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Abstract

When propellers are operating near the free surface, a phenomenon called ventilation might occur. Due to in-
sufficient immersion and high thrust loading, the propeller draws air, resulting in a reduced thrust. Reduced
thrust may have consequences such as loss of propulsive power, control and steerability, and may therefore be
leading to safety issues. Long time exposure to ventilation’s unsteady torque loading can also lead to propul-
sive unit malfunctioning. As propeller diameters tend to grow bigger to increase the efficiency, free surface
clearance decreases and room is left for air to be drawn. To increase understanding of the phenomenon, the
research question “What is the influence of major parameters on thrust breakdown due to propeller ventilation
and (how) can it be predicted?” was set.

Experimental and numerical research were conducted to answer the question. The used propeller was
a Wageningen C4.55-propeller, an in design condition lightly-loaded propeller with low blade area, fitting to
the trend of increasing diameters. The research was bound by perfect conditions to capture ventilation in the
purest form; no influences of wake, waves and ship motions were taken into account. It is however expected
that the obtained knowledge can be applied to more complex situations as well.

Ventilation is captured in three regimes. Close to the free surface, so-called free surface ventilation occurs.
Inception takes place by breaking through the free surface and air is drawn due to direct contact with the
atmosphere. More deeply immersed, vortex ventilation in found. In this regime, a ventilating vortex to the
free surface is the source of air. Inbetween, mixed ventilation is found, where air provision is a combination
of free surface breaking and ventilating vortices.

Experimental research showed that free surface ventilation appeared to be the most stable and predictable
ventilation regime. Inception through free surface breaking mainly depends on the pressure gradient be-
tween the propeller tip and free surface (parametrized by the ventilation number σv , depending on thrust
loading coefficient CT and tip immersion ht i p ), the tip immersion rate I and the ability to draw the free sur-
face (parametrized by the Froude number F r ). Increased ventilation thrust breakdown showed to be influ-
enced by the local velocity on the blade, which mainly depends on the propeller rotation rate N . Ventilation
thrust breakdown is therefore captured depending on N . As only one propeller was studied, a conclusion on
the influence of the pitch ratio was not yield, but an influence is expected. Immersion at which free surface
ventilation occurs may be found in ballast conditions. Also ship motions and waves increase the likeliness
of free surface ventilation. Vortex ventilation was the most unstable regime in the experiments. Inception
seems to be independent of the propeller loading, but influenced by local flow phenomena in the area above
the propeller, (such as low advance velocity in behind conditions found as a result of the ships wake and recir-
culation) and on propeller characteristics (such as the tip vortex strength and circulation around the blade of
the propeller). Even more than 1D immersed, inception was found. It is believed that vortex inception, shape
and wash-out resembles the appearance of the cavitating propeller-hull vortex. Vortex ventilation showed a
bistability effect; inception and wash-out thrust loading appeared to be unequal. Thrust breakdown seems
to be independent of the thrust loading and immersion depth. The regime inbetween, mixed ventilation,
showed the largest variations in thrust breakdown and is therefore the most limiting ventilation regime w.r.t.
propulsive unit breakdown. As mixed ventilation was only found for a small immersion bandwidth, it is ex-
pected not to be found continuously in ship application due to ship motions. On the other side, ship motions
might resemble a state of mixed ventilation due to varying immersion.

Experimental results were obtained using a statistical research planning, such that polynomial models
could be constructed. The propeller specific and generic model fitted the data well, demonstrated by the
fitting coefficient r 2 exceeding 0.9. Structural shortcomings were however found in capturing the highly un-
steady vortex ventilation, variations in mixed ventilation and increased thrust breakdown in free surface ven-
tilating.

Numerically, ventilation was simulated using the MARINs in-house and open-usage, two-phase volume-of-
fluid incompressible flow solver ReFRESCO. All three ventilation regimes were tested on their thrust break-
down prediction with different settings. The start-up procedure of B. Schuiling was applied to start the sim-
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ulation efficiently and without early inception. L∞-residuals were at most around 10−2, except for the ω-
equation and during the start-up procedure. Within one timestep, 100 outerloops were not sufficient for
force and iterative convergence. In grid interface interpolation, strange behaviour was found, but it did not
seem to harm the results. Timesteps corresponding to 0.5°propeller rotation increment and implicit second
order backward timestepping were applied. All convective quantities were discretized using Van Leer’s TVD
limiter. ReFRICS [36] was used in the free surface equation, as it showed to be the least diffusive in prelimi-
nary tests.

Vortex ventilation inception was not found, even when a scale resolving simulation (k −ωT N T − X LES
model of Kok et al. [41]) was conducted. This is ascribed to insufficient application of the k −ωT N T −X LES
model in the near blade area, due to insufficient convergence of the ω-equation. Also application of Boussi-
nesqs assumption in the k-equation, which leads to production of turbulence in regions of high velocity
gradient such as the vortex core, might be stringent. Free surface ventilation inception was accurately found,
both in simulations with a for ventilation adapted actuator disk model and with the propeller. For the pro-
peller simulation, k −ωT N T turbulence model of Kok [40] was applied. Thrust breakdown was underes-
timated by CFD. Only breakdown due to surface piercing was found. Underestimation is ascribed to the
absence of air entrainment. Application of the T N T −E ARSM-model of Dol et al. [14] (which is not using
Boussinesqs assumption) and application of free-slip boundary conditions did not improve the shortcoming.
As in literature, other free surface discretization schemes showed the same lack of air engtrainment, the origin
might be in the VoF-assumption, being the increased interpolated density used in the momentum equation
which prevents air to be convected.
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1
Introduction

The entrainment of atmospheric air in a low pressure zone is called ventilation. These low pressure zones exist
on lifting foil sections such as sailboat dagger boards and propellers, which makes them prone to ventilation.
During such an event, which mostly occur suddenly and unintentional, induced forces can decrease by 80%
[6], leading to substantial safety risks; for example loss of steering capabilities or propulsive power. Further-
more, it is known that long term exposure to propeller ventilation can lead to malfunctioning of propulsive
units due to ventilation’s dynamic loading characteristic [6]. However, as propeller diameters tend to grow
bigger, propeller clearance decreases and room is left for air to be drawn into the propeller plane, leading to
higher chance of occurence.

1.1. Objective
The goal of this research is to increase the understanding of ventilation. First of all, important parameters,
dimensionless quantities and relations are to be found, which can be used in an experimentally prediction of
ventilation thrust breakdown. Furthermore, an assessment to what extent it is possible to numerically predict
ventilation is of interest. These goals can be captured in the main research question:

“What is the influence of major parameters on thrust breakdown due to propeller
ventilation and (how) can it be predicted?”

, which consists of three subquestions:

1. What are the major parameters in propeller ventilation and how do those parameters influence the
inception and thrust breakdown?

2. To what extend is it possible to predict thrust breakdown experimentally?

3. To what extend is it possible to predict thrust breakdown numerically?

1.2. Scope and methodology
The ventilation phenomenon is complex and not fully understood. Ventilation is expected to be influenced
by ship motions, waves, and local flow phenomena as dead water areas. However, to decrease complexity
and to capture ventilation in its purest form, only ventilation in an open water set-up will be researched. It is
expected that in an open water set-up, valuable results can be obtained which are also valid for ventilation in
more restrictive set-ups.

Furthermore propeller characteristrics may be of influence. It is decided to use only one propeller from the
Wageningen C-series. The Wageningen C-series are controllable pitch propellers (CPPs) with a modern blade
design, designed to conduct experiments and add knowledge to off-design performance of CPPs. This is of
interest as more and more vessels are being equipped with CPPs to coop with the off-design conditions they
encounter [12]. Since increasing diameters and lower propeller loadings are expected to improve efficiency,
it is decided to investigate the ventilation characteristics of a (in design operation) lightly-loaded propeller.

1



2 1. Introduction

Table 1.1: Propeller section characteristics of Wag C4.55 P/D=0.8

r/R c/D P/D s/D Rake/D f/D t/D
0.249 0.136 0.676 -0.008 0.007 0.006 0.045
0.3 0.172 0.708 -0.017 0.008 0.009 0.031
0.35 0.207 0.735 -0.026 0.006 0.010 0.028
0.4 0.240 0.757 -0.033 0.003 0.010 0.026
0.5 0.299 0.789 -0.042 -0.005 0.011 0.021
0.6 0.344 0.803 -0.036 -0.013 0.010 0.016
0.7 0.368 0.800 -0.010 -0.018 0.009 0.012
0.8 0.361 0.779 0.041 -0.019 0.007 0.009
0.85 0.340 0.762 0.076 -0.017 0.006 0.008
0.9 0.302 0.741 0.119 -0.013 0.004 0.006
0.95 0.234 0.715 0.169 -0.007 0.002 0.005
0.975 0.174 0.701 0.196 -0.004 0.001 0.004
1 0.000 0.685 0.226 0.001 0.000 0.004 Figure 1.1: Wageningen C4.55 P/D=0.8
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Figure 1.2: Open water diagram for Wageningen C4.55 propeller

Within the C-series, the C4.55 propeller is such a propeller, with a reduced expanded area, used in internal
projects. The pitch ratio at 0.7R of the propeller is 0.8. The propeller diameter is 0.23294 m.
To answer the research (sub)questions, a literature study, computational and experimental fluid dynamics
were applied. Goal and subquestion 1 is answered by the use of literature and application of (simplified) CFD
and experiments. Literature is used in obtaining first knowlegde about the phenomenon, while CFD is used
for the indication and derivation of important parameters and relations. Experiments provide data for cases
and parameters which could not be modeled in CFD. After answering this question, the principle of ventila-
tion is known and parameters of interest are quantified. These results are of interest in the second subques-
tion. To answer subquestion 2, literature is used to provide necesarry basic understanding of (computational)
fluid dynamics. Experiments are conducted to make a prediction model and obtain validation data for CFD.
Various CFD calculations are executed to answer to what extend numerical predictions are sufficient. All
computational results are being obtained using CFD-code ReFRESCO, the in-house and open-usage viscous
fluid code of MARIN. Experiments were conducted at the Depressurised Wave Basin.
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Figure 1.3: Application of different tools in the answering of research questions.
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1.3. Report structure
This report follows the in fig. 1.3 listed tools for answering the research questions. The literature review can be
found in chapter 2, where one can find useful information about ventilation. Also information about compa-
rable phenonena, such as cavitation, propeller-hull vortex, surface piercing hydrofoils and surface piercing
propellers can be found in that chapter. Parameters dependencies and conclusions found in literature are
presenter thereafter, ended by an elaboration about scaling of the phenomenon. Brief information about the
basics of fluid dynamics and computational applications can be found in chapter 3. Also CFD-research in
propeller ventilation is found there. The literature study is followed by preliminary computational research
in chapter 6. First of all, preliminary ventilation research using an actuator disk is presented and parameter
dependencies found using CFD are shown. After this, results of a propeller grid study can be found. Lastly,
the choice for turbulence model and assessment of the application of moving grids can be found. Chapter 5
briefly eloborates about the preperation and parameter choice of the physical experiments. Thereafter, ex-
perimental results and the polynomial model are presented, followed by further noticable effects found in
the experiments. In chapter 6, computational results are shown and compared with experiments, to answer
in what extend CFD is a proper tool for ventilation prediction. Conclusion and recommendations are found
in chapter 7.





