrections from the ITTC do not take this
properly into account.

Furthermore, literature and investigations on the CD-series
show that the traditional ITTC corrections often do not
even reflect the real model scale effects such that the
predicted full-scale performance would also not reflect
reality. In addition, due to tight design margins and harsh
competition, it is often not possible to make designs that
would perform well both in model scale and full scale.
Especially the lower blade area ratio (BAR) propellers
deviate from the ITTC corrections.

Hasuike et al. from Nakashima (2017) stressed that a full-
scale propeller has less flow separation in comparison with
model scale. Some propeller designs may show high
efficiency in full scale although the efficiency in model
scale is negatively affected by flow separation. This raises
the importance of improved methods for the prediction of
high efficiency propeller designs in full scale.

Also, Bulten and Stoltenkamp from Wartsila (2017)
emphasize that with the tight design margins of modern
propulsion units, it is often not possible anymore to make
designs which can perform well in both model scale
experiments and actual full-scale operation. They say that
it should be obvious that the design focus should be on the
full-scale operation.

Liicke and Streckwall from HSVA (2017) concluded that
paints tests showed an unexpected high amount of laminar
flow. They propose to separate the scalable and non-
scalable parts of the propulsion characteristics with more
care. They also studied the flow regime on the propeller in
behind ship situation versus open water. They observed a
small difference, which seems to be related mainly to
variation of angle of attack rather than to the turbulence
intensity of the inflow. This was also observed by Hasuike
et al. from Nakashima (2017), who stressed that flow
characteristics in model scale, both during open water tests
and propulsion tests, were still mainly laminar, including
laminar flow separation.

Hasuike et al. from Nakashima (2017) also conclude that
full scale extrapolation from model scale by model test
should be improved. A combination of full-scale RANS
simulations and a ‘2POT method’ for extrapolation showed
good capability to estimate the propulsive efficiency with
higher accuracy.

2.3 Boundary layer tripping

If the boundary layer at model scale is turbulent, its
behavior more closely matches that at full scale. The
primary objective is therefore to maximize flow similarity
between model and full scale by carefully controlling the
boundary layer regime. This minimizes variations in
natural transition by shifting the transition location towards
the leading edge and prevents laminar effects like flow
separation near the trailing edge. As a result, experimental
uncertainty is reduced and the reliability of the predicted
powering performance is improved.

To achieve this, model tests were carried out at MARIN in
which the laminar boundary layer was forced to promote
an early transition into turbulent flow.

This thorough research demonstrated that turbulators near
the leading edge of the model scale propellers are very
effective in tripping the boundary layer and inducing a
rapid transition from laminar to turbulent flow. Figure 3
shows a propeller equipped with turbulators.

The geometry of the turbulators is wish-bone alike, like the
zigzag strips which are widely used in the model tests for
the aviation industry. The traditional sand roughness was
found to be less consistent, less effective and more



challenging to control from a quality perspective. Inspired
by the zigzag turbulator, MARIN developed the wishbone
turbulator. Geometry, size, height, density, orientation and
position were varied upon satisfaction. Finally, an
effective, efficient, repeatable and controllable method was
found to trip the laminar boundary layer as close as
possible to the leading edge, without disturbing the shape
of the propeller.
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Figure 3: Propeller of the KVLCC2 with turbulators to trip
the flow

Early transition requires sufficiently strong disturbances in
the laminar boundary layer to promote instability growth.
The wishbone-shaped turbulator is particularly effective,
as it rapidly generates hairpin-shaped vortices like the
coherent turbulence structures in a fully developed
turbulent boundary layer. The required height is
determined from the critical Reynolds number at the
turbulator location, based on the characteristic velocity (un)
in the undisturbed laminar boundary layer at the trip height.

Reh=_

The minimum local Reynolds number is approximately
200. The required height can be estimated from a laminar
boundary layer profile, using either a simple parabolic
approximation or a more accurate velocity distribution by
a numerical evaluation of the flow. Figure 4 shows an
example of the required turbulator height distribution over
the dimensionless blade radius. For the Tripping JIP a
height of 100 um for suction side and 70 um for pressure
side was applied.