2
Physical phenomenon

2.1. Working principle of a propeller
Regular propellers are the most used ship propulsors. It outperformed the waterwheel from its development
and is in the power-velocity area of regular shipping unbeatable compared to water jets, surface piercing
propellers and air propellers. The largest contribution to the outperformance of the waterwheel was the
application of the lift principle, instead of drag. Lift is the induced force due to a change of the flow velocity
direction, leading to a low pressure area on the suction side and pressure difference between the suction and
pressure side of a blade section, see fig. 2.1. Drag is the force due to oppression of the flow. The equations
for lift and drag can be found in eq. (2.1) and 2.2. An object changing the flow direction is inducing lift.
The amount of lift is dependent on the angle of incidence α. This is the angle between the inflow velocity
direction and direction of the foil, see fig. 2.2. Dependent on α and the foil’s shape, a certain lift and drag
coefficient is found. For symmetical profiles, the lift coefficient can be linearized in 2πα. Lift is defined to act
perpendicular to the inflow velocity direction, drag parallel to it.

Figure 2.1: Negatieve peak pressure distribution over a foil
section, from [59]

Figure 2.2: Geometry of a propeller blade, from [19]

L = 1

2
ρCl (α)Av2 (2.1) D = 1

2
ρCd (α)Av2 (2.2)

2.1.1. Pitch
A propeller changes rotational power from the propeller shaft into transversal power. The distance the pro-
peller moves during one rotation is the geometical pitch, mostly given as P/D , the pitch ratio over the pro-
peller diameter. Each section of a propeller blade is in a certain geometrical pitch angle, θ, related to the
P/D-ratio (eq. (2.5)). Furthermore the hydrodynamic pitch can be defined as the distance which the water
travels during one propeller rotation. The hydrodynamic pitch angle is defined as the angle between in inflow
velocity va and rotating velocity vr (eq. (2.4)) and is closely related to the advance ratio J (eq. (2.3)). The angle
of attack α is the difference between θ and β (eq. (2.6)) and corresponds to the slip of the propeller. One can
derive that α and KT is zero for J=P/D . The ratio J/(P/D), i.a. used by Gutsche [22], is a for pitch corrected

5



6 2. Physical phenomenon

advance ratio.
For a properly fitted propeller, α is small (such that flow is not separating on the blades). In off-design

conditions, β is changing such that a lesser optimal angle of attack is found. A controllable pitch gives the
possibility to adapt θ to the change of β and obtain a safe working point. Fixed pitch propeller does not offer
that possibility, which makes them prone to engine overloading and/or thrust loss in off-design conditions.

J = va

nD
(2.3)

β= ar ct an(
va

πnD
) = ar ct an(

J

π
) (2.4)

θ = ar ct an(
P/D

π
) (2.5)

α= θ−β (2.6)

Lift and drag resulting from the propeller blade are to be reconstructed into the components in forward di-
rection and radial direction. The sum of components in forward direction is giving the thrust (eq. (2.7)),
at the cost of the torque composed of the components in radial direction and the arm (eq. (2.8)), drawn in
fig. 2.3. Thrust and torque are mostly non-dimensionalized by the propeller rotation rate, diameter and den-
sity (eq. (2.9) and 2.10).

Propeller characteristics are changing dependent on the ratio of the inflow and rotational velocity, which
is defined by J . For common J-values, KT and KQ are known for a certain propeller and can be given in the
open water diagram, already found in fig. 1.2. Also propeller efficiency η0 is plotted, which is defined as the
ratio between transversal power and rotational power (eq. (2.11)).

T =
∫

L(r )si n(β(r ))−D(r )cos(β(r )dr (2.7)

Q =
∫

r (L(r )cos(β(r ))+D(r )si n(β(r )))dr (2.8)

KT = T

ρn2D4 (2.9)

KQ = Q

ρn2D5 (2.10)

η0 = T · va

2πQn
= KT J

2πKQ
(2.11)

Figure 2.3: Hydrodynamic and geometric pitch angles and recon-
truction of thrust and torque. from [39]

Finding the correct propeller for a ship in terms of diameter, rotation rate, blade number, pitch angle etc. is
dependent on multiple ship characteristics as the resistance, wake factor, thrust deduction factor and speed.
Propeller matching is making use of the open water diagram. For the procedure, I refer to Klein Woud and
Stapersma [39], chapter 10 and 11.

2.1.2. Further propeller geometric parameters
A propeller blade is not only rotated around the length axis, but also perpendicular to the shaft (rake) and
around the shaft (skew). Rake has little effect on the propeller performance and can be applied to increase
tip clearance. Skew is applied to reduce unsteady pressure peaks [19] and cavitation/ventilation, in the wake
peak at the 12 o’clock position behind a vessel.

Blade area is another important parameter to decrease cavitation/ventilation likeliness. As lift is the inte-
gral of the pressure over the blade area, a larger blade area gives a lower thrust per area. Keller [33] derived
a criterion for the minimum blade area to prevent cavitation. Blade area is non-dimensionally given as the
expanded area over the disk area: Ae /A0. From this definition it is clear that Ae /S0 can be reduced if the
propeller diameter increases, as expanded blade area may be equal. Wageningen propeller series use this
parameter in the disctinction of propellers; in the Wageningen C4.55, the propeller has 4 blades and an ex-
panded area of 0.55.
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Figure 2.4: Rake, skew and expanded area of a propeller blade, from [19].

2.2. Propeller ventilation
Ventilation is the entrinment of atmospheric air into the propeller area. One of the first researchers in this
topic, Shiba [72], gives the description:

“Air drawing of a marine propeller signifies the penetration of atmosphere through an air hole or along the
blade surface in contact with atmosphere into the dead water region or sub-atmospheric region on the upper
surface of the propeller blades”.

According to Swales et al. [74], although derived for hydrofoils, there are three requirements for the occurence
of (stable) ventilation. First of all, an area of separation has to be apparent. Tests with surface-piercing hy-
drofoils showed that a stable ventilating cavity could not exist before the foil was stalled. In non-stalled flows,
the cavity immediately breaks away and is carried away by the flow. Secondly, a sub-atmospheric pressure is
needed to build up a pressure gradient such that air is drawn. These low pressure areas are likely to occur in
the low pressure peak of a propeller blade, in the low pressure area in front of the propeller of in a tip vortex
core. Both requirements tend to occur in highly loaded propellers. Lastly there has to be a connection to
airmospheric air. As Shiba already mentions in his definition, inception mechanisms differ in fulfilling this
condition; a connection can be made by a vortex from the blade or by breaking through the free surface.

Figure 2.5: Examples of propeller ventilation, from [43]

.

2.2.1. Thrust loss and hysteresis
Thrust loss associated with ventilation can be substantial. In experimental research, Califano [5] and Koushan
[42] found decreases up to 80% for certain propeller loadings and depths. The propeller thrust loss is often
captured by the ratio β of the ventilation thrust(coefficient) over the deeply immersed thrust(coefficient). In
fig. 2.6, one can see the influence on one rotation, where thrust is significantly reduced just after the 12 o’clock
position at zero blade angular position. Depending on the severeness, significant breakdown is also found at
other positions. In fig. 2.7, the effect on the open water propeller diagram can be seen, where partly and full
ventilations are separated by a critical advance ratio.
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βT = Tventi l ati on

T0
= KT,venti l ati on

KT,0
(2.12) βQ = Qventi l ati on

Q0
= KQ,venti l ati on

KQ,0
(2.13)

Figure 2.6: Influence of ventilation on thrust during one rotation,
from [5].

Figure 2.7: Influence of ventilation on open water propeller dia-
gram, from [65].

The box around the critical advance ratio in fig. 2.7 is a bistable region. Depending on the origin (low or
high J ), the phenomenon behaves differently. This is known as hysteresis. Due to added resistance, e.g.
in waves, loading of the propeller increases, which may incept ventilation. When thrust is then decreased,
ventilation may wash out. Eventually this could lead to continuous inception and wash-out of (more severe)
ventilation. Bistability leads to a decreased thrust, even if power should be sufficient in that condition, by
taking engine margin into account [39]. In excessive situations, this can be problematic in heavy seas, where
thrust loadings are continuously high and the propeller keeps ventilating. Especially when the propeller pitch
is not controllable, a vessel could end up in a state when it no longer has enough thrust to even stay in position
and loses control. In lesser severity, ship speed and efficiency decrease, which is neither favourable, although
surmountable if in lesser demanding conditions overall efficiency is increased.
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Figure 2.8: Hysteresis effects: (1) ship in heavy load conditions, where due to added resistance the propeller is heavier loaded and starts
ventilating (2). Lesser loading then results in the ventilated KT -curve (3), so lesser thrust is generated. If the propeller is even lesser
loaded, the regular KT curve is again followed (4), even when thrust loading is increasing more (5,1) until a new inception takes place
(2).

2.2.2. Inception regimes and air provision
Ventilation inception modi are dependent on multiple parameters. It was shown that the immersion depth
is an important parameter, on which three modi can be distuingished [7]. Close to the free surface or due to
ship motions (fig. 2.9), the free surface is drawn into the propeller and air is provided, leading to free surface
ventilation. More deeply immersed, the free surface can not be broken anymore and a ventilating vortex to
the free surface provides air, called (propeller-free surface) vortex ventilation. A mixed zone exists inbetween
these regions, where air is provided by a free surface vortex and surface breaking as well. Depths mentioned
in the figure are indicative and strongly dependent on further parameters.
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Figure 2.9: Ventilating propeller in heavy weater due to ship motions, from [32]

Figure 2.10: Inception at deep to moderate depths, from [43]. Figure 2.11: Inception and moderate and shallow depths, from [43].

2.2.3. Ventilation regimes
Thrust breakdown severity is dependent on the ventilation regime. The larger the area of the propeller blade
is covered in air, the larger the thrust breakdown. Califano [5] distuingished three regimes; inception, partial
ventilation and full ventilation. During ventilation inception, atmospheric air can only be found near the top
of the propeller. In a more severe situation, air is advected along the rotation of the propeller, although it is
detached before the full disc has filled with air. This is called partial ventilation. When air keeps attached to
the blade for more than one rotation (so air is still apparent when new air is drawn), one speaks of full venti-
lation. The transition between partially and fully ventilation is however not completely clear and it is hard to
differentiate between partial and full ventilation.

The ventilation regime is highly dependent on the inception regime and air provision. Ventilation incep-
tion by a vortex does not necessarily lead to full ventilation, as air provision might be insufficient. Accord-
ing to Califano [5], full ventilation immeadeately occurs after free surface breaking, although experiments
showed this not to be by definition the case in lightly loaded propellers.