Within the Tripping JIP, the scripts used to generate the
turbulator geometry are distributed to the participants.
These scripts define the turbulator required height and
layout, including the shaped distribution along the leading
edge so that the elements accurately follow the local blade
geometry. Participants can use these files to cut the vinyl
strips required for application, and several have also

successfully 3D-printed the turbulators for installation on
their model-scale propellers. More details are provided by
Schuiling et al. (2024) and Kerkvliet et al. (2024).
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Figure 4: Illustration of the required turbulator height for a
typical model scale propeller with a diameter of 250 mm

To illustrate the effect of tripping, an internal R&D project
was conducted in which MARIN re-evaluated 13
propellers from the 4-bladed F-series with turbulators
applied. The results were compared against the series-
polynomial developed during the F-series JIP. As shown in
Figure 5, the efficiency clearly changes, especially for
propellers with a low blade area ratio. Paint tests confirmed
that laminar flow effects play a very dominant role.
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Figure 5: Change of peak efficiency of the F4-series with clean

blades (series polynomial) and tripped (using turbulators to

trip the flow) blades

2.4 Scale effect corrections

The efficiency of the model scale propeller with turbulent
flow is much less compared to the same propeller with
laminar flow. A turbulent boundary layer dissipates more
energy. Nonetheless, the effect on performance as function
of RPM (Re) becomes consistent because the boundary
layer regime stays turbulent, without transition effects.
Extrapolation towards full scale would then only involve a
Reynolds scaling effect on friction and lift, while the flow
characteristics remain similar.



Investigations have shown that the results of standard
RANS computations and turbulated model tests are very
close together. Already in 2015, Rijpkema et al. showed
that RANS computed with turbulent flow and model tests
with a tripped boundary layer (using sand-roughness in that
time) provide a good match.

At MARIN, it is believed that the computed scale effect
should be split into a pressure (lift) and frictional part.
Usually, the frictional component of the scale effect as
found with RANS is similar in magnitude to the scale
corrections. However, a significant part of the computed
scale effects is due to the changes in the pressure forces,
which clearly indicates that the lift forces on the blades
change. This phenomenon is not incorporated in the current
scale corrections. This leads to relatively large differences
in full-scale predictions compared to the RANS results.
RANS based scale corrections would substantially increase
the correction on Kr, while it decreases the correction on
Kq, compared to the empirical corrections.

There have been numerous publications on improved scale
effect corrections. A strip method for instance has still
primarily effect on Kq, while the main scale effect is visible
in Kr. Strip methods also struggle with 3D effects. The
Tripping JIP pursues scale effects as based on RANS
computations.

Whereas earlier work focused on transition modelling to
predict the scale effects with RANS, the Tripping JIP
solely focusses on turbulent flow. Although RANS
computations involving laminar flow and flow transition
are possible as well, they require a lot of tuning and
experience and come with large uncertainty. RANS
computations for turbulent flow are standard, do not
require tuning and are consistent and reliable, thereby
reducing uncertainty. The Tripping JIP has shown that
tripped model tests provide a good match with RANS
results using standard turbulence, thereby avoiding
uncertainties in transition modelling.

In addition, MARIN believes that surface roughness of the
full-scale propeller is important to take into account for a
RANS based scale correction method. Using the standard
RANS methods, it is possible to incorporate the full-scale
roughness effects in the flow solution.

The Tripping JIP is confident that reliable scale corrections
can be appropriately computed: standard RANS
computations have become mature, reliable and robust,
suited to this task.

3 METHODS AND RESULTS

3.1 Additional model tests with tripping

To build up knowledge of the impact of tripping over a
range of blade number, blade area ratio and pitch, selected
F-series, FC-series and the C-series (design pitch only)
were retested with turbulators. Furthermore, additional
propellers outside these systematic series were selected.
Several propellers were tested both with and without
turbulators. In total, 65 open water model tests were done

at MARIN, at 4 different rotation rates using Quasi-Steady
Open water method (QSO).

The focus within the Tripping JIP is on the open water
performance of the propellers in the first quadrant until the
torque coefficient Ky = 0.

An example of typical results as generated with the
Tripping JIP is provided in Figure 6. The open water
diagram is presented for four different rotation rates,
without and with tripping.

Figure 6: Open water tests clean (left) and tripped (right)

The following is remarked concerning the data as presented
in Figure 6:

» Efficiency is reduced significantly when applying
tripping, predominantly due to a decrease in K.

* The variation in Kt is significantly reduced with
tripping.

*  Note that at the highest rotation rate and low J-value
the tests are influenced by cavitation effects
(cambering effect of sheet cavitation).

Also other institutes performed a large number of open
water model tests. These investigations showed that
tripping consistently shows similar trends, for all institutes.
Still, model tests at low rotation rates remain challenging,
for various reasons.