Figure 2.12: Regime at deep to moderate depths, from [43]. Figure 2.13: Regime and moderate and shallow
depths, from [43].
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Gutsche [22] already had a scientific more educated distinction between fully and partially ventilated, al-
though it is still hard to differentiate based on visual results. He classifies the ventilation regime based on
the extend of air suction at the suction side of the propeller. When the whole side is filled, it is considered
full ventilation. Then the thrust only consists of the pressure difference between the positive pressure on the
pressure side and the atmosperic pressure on the suction side and thus thrust decreased significantly.

A third classification of propeller ventilation was made by Sato et al. [69], who categorized based on the
impingement of the air ventity; M-type starts from the mid chord (drawn by the local separation and low
pressure peak); T-type only from the tip (when local low pressure or separation area on the blade is insuffi-
cient); and S-type from the blade leading edge and stretching over the blades towards the hub depending on
the ventilation extent. Unfortunately there is no more in-depth explanation when to expect which ventilation
regime, but it is expected that M-type is not likely to happen regarding the improvements in propeller design
(w.r.t. application of skew and rake). Similarly, ventilation experiments by Kozlowska et al. [43] merely shows
S-type air drawing. Submerged hydrofoils (see fig. 2.23) seem to show M-type ventilation. Schematic views
can be found in fig. 2.14.

Figure 2.14: Ventilation Regime Classification according [69].

2.3. Similarity of ventilation to other phenomena
Regular propeller ventilation is not an often discussed subject in literature. However, partly similar phe-
nomena can give more insight in the ventilation phenomenon too. Cavitation, propeller-hull vortex, surface
piercing hydrofoils and surface-piercing propellers are elaborated upon in this section.

2.3.1. Cavitation
Ventilation is often being confused with cavitation. Both are gaseous entrapments in low pressure areas
near/on the propeller and appear to be similar in model tests [75]. However, the physical background and
effect is completely different. Whereas air in cavitation is provided via phase transition, atmospheric air is
convected in case of ventilation. Furthermore the pressure in the cavitating air pocket is below the vapor
pressure, in ventilation it is (near) atmospheric. The pressure difference between pressure side and vapor or
atmospheric pressure is the origin why a small amount of blade cavitation does not directly lead to significant
thrust breakdown, which is the case in blade ventilation.

One of the first who researched the influence of ventilation on cavitation and vice versa, is Brandt [2]. He en-
dorses the similarity between cavitation and ventilation by classifying the thrust breakdown due to cavitation
and ventilation according a similar trend. Based on the propeller loading, six regimes are separated, given
in fig. 2.15. In experimental research he observes that cavitation and ventilation can coexist and coinfluence
in partially conditions (1-3), i.a. by initiating a stable area on the blade surface. In regime 4-6, cavitation
immediately follows ventilation when the free surface connection is lost, and vice versa when a connection
is initiated. Furthermore experimental results showed that the cavitation number can not be neglected in
lower loads (when cavitation and ventilation coexist), the influence of cavitation even grows when the pro-
peller loads grows until full ventilation is reached. This can be found in fig. 2.15 as the deviation of dashed
lines in phase 3. From phase 4 on, in full ventilation, the influence of cavitation becomes neglegible, accord-
ing to Brandt [2] and ITTCs rules by Kruppa [46] .
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Figure 2.15: Ventilation regimes dependent on thrust loading for 1 < hsha f t /R < 2.2 acc. to Brandt [2]. Dashed line indicate a high
cavitation number, dashed-dotted line a low cavitation number. Cavitation number is influenced by local depressurizing. Explanation
of phases 1 to 6 are given table 2.1.

Table 2.1: Description of phases found in fig. 2.15

(1) Change of zero-crossing value and probable higher Kt.
(2) Partial/vortex ventilation/cavitation in wake, T-type acc to Sato et al. [69].
(3) Unsteady, seperating suction side ventilation/cavitation.

(4a) Steady and full ventilation on suction side. Surface piercing blades are not spraying.
(5a) Steady and full ventilation on suction side. Surface piercing blades are spraying.

(4/5b) Steady and full ventilation that does not reach the propeller hub. WagB-series show this behaviour [49]
(6) Full ventilation over the whole propeller, w/o spray.

Van Beek and Van Terwisga [75] also showed the coinfluence of cavitation and ventilation. In experiments in
the depressurized wave basin at MARIN, a propeller behind a fast-sailing container vessel showed ventilation
in the non-cavitating case, while in the cavitating case it did not show ventilation. This is ascribed to the
moderating effect of sheet cavitation to the suction peak pressure.

2.3.2. Propeller-Hull Vortex

Initiation and existence of a propeller-free surface vortex is expected to be comparable to a propeller-hull vor-
tex. First and major research into this topic was executed by Huse [29], who deduced the influence of various
parameters on and derived a physical explanation for the initiation of the vortex. His most probable explana-
tion is the ‘pirouette’ -effect, where due to the proximity of the plate, low wake velocity and a heavily loaded
propeller, water recirculates above the propeller and creates a stagnation point in the flow. Conservation of
rotational momentum then leads to an increased rotational velocity and the vortex. This local water velocity
above the propeller close to zero may happen in the wake of a ship/thruster at the 12 ‘o clock position. Other
hypotheses based on shear flow in the wake field and existing vortices are condidered less likely regarding the
experimental results [29], although Sato et al. [70] speaks about influence of the propeller in his hypotheses.

In experimental results, Huse [29] concluded that the inception of a propeller-hull vortex is more depen-
dent on the hull geometry rather than propeller geometry, although the propeller may still have influence
too. Furthermore a lower advance ratio, smaller tip clearance and lower cavitation number are increasing
the likeliness of propeller-hull vortex inception. A noticable effect that the vortex appeared to be the most
stable for J=0.3 instead of J=0.1 was also found. In fig. 2.17 the extend in time of a vortex is given dependent
on σv and J , probably as a consequence of cavitation or recirculation. Also recirculation of water above the
propeller might be of influence. Lastly, from an operational point of view, Huse placed longitudinal skegs
above the propeller, which prevented the formation of propeller-hull vortices, supporting the hypothesis of
the ‘pirouette’-effect. However, as the vortex has a predominant direction of rotation, there are other influ-
ences as well.
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Figure 2.16: Vortex starting due to the ‘pirouette’-effect, from
[29].

Figure 2.17: PHV-extend in percentage of time of complete test dependent
on cavitation number and advance ratio, from [29]

Further experimental work was executed by Sato et al. [70]. In their work, patterns in the flow field are cate-
gorized in six regimes, found in fig. 2.18. Using potential flow analysis and experiments, the suction limit and
boundaries between flow regimes are parameterized by the tip clearance and thrust loading. For high thrust
loadings, regimes are only a function of tip clearance. fig. 2.19 show these regimes.

Also using potential analysis, they derived that next to the ‘pirouette’-effect, a vortex may be generated by
the same principle as in a bathtub. In the bathtub hypothesis, the vortex in the aft region (C/3 in fig. 2.18/fig. 2.19)
is generated by the acceleration of the reversed flow due to the propeller tip. The predominant rotation direc-
tion is equal to the circulation around the propeller blade. Furthermore, experiments show in fig. 2.19 that
the vortex regimes are only a function of tip clearance at high thrust loadings.

Figure 2.18: Flow regimes on a plate above the propeller, from [70]
Figure 2.19: Flow regimes on the plate as function of thrust loading
and tip clearance, from [70]

Numerical research into propeller-hull cavitation was conducted by Martio et al. [54]. Using RaNS code on
a grid on only 500.000 cells, they found good agreeability in comparison with the vortex shapes and incep-
tion limits set by Sato et al. [70]. The origin of the vortex showed to be steadily positioned on the blade
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surface, whereas the shape is influenced by the propeller blade position. The thrust coefficient was stronger
influenced by the impingement of the vortex on the blade at J = 0.249, seen by the more unstable signal in
fig. 2.20. However, thrust loss due to free surface proximity was found with and without impingement of the
vortex on the blade.

Figure 2.20: Time dependent thrust coefficient KT for
J = 0.249 and 0.326, from [54].

Figure 2.21: Vortex Impingement at the
propeller blade at J=0.326, from [54]

Figure 2.22: Vortex Impingement at the
propeller blade at J=0.249, from [54]

2.3.3. Surface piercing hydrofoils
Also surface piercing hydrofoils are prone to ventilation. It is known that at high speeds, rudders A-class cata-
marans are ventilating and controllability of the boat is significantly reduced. Figure 2.23 shows the daggger
board as investigated at the free surface cavitation tunnel at the University of Berlin [34], [20]. A comparable
issue is found in wind surfing, when a skeg is ventilating and losing lift, leading to a spin-out of the board into
the wind, personally experienced by the writer too. Figure 2.24 clearly shows the ventilating trough behind
the board.

Figure 2.23: Ventilating A-cat hydrofoil. Note the rising tip vortex
due to cavitation. From [20] and [34]

.

Figure 2.24: Spin-out during windsurfing due to ventilating skeg.
Note the trough behing the board in the red oval. From [31]

Swales et al. [74] investigated ventilation inception of surface piercing hydrofoils. Whereas requirements
set in the introduction are valid for hydrofoils, inception mechanisms are different than for propellers. At
surface-piercing (airfoil-shaped) hydrofoils, a low-pressure area is apparent close to the free surface and im-
mediately ventilation might be expected. However, Hay [26] found out that a thin layer of fluid at the surface
does not seperate and so immediate ventilation is prevented. This effect may be found in propellers as well.
Each succesive pertubation of this seal allows some air ingress, until the inception point is reached and the
ventilating cavity is continuously fed. Inception via a tip vortex might also occur; due to a rising cavitating tip
vortex or lowered water level after the flow, air may be drawn.

Sharp-nosed profiles were also taken into account in the experiments. A distiction of ventilation types was
found dependent on the nose shape; sharp-nosed profiles could also incept due to separation at the leading
edge. A long, non-cavitating nose bubble initiates a vortex which allows air ingress. As the vortex strength is
dependent on the velocity, likeliness of nose ventilation increases with flow velocity. It also increases when
the nose bubble size increases and the viscous damping decreases. In general nose ventilation occurs at lower
incidence angles than regular ventilation. Due to the pertubation train necessary for stable tail ventilation in-
stead of a single pertubation in nose ventilation, tail ventilation shows a higher repeatabity and controlability.
This is however contradictory to the application of superventilating profiles in surface-piercing propeller.

According to Swales et al. [74], cavitation may initiate ventilation by acting as a stable region of seperating
flow. Reducing ambient pressure reduces the inception angles in all cases, as was also found by [2]. Waves
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are of infuence too; ventilation may occur in short wave crests due to farther draw-down of the free surface
as a result of the vertical acceleration. Similarly, in long wave troughs ventilation may occur due to smaller
distance to the free surface. This might not only be true for hydrofoils, but also for propellers.

Harwood, Brucker, Miguel, Young, and Ceccio [25] obtained close similarity between numerical and exper-
imental results for a surface-piercing hydrofoil. In fig. 2.25 one can see that how the lift coefficient is influ-
enced by the wetted or ventilated flow. It is shown that a bistable region exists between the bifurcation point
an stall point. In the bistable region, the foil can be fully wetted, but also fully ventilated. Hysteresis occurs
in this region. At angles smaller than the bifurcation angle, no bistability is found. Also from the moment
the foil is stalled (also a bifurcation point as multiple circumstances lead to a single solution), the foil is fully
ventilated and bistability is no longer found. The lift coefficient decreases in ventilating conditions.

Figure 2.25: Lift coefficient influenced in the bistable zone. Note that fully wetted flow disappears after stall and fully ventilated flow
after the bifurcation point. From [25].

Figure 2.26: Proposed criterion for full or partial ventilation by Harwood et al. [25]. On the left the jet is not undercutting the cavity, thus
FV. Right side is PV. Note that both would be considered PV before, based on the cavity length which is smaller that the chord length.
From [25].

A further disctinction in the process to full ventilation is been proposed. First of all, inception has to take
place; induced by a free-surface pertubations or induced by stall. After the inception, which leads to partial
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ventilation, stabilization of the flow into full ventilation is said to occur. Whereas full ventilation was pre-
viously defined as a cavity running over the full chord of the foil, Harwood et al. [25] added the role of the
re-entrant jet to the definition. If the jet undercuts the cavity, it is not stable and one speaks of partial ventila-
tion. This is visible in fig. 2.26. One can imagine that this criterion is hardly applicable for propeller purposes.

The process of ventilation to attached flow, wash-out, had also been observed. This process has two
phases; the transition from full ventilation to partial ventilation when re-entrant jet criterion cannot be met
or the cavity no longer runs to the tip. A critical Froude number was derived for the first phase. Secondly the
flow reattaches and all remaining air is carried downstream.

2.3.4. Surface piercing propellers
Propellers which are always working in the vicinity of the free surface are surface piercing propellers. These
propellers have widely been researched by Oberembt [61], Hadler and Hecker [23] and Olofsson [62] in an
experimental way. Young Young and Savander [86] used BEM-calculations together with FEM to analyse
the hydroelasticity of the propellers. Yari and Ghassemi [85] and Himei [27] both executed viscous CFD-
culculations on surface piercing propeller, both leading to agreeable results.
Surface piercing propellers depend on ventilation by piercing the waterline and the Wagner effect [77] to
work properly; without the thrust deduction they overload the engine. Fully submerged, surface piercing
propellers act as supercavitating propellers to take advantage of the cavities and so reducing water drag. SPP
are found in high-speed craft, as the efficiency exceeds the regular propeller efficiency. Furthermore the
absence of appendages is an advantage, as well as the absence of a water inlet in case of a waterjet driven
vessel. Drawbacks are reduced efficiency in low speed conditions, high lateral forces due to asymmetric load,
high blade stress and fatique issues and the lack of reliable design tools. [86]

Surface piercing propellers are in their design inherently different from immersed propellers to initiate
full ventilation and supercavitation. The difference in the design of a surface-piercing propeller can be found
in the foil shape. Whereas a propeller has in general a blunt nose and a sharp tail, a surface piercing propeller
contrarily has a wedge shape; a sharp nose and a abrupt tail. The foil’s shape initiates a stable ventilating
or cavitating cavity from the leading edge until after the trailing edge, leading to full ventilation or cavitation,
given in fig. 2.27. Since the design and working principle is inherently different, no further notice will be given
to the physical background of surface piercing propellers. CFD-research is governed in section 3.3.

Figure 2.27: Ventilation of surface piercing propeller’s characteristic foil shape, from [87]
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2.4. Influencing parameters
2.4.1. Introduction of non-dimensional parameters
In the ventilation (inception) regimes it is already noted that ventilation is influenced by the depth of the
propeller. Also thrust load is expected to influence ventilation. Furthermore non-dimensional numbers such
as the Reynolds, Froude and Weber number might be of use. In this section, useful parameters are defined.

Immersion ratio I
The depth of the propeller is often non-dimensionalized by the radius or diameter. In literature, the depth
is often defined as the depth of the propeller axis w.r.t. the undisturbed free surface. However, as the tip
clearance is the shortest distance from the low pressure peak to the free surface, it might be physically more
correct to define the immersion ratio according the tip clearance.

I = ht i p

D
= 1

2

hsha f t

R
(2.14)

Thrust loading coefficient CT
Thrust loading is non-dimensionally given by the thrust loading coefficient CT . The coefficient denotes the
velocity increase from the farfield to the disk plane and thus contraction of streamlines through the propeller.
The derivation can be found below, where the definition of thrust using CT is equalled to the thrust using the
dynamic pressure jump:

CT = T

0.5ρAv2
a
→ T = 1

2
ρCT Av2

a (2.15)

T = ρAv2
D (2.16)

which gives:

v2
D = 1

2
CT v2

a (2.17)

Thrust loading coefficient is also often seen as the thrust per area of the propeller. A lower CT is obtained by
increasing the propeller size, generally profitable in terms of efficiency.

The propeller thrust loading coefficient CT can be deduced using J and the propeller load coefficient KT . As
propeller thrust coefficient KT is a necessity to derive the thrust loading coefficient CT , J on it’s own is not
sufficient to express the thrust load independent of the propeller characteristics. However, in serveral works
such as Gutsche, Sato and Pohl, J is used to indicate the start of severe thrust breakdown and/or hysteresis.

CT = 8KT

πJ 2 (2.18)

Ventilation (inception) number σV
Ventilation might occur when a negative pressure gradient exists between the atmospheric pressure and the
low pressure in the propeller disc, so air is drawn. The local pressure needs thus to be lower than the atmo-
spheric pressure: pl ocal −p0 ≤ 0. The local pressure is a summation of the atmospheric pressure, hydrostatic
pressure and dynamic pressure. In case of a negative pressure gradient, pd yn must be a negative pressure.

∆p = plocal −p0 = (p0 +ρg h +pd yn)−p0 = ρg h +pd yn ≤ 0 (2.19)

The ventilation number appears when the pressure gradient above is non-dimensionalized using the dy-
namic pressure. One should always be careful which ventilation inception number is used as several different
definitions have been found in literature.

σv = (ρg ht i p −pd yn)

pd yn
≤ 0 (2.20)

= ρg ht i p

pd yn
≤ 1 (2.21)
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An other way of looking at the ventilation number is the ratio of the ‘preventing’ pressure over the driving
pressure. The ventilation number drops below zero when the driving negative pressure is larger than the hy-
drostatic pressure. A clear dependency of the propeller depth exists.

The origin of the driving pressure may differ per case. For an actuator disc it can be derived to be the dynamic
pressure due to thrust, whereas for a propeller it is dependent on the ventilation regime. In free surface venti-
lation, the negative pressure is the dynamic pressure in front of the propeller due to thrust, whereas in vortex
ventilation the negative pressure in the vortex is driving. Both have been described in Kozlowska et al. [45] as
influencing low pressure areas.

If the pressure jump over the propeller, T /A, is used, the ventilation number for free surface ventilation can
be derived, which is dependent on the increase of axial velocity via CT :

σV = ρg ht i p

T /A
= ρg ht i p

0.5ρCT v2
a
= 2g ht i p

CT v2
a

(2.22)

If the negative pressure is equal to the dynamic pressure 1
2ρv2, an apparent Froude number appears, shown

in eq. (2.23) and often called the depth Froude number. However, as the physical derivation showed that
this is actually a ventilation number, it is chosen not to use the depth Froude number, even if the ventilation
number is a ratio between gravity and momentum forces.

σV = ρg ht i p

0.5ρv2 = 2g ht i p

v2 = 2

F r 2
hti p

(2.23)

Froude number F r
The Froude number is a dimensionless parameter quantify the influence of the momentum forces to the
gravitational forces. This is mainly of interest near the free surface. The diameter Froude number can be used
in the quantification of the wave steepness due to contracting streamlines and in the potential of deforming
the free surface.

If water flows at a high rate (high momentum forces), it is rather difficult to deform the free surface. The
same applies if the length of the driving low pressure area due to the propeller thrust is short w.r.t. the wave
length. Using potential wave equations, the wave length λ is equal to v2

a/g , showing a dependency on the
gravity; wave length grows with decreasing gravity. This is schematically given in fig. 2.28. It is assumed that
the length of the low pressure area is linear in the propeller diameter.

Lp− = f (D)

Va

D

λ= v2/g

Figure 2.28: Schematic application of Froude Number in wave
steepness description

λ

Lp−
linear in

λ

D
= v2

a

g D
=F r 2 (2.24)

F r = va√
g D

(2.25)

So the diameter Froude number F rD is a non-dimensional parameter which indicates the potential of free
surface deformation.

Reynolds number Re
The Reynolds number quantifies the ratio between the viscous and momentum forces. Based on the Reynolds
number, it can be determined wheter a flow is laminar or turbulent. Reynolds number is mostly defined as
eq. (2.26). µ and ρ are the dynamic viscosity and density. The quotient µ/ρ is defined as ν, the kinematic
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viscosity.

Re = ρuL

µ
= uL

ν
(2.26)

For propeller use, Reynolds number is mostly used in the determination of flow state on the propeller blade.
ITTC [30] defines therefore Reynolds number using the chord length ratio c/D and rotational velocity nD :

Re I T T C = nD2

ν

c

D
(2.27)

Weber Number W e
The Weber number quantifies the ratio between the internal forces and surface forces. Especially at large
curvatures or thin film flows, surface forces may not be neglected and the Weber number is of importance. σ
is the surface tension from water to air.

W e = ρLu2

σ
(2.28)

Other definitions of the Weber number were found in literature. Shiba [72], who derived a minimum
Weber number for scaled test, used eq. (2.29). This definition is the square root of the aforementioned Weber
number, where u is taken to be nD .

W e = nD

√
ρ

σ
D (2.29)

2.4.2. Scaling
Full scale influence of propeller ventilation is of importance to identify risks associated with it. However,
experiments in propeller ventilation were executed in model scale so scaling is necessary to identify the in-
fluence on full scale. Geometry, velocities and forces have to be extrapolated based on similarity laws. Ge-
ometric similarity is governed by the ratio between full and model scale, whereas the kinematic similarity is
governed by the same advance ratio in model and full scale. Given the definition of the advance ratio, one
could argue that this is a geometric similarity of the velocity inflow angle to the propeller blade. The dynamic
similarity law may however differ between experiments.

Geometric: αL = L f

Lm
(2.30)

Kinematic: αJ = 1 or Jm = J f (2.31)

αβ = 1 or βm =β f (2.32)

Reynolds Scaling
Propeller thrust and torque needs to be predicted as accurately as possible. Therefore, accurate full scale
viscous forces are necessary. To extrapolate model viscous forces correctly, the flow regime in model and
full scale should coincide. The dynamic similarity based on the Reynolds number is governing for this. For
well-immersed propellers or experiments without free surface, Reynolds extrapolation is used as long as this
is possible. This scaling knows the problem of needing excessive revolution rates, which are mostly not work-
able. Within MARIN, revolution rates of 900 to 1200 rpm are used to ensure at least turbulent flow over the
propeller blades, such that flow regimes are comparable. Similarity of the Reynolds number is not obtained.
The following law is applied.