The model tests were done to check the match with CFD
as function of Reynolds and extract CFD correlation
factors, and to form the basis for the creation of full-scale
Wageningen F-series and design pitch Wageningen C-
series. Several of the open water tests have also been used
in the analysis of propulsion tests.

3.2 RANS computations

Within the Tripping JIP first a CFD workshop was
organized to benchmark the quality and capabilities of
RANS computations, and to discuss the procedure and
settings to be followed. For comparison, the model test
results were used, and additionally, usage was made of
paint tests to compare the flow characteristics, e.g. Figure
7.

After the extensive efforts in the CFD workshop, RANS
computations were performed on the propellers from the
Wageningen C-series first. Wall functions are not relied
upon, instead all Reynolds numbers are wall resolved.



Per propeller, the computations are performed for 10
Reynolds numbers ranging from 1.0E05 through 1.0E08
and J-values between 0.3 till 1.5 depending on the
propeller, with step size 0.1. To efficiently manage the
large amount of computations, a workflow was developed
to fully automate all the computations, including pre- and
postprocessing.

To monitor the simulations during execution and to
evaluate afterwards, a dedicated postprocessing workflow
was created. The goal of this postprocessing workflow is
to provide a clear overview of the results of a given
propeller. For each propeller, the workflow generates a set
of heatmaps, for example the resulting y+ value and the
convergence levels. In addition, open water diagrams and
various detailed figures, such as pressure and friction
distributions on the blade surface for each Reynolds
number and J-value combination.

Figure 7: S8445 SOBC propeller model test (left) and RANS
computation (right)

3.3 Generic scale correction method

Based on the CFD simulations for the Wageningen C-
series, a polynomial fit of the scale effects was constructed.
It was tried to accurately fit the underlying data and at the
same time limit the fit complexity to avoid overfitting. The
difference in thrust and torque coefficient (AKy, AK,) was

expressed as a function of propeller design parameters
(%, j—E,Z ) and operating conditions (/, R,), as follows:
0

A
E/AO

AK7, AKy = f | logyo(Re) ']'T'P/D
The fit is obtained over the predicted thrust and torque
values at the different Reynolds number using the highest

Reynolds number as the reference values, i.e.:
AKy = Ky — KX|Re=1e8

A boundary condition on the polynomial is applied such
that AKy|r,—1eg = 0. This ensures that the resulting fit is
zero at the reference full scale Reynolds number and also
reduces the complexity of the fit in number of polynomial
terms.

A third order polynomial gives the resulting fit on friction
and pressure as presented in the following figures. Here the
fits are shown together with actual CFD values for a
selection of propellers. In the following discussion KTp
and KTf are denoted as the pressure and friction

contribution to the thrust coefficient and KQp and KQf as
the pressure and friction contribution to the torque
coefficient.
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In general, the fitted polynomial captures the trend quite
well. From these results the following general trends can
be observed:

*  There is a decrease in KTp for decreasing Reynolds
numbers. A dependency on the advance ratio is also
observed. Here we see larger reductions at lower J
values, which become more pronounced at larger pitch
and blade area ratios.

*  This reduction due to the pressure similarly affects the
KQp. A slightly higher J variation is observed for the
KQp than for KTp.

¢ A limited effect is observed for KTf, with a reduction
of thrust due to friction at lower Reynolds numbers.
The combination of reduction of KTp and KTf
therefore results in consistently lower KT at model
scale Reynolds numbers than at full scale Reynolds
numbers.

e For the frictional contributions an increase of KQf is
seen at lower Reynolds numbers, strongly affected by
the blade area ratio. This is counteracting the KQp
effect.



The combined effects on thrust, torque and efficiency is
visualized in the open water diagrams below, which shows
the thrust, torque and efficiency distribution for different
Reynolds numbers.
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Figure 10: Trends as function of Re

The combined effects on pressure and friction therefore
results into the following trends in the open water diagram:

*  The open water efficiency increases for higher Re, and
there is a shift in advance coefficient for the highest
efficiency.

*  The thrust increases for higher Re, this is consistently
observed for different advance coefficients and blade
area ratios. Thrust is dominantly affected by the
pressure, there is only a minor contribution from
friction.

*  The torque is affected by both pressure and friction
components that counteract each other. Therefore the
change in torque for increasing Reynolds numbers can
either be a reduction, increase or no change, dependent
on the propeller geometry and operating conditions. In
particular for low blade area blades the pressure
contribution can have a significant effect on the
variation in torque.