αRe = 1 or Rem = Re f (2.33)

Using Reynolds extrapolation, the following factor between full scale and model scale quantities exists, as-
sumed that material properties do not change from model to full scale:
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αL =αL αv = 1/αL αn = 1/α2
L αt =α2

L

First of all, this extrapolation requires excessive and impossible revolution rates for the length scale factors
which are used, see αn . Furthermore, dynamic similarity of the ventilation phenomenon is not obtained, as
the ventilation number in model scale far exceeds the full scale number.

Froude Scaling
Dynamic similarity may also be deduced from the ventilation number to scale the phenomenon correctly:

ασv = 1 or σv,m =σv, f (2.34)

Using the ventilation number for extrapolation, the following factor between full scale and model scale quan-
tities exists, which are the same as for Froude scaling appears. This is not suprizing, as in eq. (2.23), it is al-
ready shown that the ventilation number also gives a ratio of the momentum and gravitational forces. Also
the fact that free surface is of influence on ventilation, and free surface scaling (in wave-making resistance
of a towing tank model test) always uses Froude number similarity supports the correctness of this scaling.
Understanding relations are derived in appendix B.3.

αL =αL αv =p
αL αn = 1/

p
αL αt =p

αL

When using Froude scaling, the revolution rates are not excessive anymore and experimental results can be
obtained. However, the viscous forces are not consistent in model scale compared to full scale, but underes-
timated due to the laminar flow on the blade entry sections and sections close to the propeller shaft in model
scale. Solutions may be found in the placing of sand strips on the propeller blade, although it is chosen not
to do so as it is unknown what further consequences of sand strips are to the working of the propeller, i.a.
to cavitation inception. To obtain thrust breakdown as result of ventilation only, a deeply immersed open
water diagram under Froude scaling will be made to correct the total thrust breakdown for incorrect viscous
scaling. Deeply immersed results at low revolution rates also give the possibility to investigate the difference
in obtained thrust dependent on the flow state. This is however not part of this work.

2.4.3. Former work on influencing parameters and prediction
Over the past years, research has been executed in the field of propeller ventilation to understand the phe-
nomenon and indicate the influence of parameters. In 1953 Shiba [72] was one of the first who experimentally
investigated a wide series of propellers in different conditions, whose results are still being used today in the
ITTC-regulations [46]. Other worth mentioning researches were conducted by Gutsche [22], Pohl [66], Min-
saas et al. [58], Kozlowska and Steen [44] and Califano [5].

The most valuable part of Shiba [72]’s work is the investigation to dependencies based on scaling parameters
such as the Froude, Reynolds and Weber number. Investigation using spheres close to the water surface gives
a dependency of the Froude number for free surface drawing according eq. (2.35).

For the Reynolds number defined as Re = nDc/ν, as early as 1937 in the International Conference of Tank
Superintendents, a minimum value of Re = 4 ·104 had been opted for deeply immerged propellers tests [30].
Using results of Kempf (1938) and experiments under different temperature (so only changing ν), Shiba con-
cluded that also close to the surface, no dependency of Re exists onto the inception. When the propeller is
ventilating, the change of boundary layer on the downside of the blade was neglectible.

The most referred work of Shiba is the derivation of the minimum Weber number for free surface venti-
lation. According to Shiba, the surface forces are of greater importance than the gravity forces and inception
should thus be parameterized by the Weber number. Similar tests under different temperatures, as in the
Reynolds number investigation, showed a clear trend where the dependency of the Weber number on the
critical advance ratio disappeared at W e = 180. An overprediction of the Froude number in model scale
might be the result of that. Results are shown in section 2.4.3. It appeared that, as this work is based on
Froude scaling, the critical Weber number could not be exceeded.
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z

D
= 1

2
C
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vr e f

2
∗F r 2

D (2.35)

Figure 2.29: Test results showing the influence of the Weber number on the critical advance ratio. From [72].

Shiba [72] also put a lot of effort in the influence of propeller geometric parameters onto ventilation. Exper-
imentally and mathematically he drew conclusions for the influence of expanded area, blade outline, airfoil
shape, radial pitch distributions and skew. It should be noted that propellers investigated are not always com-
parable to modern ship propellers anymore. Conclusions derived by Shiba should thus always be used with
care.

Gutsche [22] derived a pressure factor ε= β/CL,0.7R in which he expressed the thrust diminution with regard
to the propeller loading. It shows no dependency on the expanded area and blade number and a slight de-
pencency on the pitch. Using ε, Gutsche obtains a critical advance ratio, although the derivation is missing in
the paper. The effect on β of immersion depth and revolution rate is expressed in a circumferencial velocity

depth froude number F r = n2D
h/D , which is similar to a ventilation number. Plotted against CT , Gutsche obtains

fig. 2.31, which is a preliminary prediction of ventilation breakdown dependent on major parameters CT , σV

and I .
He also deduced the thrust diminuation during ventilation into three origins; thrust corrected for the loss

of disk area, dynamic thrust comparable to suction side cavitation phenomena and the static pressure differ-
ence between suction and pressure side. Schematically the influence of each origin can be found in fig. 2.30;
the largest contributor is the loss of low pressure area in the pressure jump.

Figure 2.30: Schematic overview of three thrust losses according [22].

βDi sk Ar ea = 1

2
+ ht i p

D
− z

D
(2.36)

βD ynami c = (1− J

P/D
)

z

D
(2.37)

∆pLossO f LowPr essur e = ρg z (2.38)
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Figure 2.31: Effect of thrust loading and ventilation number on ventilation, from [22].

Pohl [66] extensively researched the effect of pitch for surface piercing propellers using data of Shiba [72]. A
wide model series was evaluated on which approximation formulae are fitted. Using the ventilation number
σv∞, propeller loading CT and the propeller pitch P/D , he obtained a border between air ingress and save
operation found in fig. 2.32.

σv,∞ = 2g hs

v2∞
= 2g hs

v2
a

· 1

1+ (πJ )2 (2.39)

However, from the figure it is questionable if safe operations should be a function of P/D . One could see that
CT decreases with decreasing σv,∞. This is as expected; a propeller with a lower pitch needs more rotations
(thus lower σv,∞) to give the same CT and vice versa. Several points of CT = 1.5 and σv,∞ = 1.0 were extracted
from fig. 2.32 to indicate the dependency on P/D .

The thrust loading coefficient CT can be rewritten into the advance ratio J and propeller thrust coefficient
KT . As KT changes with P/D , also J must change to obtain corresponding CT . By absence of propeller data of
the used propeller, Wageningen C-series had to be used to rewrite CT into J . The propellers are comparable
in terms of blade area and P/D , but not in blade shape. If J is obtained, the in eq. (2.39) underlined correction
factor can be calculated. If the resulting, regular ventilation number is equal for all data, the dependency on
P/D does not exists, but is a result of dependency on CT . As in table 2.2 an unequal ventilation number σV is
obtained, an effect on P/D may still exist.

Table 2.2: Values obtained for the revolution rate during inception, derived from fig. 2.32

P/D σv,∞ CT J using KT |W agC
1

1+( πJ )2 σv

0.8 1.0 1.8 0.47 0.044 22.5
1 1.0 1.3 0.62 0.073 13.6
1.2 1.0 1.0 0.76 0.107 9.3
1.4 1.0 0.7 0.91 0.147 6.8
0.8 0.7 1.5 0.50 0.049 14.0
1.0 1.5 1.5 0.59 0.066 22.3
1.2 3.2 1.5 0.66 0.084 38.0
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Figure 2.32: Effect of P/D on ventilation, from [66] and [65]. The orange line indicates the values
taken for the revolution rate calculation.

Besides Gutsche [22], more researchers contributed to (empirical) thrust breakdown component equations.
Fleischer [18] improved the loss of disk area by deriving the loss for a circular disk, instead of a squared disk
Gutsche was using, found in eq. (2.40). Minsaas et al. [58] added empirically the effect of wave-making of the
propeller based on results of Kempf [35], eq. (2.42) and the Wagner effect eq. (2.41). This effect describes the
lift build up after sudden immersion, which is half the steady lift and grows with travelled chord lengths to the
full steady lift [77]. Lastly the ventilation thrust loss in eq. (2.43) is comparable to the derivation of Gutsche,
although now derived by Minsaas. The total thrust loss due to placing near the free surface is obtained by
the product of β. Hagesteijn and Brouwer [24] showed that the dynamic Wagner model provided the best
results compared to experiments. For thrust only, the propeller independent steady state (empirical) model
of Guoqiang et al. [21] for β also provided good results [24].

βDi sk Ar ea = 1− ar ccos(h/R)

π
+ h

πR

√
1−

( h

R

)2
forhsha f t /R < 1.0 (2.40)

βW ag ner = 0.5+0.5

√
1−

(155−V∞t/c

155

)27.59
for hsha f t /R < 0.7 (2.41)

βW ave−maki ng = 1−0.657(1−0.0769(h/R)1.2358) for hsha f t /R < 1.3 (2.42)

βV enti l ati on = 1.5E AR

KT
∗ (
π

2
α+ 2g h

v2∞
) (2.43)

βTot al =Πn
i βi (2.44)

The last major investigation into ventilation is conducted at the NTNU and Rolls-Royce center for Perfor-
mance in Seaway by Califano [5], Kozlowska et al. [43] and Koushan [42]. Rolls-Royce initiated this research
as ventilation was resulting in thruster gear breakdown in offshore dynamic positioning applications. Ex-
cessive experimental test at high thrust loadings by Califano gave the dependency of thrust breakdown to
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immersion depth and thrust loading coefficient in fig. 2.33. Results from all experimental tests are published
by [44] in fig. 2.34. On the vertical axis, a re-written thrust loading coefficient is placed, see eq. (2.17) to derive
vd /v0 = p

CT /2. Using the experimental result, a boundary for ventilation regimes based on [62] is derived
dependent on CT and I . Towards high CT , the dependency on the immersion seems to disappear. Further-
more extrapolating the boundaries to vd /v0 = 0 seems incorrect as vd /v0 = 1 is a zero-thrust situation and
boundaries should be extrapolated to there. These two facts make the dependency of ventilation regimes on
CT questionable.

Figure 2.33: Ventilation thrust breakdown as function of hsha f t /R at multiple thrust loadings and advance ratios, from [5].

Figure 2.34: Ventilation regime prediction as function of h/R and vd /v0(=√
CT /2), obtained from multiple test series. From [44].





3
Fluid dynamics

An important part of this research is the numerical calculations on ventilation. To be able to understand
the choices made, basic understanding of fluid dynamics is essensial. This chapter will briefly provide this
knowledge for fluid dynamics in general and for computational fluid dynamics in particular. As the software
used is an incompressible flow solver, equations will be derived for incompressible flow. Knowledge of this
chapter is mostly extracted from Kundu et al. [47], White [79], Brennen [3] and Nieuwstadt et al. [60] .

3.1. Basics of Fluid Mechanics
A fluid is a substance that deforms continuously under applied shear stress. It has no preferred shape, like a
solid has. For a Newtonian fluid, the deformation is linear to the applied shear stress.

τ=µ∂u

∂y
(3.1)

3.1.1. Conservation equations
Several quantities are being conserved in physics. Well-known examples are mass, (linear) momentum and
energy. To accurately model the physics, it is obvious that these laws should be applied in the model. For
fluid dynamics, conservation of mass and linear momentum are giving the Navier-Stokes equations. Energy
is implicitely conserved in incompressible flow.

A general expression, often called the advection-diffusion equation, for conservation of quantity Q is given
in eq. (3.2). It states that a quantity change over time (on the left hand side) is a contribution of three phe-
nomena. The first, given by ∇ · (D∇Q), is called the diffusion. Diffusion is the spreading of the quantity
from (in case of positive diffusion constant D) high concentration to low concentration volumes. Secondly
∇· (u(x, t )Q) is the advection. This is the transport of the quantity due to flow velocity. Together the diffusion
and advection are transporting the quantity in the domain. Lastly qsour ce/si nk is stated. This is the creation
and/or destruction of quantity Q in time.

∂Q

∂t
=∇· (D∇Q)−∇· (u(x,t)Q)+qsour ce/si nk (3.2)

For the sake of clearancy, u(x, t ) is denoted as u, although it is a function of space and time.

Conservation of mass
One of the keystones of numerical methods is the conservation of mass. Aforementioned general conserva-
tion equation is used in deriving the applicable form in the numerical methods.

Unless velocity is near the speed of light, mass can neither be created nor destructed. Mass can neither
be accumulated within a cell volume locally, nor globally in a volume of multiple cells. Mass is given by the
volume integral of the density, conservation as the prohibition of change over time, given in eq. (3.3).

d

d t

Ñ
V (t )

ρ(x, t )dV = 0 (3.3)

25
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Expansion of eq. (3.3) using Reynolds transport theorem gives a statement in which the boundaries are ex-
plicitly part of the mass conservation. eq. (3.4) shows the change of mass is partly dependent on the change
of density ρ in the volume and partly the mass in- and outflow over the boundaries. In differential form, the
statement can be found in eq. (3.5). Compared with eq. (3.2), it can be noticed that mass conservation is in
fact the change of density ρ where the diffusion and source terms are zero.

Ñ
V (t )

∂ρ(x, t )

∂t
dV +

Ï
A(t )

ρ(x, t )u · n̂d A = 0 (3.4)

∂ρ(x, t )

∂t
+∇· (ρ(x, t )u) = 0 (3.5)

To obtain the incompressible continuity equation, the second term in eq. (3.5) can be rewritten using the
material derivative D/Dt of ρ(x, t ):

∂ρ(x, t )

∂t
+u ·∇ρ+ρ(∇·u) = 0 (3.6)

Dρ

Dt
+ρ(∇·u) = 0 (3.7)

Mass conservation states that Dρ/Dt equals zero. Then ρ(∇·u) must be equal to zero too. As ρ is strictly pos-
itive, the incompressibility contraint or continuity equation appears. It is never assumed that ρ is constant,
so even for a variable density flow (as in multiphase VoF-solvers), the continuity constraint is governing for
mass conservation. Derivation is found in the ReFRESCO manual [53].

∇·u = 0 (3.8)

Conservation of momentum
The physical principle behind the conservation of momentum M is Newton’s second law. Simplified, this law
states that the sum of all forces equal the mass times acceleration. However, this is not complete. The sum of
all forces is equal to the change of linear momentum over time.

∑
F = dM

d t
= d

d t

Ñ
V (t )

ρudV 6= ma (3.9)

Forces acting on a fluid can be divided in volume body forces and surface forces. Volume forces are buoyancy
and gravity forces, which can be described a force per unit volume. Surface force is friction, which can be
described as a force per unit area:

∑
F = Fbod y +Fsur f ace =

Ñ
V
ρgdV +

Ó
A

fsur f ace n̂d A (3.10)

Reynolds transport theorem is applied on the right hand side of eq. (3.9). Together with eq. (3.10), the result
give the momentum equation.

Ñ
V (t )

d

d t
(ρu)dV +

Ï
A(t )

ρu(u · n̂)d A =
Ñ

V (t )
ρgdV +

Ó
A(t )

fsur f · n̂d A (3.11)

Using Gauss’ theorem, two surface integrals from eq. (3.11) can be rewritten into volume integrals (eq. (3.12)
and eq. (3.13)).

Ï
A(t )

ρu(u · n̂)d A =
Ñ

V (t )
∇· (ρuu)dV (3.12)Ó

A(t )
fsur f · n̂d A =

Ï
A(t )

n̂Td A =
Ñ

V (t )
∇·TdV (3.13)

Substituting these give the momentum equation in integral form in eq. (3.14). The differential form can be
found in eq. (3.15). The differential form can also be written in terms of the material derivative, see eq. (3.16).
This one is also known as the Cauchy momentum equation.
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Ñ
V (t )

d

d t
(ρu)dV +

Ñ
V (t )

∇· (ρuu)dV =
Ñ

V (t )
ρgdV +

Ñ
V (t )

∇·TdV (3.14)

d

d t
(ρu)+∇· (ρuu) = ρg+∇·T (3.15)

ρ
Du

Dt
= ρg+∇·T (3.16)

The tensor T describes the surface forces acting on the fluid. Diagonal elements Taa describe the normal
stresses, off-diagonal elements Tab the shear stresses. For a Newtonian fluid, this tensor is symmetric; Ti j =
T j i and in the limit of dV = d xd yd z → 0, the tensor has only six independent entries.

Applicable surface forces are pressure forces and shear. Pressure is acting normal to the surface; it is
a normal stress and therefore on the diagonal of T. In rest, this is the only acting force, leading to Ti j =
−pδi j , where δi j is the Kronecker delta. The Kronecker delta is 1 on the diagonals where (i = j ) and 0 if
not (i 6= j ). When the fluid is not in rest, stress components τi j are added to Ti j : Ti j = −pδi j + τi j . For
incompressible flow, the deviatoric stress tensor τi j is often assumed to be equal to 2µSi j , known as the
Boussinesq assumption. Si j is the rate of strain tensor Substituting in eq. (3.16) gives the incompressible
Navier-Stokes momentum equation in eq. (3.19). Without viscous effects (µ= 0), the Euler equation appears
in eq. (3.20).

Ti j =−pδi j +2µSi j (3.17)

ρ
Du

Dt
= ρg+∇· (−pδi j +2µSi j ) (3.18)

ρ
Du

Dt
=−∇p +ρg+µ∇2u (3.19)

ρ
Du

Dt
=−∇p +ρg (3.20)

3.1.2. Flow states
A flow has two major states; laminar and turbulent. Laminar flow is characterized by the smooth and orga-
nized flow, while turbulence is known to be chaotic. It is defined as small scale variations of a quantity in a
flow. The non-dimensional number often used to describe the flow’s state, is the Reynolds number found in
section 2.4.1.

Deducting the flow’s state can be done by means of stability analysis. Adding a small pertubation to the
particular solution and substituting this sum in equations of motion derives a new eigenvalue-problem. If
the non-trivial solution grows in time, then the flow is turbulent. If the solution decays, the the flow is stable
and thus laminar. If the solution is not dependent on time, the flow is neutrally stable. An other manner of
deducting the flow’s state, is by experimental results. For certain flows it is known for which Reynolds num-
ber the flow changes from laminar to turbulent. For a flat plate, Schlichting and Gersten [71] derived that the
flow is laminar for Re < 5e5 and turbulent for Re > 1e7. The region 5e5 < Re < 1e7 is known as the laminar-
turbulent transition region. In fig. 3.2 it is visible that in model scale according Froude scaling, the flow is in
the laminar-turbulent transition regime.

The transition of flow from laminar to turbulent is widely researched. Instabilities leading to turbulence are
likely to occur in boundary layers or free shear layers. Shear flow instabilities are known as Kevin-Helmholtz
instabilities. Instabilities directly due to viscosity, the driving force in a Poiseuille flow are called Tollmien-
Schlichting instabilities. As effects of viscosity and shear are common in the boundary layer, the boundary
layer is a source for turbulence. [60]

In a turbulent flow, energy is more rapidly dissipated than in a laminar flow. As a result, turbulent flow has in
general more drag force along an object. On the other hand; the boundary layer of a turbulent flow separates
later, delaying pressure losses. Wheter a turbulent boundary layer is desired, is case dependent. Obviously in
many cases one does not have the design freedom to design the flow’s state as velocity or lengthscales are too
large. Examples of a desirable laminar flow are internal pipe flows, whereas dimples in a golf ball are used to
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Figure 3.1: Difference in drag coefficient due to skin friction between turbulent
and laminar flow dependent on Rel , from [71], adapted by [5].
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Figure 3.2: Reynolds number over a C4.55 propeller
blade of D = 0.23294m at J = 0.2 and N = 10r ps.

delay separation by making the flow turbulent and so diminsh the frictional (form) drag.
Model tests are often interesting with regard to flow state. Because of Froude scaling, turbulent flow

around full scale vessel might be rescaled to laminar flow around the scale model. Extrapolation of model
test results without taking the flow state in consideration will lead to errors. Prevention from such errors is
done by means of sand strips at the scale model to suppress laminar flow.

3.1.3. Vorticity
Vorticity is the amount of rotation in the flow. It is defined as the curl of the velocity field and has a direction
perpendicular to the flow direction. A positive and a negative vorticity area may exist, which corresponds to
the rotation direction of the vortex. Also without a defined vortex, vorticity may exist when flow accelerated
near a body surface, such as the vorticity around an airfoil.

Γ=∇×u (3.21)

Expressing the vorticity in fluid dynamics is often done by the means of the Q-value. This value is the ‘relative’
vortex strength, defined as:

Q = 1

2
(||Ω||2 −||S||2) (3.22)

Ω= 1

2
(∇u + (∇u)T ) (3.23)

S = 1

2
(∇u − (∇u)T ) (3.24)

3.1.4. Compressibility
Compressible flow modeling is necessary when Mach numbers are exceeding 0.3. The Mach number is the
fluid velocity over the speed of sound in the respective medium. For water, the speed of sound is around
1500m/s and thus the critical Mach number of 0.3 is hardly exceeded. However, for water-air mixtures, the
speed of sound reduces significantly according eq. (3.25) to 24m/s for a mixture of 50% air dissolved in water
[3] [84], which is visible in fig. 3.4. One could expect compressibility to be of importance where phases are
mixed. On the other side, incompressible cavitation calculation do still show sufficient results on global level.

cα = 1/

√(
αρa + (1−α)ρw

)( α

ρac2
a
+ 1−α
ρw c2

w

)
(3.25)

When taking compressibility into account, aforementioned Navier-Stokes equations change. As the material
derivative of the density is no longer zero, the continuity equation eq. (3.8) can not be derived from eq. (3.7).
The valid mass conservation can already be found in eq. (3.5). The momentum equation needs an equation
of state for the relation between the density and pressure, often derived from the energy conservation, which
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Figure 3.3: Mach Number Regimes, from [81]
Figure 3.4: Speed of sound in an air-water mixture. The black dot
represents the low speed of sound at α= 0.5, from [5] [84].

will couple the thermodynamics to the kinematics and dynamics of the flow. As compressible flow is not
applied in this work, this derivation is left behind.