The development of the polynomial fit is now only based
on a single propeller series. One of the disadvantages of a
polynomial approach is the applicability outside the design
range used in constructing the model. Therefore in future
work the Tripping JIP will take multiple series into account
and assess generalizability of this approach.

Although no extensive generalization study was
performed, the polynomial fit was evaluated on a different
propeller geometry (not used in the training set). These
results are visualized in the open water diagram in Figure
11.

Figure 11 shows the change in thrust, torque and efficiency
due to the Reynolds variation from model scale to full scale
and the predicted full-scale performance based on the
model scale CFD and polynomial fit prediction. For this
case, the increase in thrust, reduction in torque and increase
in open water efficiency is captured well over the entire J-
range.

A similar fitting procedure will be applied to CFD
simulations with roughness included at higher Reynolds
numbers and varying roughness heights. Although no fit
was made yet it was already observed that different
roughness values have similar effects as the Reynolds
scaling, in the sense that both pressure and friction is
affected.
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Figure 11: Application of C-series scale effects on propeller
S8445

3.4 Extrapolation of propulsion tests

The computed scale effects from the C-series, were shown
to generalize for other propellers. Also, applying the new
scale effects to propulsion tests with tripped propellers
results in very similar level of the power prediction as
compared to tests with clean propellers, yet believed with
much lower uncertainty.

In the end, model tests should provide an accurate speed-
power prediction. For that reason, the Tripping JIP
performed several propulsion tests by applying tripping to
the propellers. Figure 12 shows one of the setups. Model
tests were performed by several institutes, each applying
their own standard way of performing self-propulsion tests.

Figure 12: Propeller of the DTMB5415M in propulsion
setup

Five different options for extrapolation of model scale
results towards the full-scale prediction were investigated:

0. Standard of MARIN, using a clean propeller. The
propulsive coefficients are analyzed with the standard
open water as measured at a rotation rate of 900 rpm.
The ITTC based scale effects dKT and dKQ are
regarded as constant based on average Reynolds and
average J-value over the speeds of the propulsion tests,
both for model scale and full scale, and are then directly



applied on the measured KT and KQ of the propulsion
test.

1. Same as standard method of MARIN, but using tripped
propulsion tests. Propulsive coefficients are analyzed
with the open water from 900 RPM. The CFD based
scale effects dKT and dKQ are regarded as constant
based on average Reynolds and average J-value over
the speeds of the propulsion tests, both for model scale
and full scale, and are then directly applied on the
measured KT and KQ of the propulsion test. As such,
dKT and dKQ do not vary with ship speed.

2. Propulsive coefficients are analyzed with interpolated
open water such that each speed in the propulsion tests
is analyzed with an open water at the same rotation rate.
The CFD based scale effects dKT and dKQ are directly
applied on the propulsion test as function of J-value and
Reynolds number. Both the model scale and full-scale
Reynolds number vary.

3. Propulsive coefficients analyzed with only one low
rotation rate open water instead of interpolating. Then
the 2 POT approach is used similarly to option 4.

4. Propulsive coefficients are analyzed with interpolated
open water such that each speed in the propulsion tests
is analyzed with an open water at the same rotation rate.
Then the 2 POT approach is used by applying a high
rpm open water in thrust identity. The dKT and dKQ at
model scale have more or less the same Reynolds
number as input, but the full-scale Reynolds still varies
significantly, which means that the dKT and dKQ still
vary significantly as function of the ship speed.

The results for propulsion tests using the public SINTEF
Ocean Bulk Carrier (SOBC) from SINTEF as tested at
MARIN are shown in Figure 13.
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Figure 13: Comparison of extrapolation options (I)

In addition to above outlined options, the Tripping JIP
investigated the following:

A. Extrapolation of tripped propulsion test using scale
effects as determined by the C-series polynomial —
option 4 in dark blue in Figure 14.

B. Extrapolation of tripped propulsion test using scale
effects as determined by CFD computations on the
real propeller geometry (dedicated CFD) - option 4
in orange in Figure 14.

C. Extrapolation of clean propulsion test, but using the
C-series polynomial and applying the 2POT method
with a clean open water to calculate the propulsion
coefficients and a tripped open water test to correct
the propeller efficiency and corresponding power -
option 5B in Figure 14.