3.2. Computational Fluid Dynamics
The software made use of is ReFRESCO. The name is an acronym for REliable and Fast RaNS-Equations (solver
for) Ships and Constructions Offshore. and is optimized, verified and validated for maritime use. ReFRESCO
is a viscous-flow CFD code that solves multiphase unsteady incompressible flows using the RaNS equations
and VoF-method. The equations are discretized using a finite-volume approach with cell-centered saving of
variables. Many turbulence methods are available and various grid settings can be used such as movable,
deforming and adaptive grids.[53]

Figure 3.5: ReFRESCO logo, from [53].

3.2.1. RaNS-equations
Implementation of the Navier-Stokes equation is often done by means of RaNS. RaNS is the acronym for
Reynolds-averaged Navier-Stokes. Averaging is applied to diminish computational costs. By averaging, infor-
mation about small scale fluctuations of quantities in the flow is lost. Turbulence is therefore hardly possible
to simulate and has to be modeled instead using turbulence models.

Derivation of the RaNS-equations is being performed by substituting the sum of a average value and the
fluctuations for the velocity u and pressure p in the Navier-Stokes equations, and then ensemble averaging
these equations. The average is defined as the time average over the time domain of the simulation. Fluctua-
tions are defined as the difference between the time dependent value and the average. Due to this definition,
the time average of the fluctuating part is zero. The derivation of the RaNS-equations can be found in ap-
pendix A.2, for the mass conservation in eq. (3.26) and for the momentum conservation in eq. (3.27) yields:

∇·u = 0 (3.26)

ρ
Du

Dt
=−∇p +F+µ∇2u−ρu’ ·∇u’ (3.27)

The last term on the right hand side of the momentum equation is called the Reynolds stress or apparent
turbulent shear stress. This term arises from averaging, which is clearly visible in comparison with eq. (3.19).
The arising term is often taken into the deviatoric stress tensor from eq. (3.17), such that the Reynolds stress
tensor from eq. (3.28) gives the RaNS momentum equation. The Reynolds Stress term leads to closure prob-
lems. Because this term can not be neglected, turbulence modeling is applied to close the system.

Ti j =−pδi j +2µSi j −ρu’ ·∇u’ (3.28)

ρ
Du

Dt
= F+∇·Ti j (3.29)
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3.2.2. Turbulence modeling
Basis of most turbulence models is the (incompressible) Boussinesq approximation (eq. (3.30)), which as-
sumes that turbulence is generated by shear flow. It therefore states that the Reynolds stress term is propor-
tional to the rate of strain tensor. An apparent viscosity µt is constructed from turbulence kinetic energy and
lengthscales, often called eddy viscosity of turbulent viscosity.

−ρu’ ·∇u’ =µt Si j (3.30)

Recalling eq. (3.28) and inserting Boussinesq’s approximation for the Reynolds stress terms show the similar-
ity between the molecular and eddy viscosity in eq. (3.32). Eddy viscosity is modeled in turbulence models,
e.g. as eq. (3.34) for k−ω-equations and eq. (3.43) for LES. k, the turbulent kinetic energy, is defined as 1

2 u′
i u′

i .

Ti j =−pδi j +2µSi j +µt Si j (3.31)

Ti j =−p + (2µ+µt )Si j (3.32)

k −ω-models
k-ω turbulence models are widely applied in closing the RaNS-equations. Based on succesful application in
propeller calculations, it is decided to use a k −ω-model. Originally, the two-equation model is developed
by Wilcox [83] and consists of transport equations for turbulence kinetic energy k and specific turbulent
dissipationω. The latter is linked to specific disspation rate ε, as used in the k−ε turbulence models according
eq. (3.33)

ε=βkωk (3.33)

Advantage of the k −ω-model is the indepencency on the wall distance in calculations. Furthermore the
model is less stiff than the k-ε model in near wall regions. On the other side, the original set of parameters
gives a strong depencency on the free stream turbulence variables, which is of great influence on free-shear
separation layers [56]. As the k-ε model does not have this dependency, Menter [55] succesfully blended the
k-ω and k-ε models. However, problems in the application of k −ε-models can be expected.

For k −ω turbulence models, the turbulent length scale l and turbulent kinetic energy k determines the
eddy viscosity according eq. (3.34) and turbulent dissipation ε according eq. (3.35). Both are used in the
transport equations for k and ω in eq. (3.36) and (3.37), which describe the change these over time.

νt = l
p

k = k

ω
(3.34) ε=βk

k3/2

l
(3.35)

∂k

∂t
+ ∂(ρku j )

∂x j
= Pk −ρε+

∂

∂x j

(
(µ+σkµt )

∂k

∂x j

)
(3.36)

∂ω

∂t
+ ∂(ρωu j )

∂x j
= Pω−βρω2 + ∂

∂x j

(
(µ+σωµt )

∂ω

∂x j

)+CD (3.37)

In which P is production, ρε and βρω2 are dissipation and CD is the cross-diffusion term. σ-, α- and
β-terms are closure coefficients which differ between various k −ω turbulence models.

Pk = τi j
∂u j

∂xi
= τi j∇u (3.38)

Pω = αωω

k
Pk (3.39)

CD =σd
ρ

ω
max

( ∂k

∂xi

∂ω

∂xi
,0

)
=σd

ρ

ω
max

(
∇k∇ω,0

)
(3.40)

The k −ω models are using the Boussinesqs assumption that turbulence is generated by shear flow. Many
turbulence models use this statement in the modeling of turbulence in the fluid by assuming the turbulence
production of eq. (3.38) to be a function of the rate of strain tensor. In many cases, this is a valid assumption,
but in vortices it is not. A vortex is essentially laminar. However, due to the large velocity gradient since the
flow is rotatins, lots of turbulence is generated. According to eq. (3.34), the eddy viscosity is overpredicted
due to excessive production of kinetic energy and the vortex is modeled to be too diffusive.
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k −ω TNT
In an attempt to exclude the free-stream turbulent parameter depencency, Kok [40] derived new values for
σk , σω and σd postulating a weak solution of a 1D-diffusion equation at the turbulent/not-turbulent front
which is moving over time. Boundary conditions that (1) ω, k and u must go to zero at the turbulent/non-
turbulent front (such that the weak solution exists) and (2) that the velocity profiles has a physically correct
finite slope yield new turbulent parameters. Based on the first boundary condition, the free stream variables
are expected to be not of influence in the non-tubulent region. This is contrary the model of Wilcox, which
does not satisfy the constraint. The k −ω model parameters of Menter do not satisfy the second boundary
condition and is invalid as ω goes to infinity when approaching the turbulent/non-turbulent front.

k −ω TNT-XLES
Secondly a hybrid method called k −ωT N T − X LES (shortly XLES) is applied. XLES consists of RaNS k −ω-
TNT modeling and a k-equation subgrid scale model (LES). XLES, acronym for Extra Large Eddy Simulation,
simulates turbulent structures which are supported by the grid and models structures which are not, in-
stead of modeling all turbulence. According to eq. (3.34), dissipation is therefore smaller in LES-regions. The
XLES-formulation uses the same formulation of the turbulent kinetic energy as RaNS k-models and still uses
Boussinesq’s assumption, found in eq. (3.36), but models the eddy viscosity differently. Furthermore it does
not need theω-equation. Dissipation rate is given in eq. (3.44) instead. Drawbacks may be expected as Pereira
et al. [64] mentioned significant ‘challenges’ in (1) the errors of RaNS/SRS at the interface and (2) forcing the
onset of turbulence on the leading edge.

Distinction between XLES and RaNS is made based on what extent the grid supports LES-calculations by
comparing the LES filter with to the turbulence length scale according eq. (3.42). Filter width ∆ is by default
the largest edge length of the cell. In case of a grid study, the filter width ∆may be fixed [41].

Near solid walls, l goes to zero and the k−ωmodel is applied. Where the flow is turbulent (large turbulent
length scale l ) and the filter width is small enough, LES is applied. Since l typically decreases in LES-mode,
back-and-forth switching between RaNS and LES may occur, until local equilibrium of production and dissi-
pation is reached. Definitions for νt and ε in k-equation SGS LES-mode are found in eq. (3.43) and eq. (3.44),
where C1 is calibrated to 0.06 and C2 such that νt and ε switch simultaniously [41]. Contrary to eq. (3.34),
it can be found that turbulent dissipation is bounded by the filter width and does not grow with decreasing
turbulent length scales anymore.

if C1∆< l → TNT (3.41)

if C1∆> l → TNT-XLES (3.42)

νt =C1∆
p

k = 0.06∆
p

k (3.43) ε=C2
k3/2

∆
= βk

0.06

k3/2

∆
(3.44)

3.2.3. Convective flux dicretization
Discretized convective equations are often dependent on the downsteam cell face value. Many interpolation
schemes can be used in obtaining this value. Most basic, one can project the cell’s centre value on the for-
ward face, called First Order Upwind (FOU) or Upwind Differencing (UD). This method is highly stable, but
at the cost of first order accuracy and diffusion. Backward differencing may be applied in high resolution
applications. Then the face value is set to the downstream cell center, leading to more robustness. Higher
order methods can also be used; non-linear and linear schemes are applied. Linear schemes of the mostly
used κ-family follow understanding equations, such as central differencing (CDS) and QUICK. φ in eq. (3.45)
is the equation for the downstream face value, where ΦC is the value in the cell center. and ΦU the value in
the upstream cell center. eq. (3.46) is a limiter function, in this case linear in r (under the assumption that
κ 6= f (r ). Several values for κ andφ(r ) are given in section 3.2.3. r is the ratio between difference downstream
and upstream value in the cell center.

Higher order schemes are in general more accurate. Drawback of the higher order schemes is a lower degree
of robustness. Non-linear schemes, using flux limiters, bounds φ(r ) to be in the TVD-region. TVD stand for
Total Variation Diminishing. The Total Variation in a timestep n is a indication of change:
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Φ f =ΦC +0.5φ(r )(ΦC −ΦU ) (3.45)

φ(r ) = 0.5[(1+κ)r + (1−κ) (3.46)

r = (ΦD −ΦC )/(|ΦC −ΦU ) (3.47)

Table 3.1: Values of κ and φ(r ) for often used schemes. Note that
FOU is 1st order and thus φ(r ) is no function of r .