The comparison between A, B and C as outlined above is
presented by Figure 14. In this comparison also the clean
propulsion test is analysed by 2POT method, using a
clean open water test at 900 RPM — presented in yellow.
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It is shown that the results by applying tripping are very
much in line with the results as found by analysing the
clean propeller with 2POT. At the moment this is the most
fair comparison as the effect of roughness is not yet
accounted for in the extrapolation of the tripped propeller.
This is encouraging, indicating that tripping does not affect
the general level of the power prediction significantly.

In total, 10 propulsion tests were analysed — and the
Tripping JIP continues to pursue this path. Overall, the
following observations were already done within the
Tripping JIP:

*  The 2POT method applied with new scale effects
gives fairly similar results to the standard
extrapolation method of MARIN regarding the
prediction of power and rotation rate.

*  2POT seems to have most effect on low speeds.

*  The wake fraction increases — sometimes significantly
- with tripping and applying 2POT. The wake fraction
then also clearly reflects a decreasing trend with ship
speed, which is hypothesized to represent the expected
Reynolds scale effect on the hull. See Figure 15.
However, the currently used wake scale correction
factors do not account for this.



* No trend was found for the difference in thrust
deduction factor for different cases when using
tripping. This is subject for further studies.

*  The relative rotative efficiency is generally higher
with tripping and using 2POT also more stable over
ship speed, as shown in Figure 16.

*  Open water efficiency with tripping scaling method
appears to be lower for low BAR and higher for high
BAR propellers.

Especially this last observation could lead to a suppression

of the current trend of reducing BAR as much as possible

in current propeller designs.
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Figure 16: Relative rotative efficiency for the DTMB5415M

Important to note is that propeller roughness was not yet
accounted for in the currently applied corrections, which
will be topic of further investigations.

A general point of attention is the repeatability of
propulsion tests (at the same institute and comparing
between institutes) and corresponding experimental
uncertainty hampers the isolation of the effect of tripping.

Also, it should be noted that the model scale of a number
of the models tested does not reflect realistic model sizes
normally tested by model test institutes. For a example the

KVLCC2 is too small and uncertainties seen in these model
tests are not representative.

4 DISCUSSION

4.1 The remaining challenges of low Reynolds number
experiments

A clear trend in recent years is the operation of ships at
progressively lower speeds, resulting in reduced propeller
rotation rates. At the same time, the lower power demand
allows large ships to be fitted with relatively smaller
propellers. The combined reduction in propeller diameter
and rotational speed leads to lower operating Reynolds
numbers in model-scale testing, making low-Reynolds-
number conditions a technical necessity rather than a cost-
driven choice.

The current extrapolation procedure, particularly the 2POT
approach with interpolation, places strong emphasis on the
treatment of low-Reynolds-number conditions. Within the
2POT framework, propulsion factors are determined from
propulsion and open-water tests that share similar flow
regimes, while extrapolation of propeller performance
relies on open-water data obtained under conditions closer
to full-scale behaviour. Turbulence stimulation reduces
uncertainty associated with boundary-layer transition;
however, Reynolds-number scale effects remain present.

At low Reynolds numbers, trailing-edge separation can
still occur even when the boundary layer is turbulent, with
the extent depending strongly on propeller geometry. The
2POT approach assumes that such separation effects are
comparable between propulsion and low-Reynolds-
number open-water tests, while being largely absent in the
higher-Reynolds-number open-water test used for
extrapolation. This separation of flow regimes is essential
for achieving accurate full-scale performance predictions.

An example was encountered in which the default
turbulator height used within the Tripping JIP was not
sufficient to trip the complete propeller boundary layer
during the open-water test, as shown in Figure 17. This was
reduced by applying turbulators with approximately twice
the height. Although the differences are subtle, the paint
streaks for the standard turbulators at approximately 0.6R
and lower show a more radial orientation compared to
those obtained with the higher turbulators, indicating
incomplete transition. Nevertheless, both configurations
still exhibit a substantial trailing-edge separation region.

Figure 17: No turbulators, normal turbulators, thick
turbulators at 215 rpm — OPEN WATER



For the propulsion tests, the standard turbulators appeared
sufficient to trip the boundary layer, as illustrated in Figure
18. This behavior is likely related to the elevated
turbulence levels in the wake of the model ship, which
promote boundary-layer transition. It should be noted that
paint tests under propulsion conditions are inherently more
difficult to interpret, as the resulting patterns reflect an
unsteady and spatially varying inflow. Nevertheless, the
observations indicate that the trailing-edge separation
region is reduced compared with the corresponding open-
water test.

Figure 18: No turbulators, normal turbulators, thick
turbulators at 215 rpm — PROPULSION

In summary, turbulence stimulation improves the
consistency of model-scale testing by reducing uncertainty

associated with boundary-layer transition. Reliable
determination of propulsive-efficiency components
nevertheless requires a 2POT approach, ensuring

comparable flow regimes for propulsion analysis while
maintaining conditions closer to full scale for
extrapolation. Reynolds numbers should not be reduced
excessively, as flow separation can still occur even with
turbulent boundary layers. Such separation remains highly
sensitive to propeller geometry and is often not
representative of full-scale behaviour.

4.2 Propulsion factors

The tripping JIP merely focusses on the scale effect on the
propeller blades. Nevertheless, it was observed that other
factors are influenced, such as the wake fraction and
relative rotative efficiency. Further investigations into this
and for instance wake scaling are not part of the Tripping
JIP. This provides opportunities for further research when
using tripping.

4.3 Cavitation

Exploratory tests with turbulators showed that each
turbulator creates an unrealistically large streak of sheet
cavitation. Therefore, further research is required to apply
turbulators in cavitating conditions. This will not be part of
the Tripping JIP.

4.4 Ducted propellers

Tripping JIP also investigates the impact of tripping on
ducted propellers. Exploratory tests were done on both a
Ka-series and D-series propeller, in addition to exploratory
RANS computations. Also ducted propellers suffer from
laminar flow effects as shown by paint tests (Figure 19).

Ducted propellers are more complex than open propellers
due to the interaction between the duct and the propeller as
function of Re. In addition, the flow velocities over the

duct—especially on the outer surface—are very low,
making the duct difficult to trip. This increases sensitivity
to Reynolds-number effects. In addition, extrapolation is
complicated by the scale effect in the interaction between
the propeller wake and the duct, which must be treated as
a phenomenon distinct from viscous scaling. These
interaction effects depend strongly on tip clearance,
blade-tip geometry, and local pitch ratio, meaning that any
general method will fail if viscous and interaction
mechanisms are not separated, quantified, and then
recombined consistently. Consequently, correction factors
for Ky and K, in ducted configurations must reflect
interaction trends independently rather than mixing them
with viscous corrections.

Figure 19: Paint tests (left: clean, right: tripped) on
Wageningen D-series ducted propeller

5 WAY FORWARD
The Tripping JIP will continue to strengthen the
methodology and prepare recommendations for the ITTC.

The following tasks are under consideration for the scale-
effect development:

* Incorporate surface roughness effects into the analyses
and evaluate their influence on propeller rotation rate
and delivered power.

* Expand the comparison between dedicated
scale-effect studies and generic scale-correction
approaches.

e Advance the development of generic scale-effect
formulations. Currently, they are based on the
Wageningen C-series, but shall subsequently be
extended to the Wageningen F-series and other
propellers.

*  Work toward simplified, physics-based correction
factors that remain broadly applicable across propeller
types.

*  Develop full-scale propeller series for the Wageningen
C- and F-series using the insights obtained from the
JIP.

*  Establish correlation polynomials linking model-scale
tests and RANS predictions to support consistent
extrapolation practices.

On the model tests and analysis methods:

* Continue the refinement of the 2POT method in
collaboration with partner institutes to ensure
methodological robustness.



* Investigate tuning the correlation allowance and/or
wake scale-correction factors to improve consistency
across datasets.

* Investigate whether propulsion tests with tripping are
required, including a dedicated assessment of how
tripping influences propulsion test outcomes including
the (reduced) uncertainty when applying tripping.

* Define a clear strategy for the transition period in
which both tripped and untripped model tests may
coexist.

Future work may also focus on ensuring that all
appendages—such as pre-swirl devices and rudders—are
tripped and extrapolated separately to maintain physical
consistency.

CONCLUDING REMARKS

The Tripping JIP has demonstrated that applying tripping
in RANS computations - combined with scale-effect
modelling - significantly improves the agreement between
CFD predictions and model-scale experiments. The
approach yields:

* A substantially improved match between model-scale
measurements and RANS results.

*  Full-scale efficiency predictions that remain
consistent with current industry practice (clean
propellers with ITTC’78 scale-effect corrections), but
with a lower expected uncertainty.

The overarching objective of the Tripping JIP is to propose
a revised scale-effect correction framework and an
accompanying extrapolation method for consideration by
the ITTC. While the project is scheduled to conclude at the
end of 2026, several open questions and development
needs will remain. For this reason, discussions have
already begun on a potential follow-up initiative, although
its scope and format are still under consideration.
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