Scheme order κ φ(r )
FOU 1st -1 0
CDS 2nd 1 r
QUICK 2nd 0.5 0.75r+0.25
Fromm 2nd 0 0.50r+0.50

T V (|Φn) =
∫

x
|∂Φ

n

∂x
d x (3.48)

= |Φ2 −Φ1|+ ...+|ΦI cel l s −ΦI cel l s−1| (3.49)

If a discretisation is TVD, then no new local extrema must be created and absolute values of existing local
maxima may not increase. In other words, the total variation at timestep n +1 must be equal or smaller than
at timestep n:

T V D if: T V (Φn+1) ≤ T V (Φn) (3.50)

Flux limiters are used to bound φ(r ). Most flux limiters are based on linear schemes. Applied limiters are Van
Leer/Harmonic (ReFRESCOs default [53] and part of ReFRICS) [36] and superBEE [68]. Many more are avail-
able too. The limiter functions of Van Leer, which is smooth, and SuperBEE, which is piece-wise constant,
are:

φV anLeer (r ) = (r +|r |)/(r +1) (3.51)

φSuper BEE (r ) = max(0,mi n(2r,1),mi n(r,2)) (3.52)

Graphically the stability regions and limiter functions are listed in the Sweby-diagram fig. 3.6. This diagram
shows the stability region, which is bounded between two discretization schemes. The Warming & Beam
scheme produces wiggles after a top head profile, the Lax-Wendroff scheme before. By blending the new
scheme between these two schemes, a stable scheme is obtained. This area is coloured blue. The darker blue
regions are proven by Sweby to be TVD. [78].
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Figure 3.6: Sweby diagram, consisting of blue stable areas between Lax-Wendroff and Warming& Beam schemes. Darker blue area is
proven by Sweby to be TVD. Both Van Leer’s and SuperBEEs scheme are in the last area.
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3.2.4. Multiphase modeling
The most common multiphase flows in marine applications are gas-fluid flows, for instance in ship wave pat-
tern calculation, cavitation or ventilation. Fluid-solid mixtures are found in dredging calculations. To model
the free surface interface there are a number of options. If the position of the interface is known or not com-
plicated, an interface tracking method can be used. In these methods, the interface is taken into account by
the same cells and threats the interface as a sharp boundary. The major disadvantage is the computational
effort; in many interface capturing methods, the grid needs to be adapted to the free surface deformation,
which might be costly.

Interface capturing methods do not have this disadvantage. These methods reconstruct the interface depe-
dent on quantities in the cell and do not need grid adaptation. To reconstruct the free surface, the Volume of
Fluids uses the quantity air volume fraction α. If a cell is full of air, α= 1, and for water α= 0. The free surface
is then defined as the cells with 0 <α< 1. The fact that the interface might be captured in multiple cells and is
not sharp, is one of the shortcomings of this method, due to the assumptions of the Volume-of-Fluid method
that the discrete phases can be captured as a continuous phase. Discrete nature is neglected in and effects
are approximated upon the continuous phase [3]. Quantities as density and viscosity are linear interpolated
over α. Progression of α is governed by the transport equation of eq. (3.53).

∂α

∂t
+u ·∇α= 0 (3.53)

ρ(α) =αρa + (1−α)ρw (3.54)

Free surface smearing is dependent on the free surface convective discretization term. Discretization using
forward stepping, such as First Order Upwind (FOU) or Central Differencing (CDS) is in general leading to
significant smearing due to numerical diffusion. Compressible schemes have been developed which do not
suffer from this problem, such as SuperBEE and REFRICS by MARIN. REFRICS is a scheme which compresses
in direction of largest pressure gradient and thus prevents smearing [36]. Backward stepping is used in the
high resolution scheme in the other directions. Flux limiter SuperBEE compresses in all directions. SuperBEE
is already used in ventilating flows [68], whereas diffusive schemes as FOU and CDS are still being applied
in cavitating flows [51] for robustness reasons. The difference in free surface discretization schemes is found
in fig. 3.7, which indeed shows the excessive smearing of upwind dscretization and the compressiveness of
SuperBEE and REFRICS.

Figure 3.7: Different Free Surface Discretizations. From left to right: First Order Upwind, SuperBEE and REFRICS

3.2.5. Convergence and Errors
CFD is by definition an approximation of reality. The correct equations are to be modeled, which also has to
be done correctly. Errors in using the wrong equations are called modeling errors. Validation of the model is
here of importance; validation is the examination if the correct equations are solved. Physical experiments
are necessary to make this comparison. The second part, solving the equations correctly, is verification. This
includes code verification so that no bugs are apparent, but also the precision of the computer, decretization
method and iterative processes are of influence on numerical errors. These numerical errors can be distin-
guised in three major categories; round-off errors, iterative errors and discretization errors.

An error e is the difference between the approximate solution φnum and the exact solution φexact and has
a sign. Uncertainty is closely related to that; uncertainty U (φ) defines an interval that contains the exact
solution.
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e =φnum −φexact

φnum −U (φ) ≤φexact ≤φnum +U (φ)

Round-off errors are errors due to the finite precision of a computer. These are in the order of 1E −14 for
a double precision machine and in general multiple order smaller than the other errors. Therefore solving to
machine precision at high computational cost is, if even possible, in many cases not necessary.

The iterative error is the error made in solving the system of equations. Several contributions to the iter-
ative errors are linearization of convective terms in transport equations (Picard of Newton approximation),
segregated solvers, finite approximation order of discretization schemes and linearization of non-linear pro-
cesses [53]. The size of the error is captured as the change between consecutive iteraton. It can be given in
the L∞-norm; the maximum changes in all cells or in the L2-norm; the root-mean-square of changes in all
cells. In unsteady flow simulation, care should be taken to the iterative error, as this error is taken to the next
timestep [17].

L∞ = maxN (|∆xi |) (3.55)

L2 =
√∑N

1 (∆x2
i )

N
(3.56)

Iterative convergence can be made more robust at the cost of more iterations by under-relaxation using im-
plicit and/or explicit relaxation factors. Explicit relaxation factor stabilizes the convergence by only using a
partωexp of the solution, at the cost of slower convergence (see eq. (3.57)). Implicit relaxation reduces the di-
agonal strength of the system and makes it easier to obtain the matrix inverse (see eq. (3.58)) . As this method
changes the matrices, modeled physics is harmed by this method. In the starting calculation, the implicit
relaxation is used, but decreased during the calculations. REFRESCOs default values are 0.25 for the starting
value, to 0.975 in the end value in 100 steps. A slight adaptation of the matrix diagonal is still apparent.

uk+1 = uk +ωexp (u∗−uk ) (3.57)(
Q + 1−ωi mp

ωi mp
dQ

)
uk+1 = f +

(1−ωi mp

ωi mp
dQ

)
uk −Gpk (3.58)

Lastly the discretization error exist. This error originates from approximating the geometry in a grid and
separating continuous algebraic equations in space and time into discrete steps. The size of the error can be
estimated by refining grids and/or timesteps and observing the convergence to an infinitesimal small step.
Eca and Hoekstra described this method for spatial discretization [15]. A grid refinement study is conducted
and presented in section 4.3.

3.3. Former CFD-work on ventilation
The ventilation phenomenon is attempted to simulate in three major applications; surface piercing foils by
Harwood, Brucker, Miguel, Young, and Ceccio [25], surface piercing propellers by Himei [27], Yari and Ghas-
semi [85] and regular propellers (whether or not partially submerged) by Kozlowska et al. [45] and Califano
[5] and by Paik [63].

Harwood et al. [25] were using a incompressible flow solver called NFA CFD, solving the Navier-Stokes equa-
tions in a cartesian grid formulation supported by sub-grid turbulence modeling. A second order accurate
VoF-method was used, where every timestep the interface was reconstructed using piece-wise planar sur-
faces. A QUICK-threatment was used for all the convective terms. To enforce incompressibility, a multigrid
Poisson solver is used. The two meshes consists of hexahedrals, varying in number of cells between 42M and
377M. For visualisation purposes,the interface is corrected by isosurfaces for a representation without holes
and ridges. With regard to CFD of a vessel, a relatively bigger domain is necessary due to the tip vortex and
leeway angle of the foil. Also ramp-up times to 10 times the convective time unit c/U∞ and V-cycles, changes
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between grids, are needed to model the tip vortex correctly. Once the tip vortex was established, the timestep
is increased and the amount of V-cycles decreased.

Numerical and experimental results match very well. Both in lift, drag and moment coefficients, similar-
ity is found, but also in the appearance of the flow field and formation of the aerated tip vortex. The similarity
can be seen in fig. 3.8 and fig. 3.9.

Figure 3.8: Experimental result of surface piercing hydrofoil, from
[25].

Figure 3.9: Numerical result of surface piercing hydrofoil in same
conditions, from [25].

Himei [27] and Yari and Ghassemi [85] both did calculations on a surface-piercing propeller. The working
principle and physical results of the studies are not of importance, but numerical settings might be of inter-
est in the modeling of a submerged regular propeller.

Himei [27] used a VoF-method to capture the interface. All convective terms, including free surface equa-
tion, were discretized using a second order upwind scheme. k−ε turbulence modeling was applied. The flow
is not resolved until the walls, y+ = 50 and wall models were applied. A timestep corresponding to 1/10°was
used, such that C F L resulted to be smaller than 1. The grid was fully unstructured (also on propeller blades)
and consists of 17M cells. It was found that KT roughly followed experiments. KQ was was overestimated,
ascribed to oversimulated interface deformation. The obtained interface is fairly sharp.

Yari and Ghassemi [85] also used a VoF-method in the commercial RaNS-code ANSYS-FLUENT, supported
by k − ε turbulence modeling. Discretization schemes are not listed. 2D-wedge calculations showed an ex-
tremely sharp interface. In the 3D-case, wall functions were applied with maximum y+ = 90. An overset grid
consisting of structured and unstructured blocks is used, consisting of 3.8M cells. It is said to be verified
and 3.8M cells is said to be enough, but the author is sceptic about that. However, KT and KQ are mimicing
experimental result fairly good. CFD results are showing slight underprediction of coefficients. Forces on a
single blade are underestimated in all directions, due to incorrect simulation of ventilation attachment on
the blades.

Not fully submerged regular propellers were part of the work of Paik [63]. The propeller was 5-bladed (D =
250mm, Ae /A0 = 0.8 and P/D = 0.95), immersed at three depths: hsha f t /R = {0.0,0.5,1.0} and four revolution
rates: {2,4,6,8} rps. STAR-CCM+ was used, Pressure-velocity coupling was governed by a SIMPLE-algorithm.
A VoF-model was applied for free surface capturing, supported by a sharpening factor regulating the reduc-
tion numerical diffusivity, which is tuned to 0.5. HRIC , a method blending first order upwind an bounded
downwind dependent on C F L and pressure gradient, was used in the discretization of Free surface convec-
tive terms. Other convective terms were second order upwind discretized. The grid consisted of a structured
propeller and a background grid of 1.58M and 5.30M cells. Local tip and root refinement is applied and care
was taken such that y+ < 1.

Results given in section 3.3 showed that extensive air drawing can be captured in CFD at bollard pull con-
ditions. These conditions are however surface-piercing such that air may be drawn by momentum effects
of the propeller breaking the free surface rather than a pressure gradient. Furthermore this is at bollard pull
conditions so that air is lesser advected downstream, such that air can easily stay in the propeller area. In par-
tially submergence conditions, air seems to be attached to the propeller, while in hsha f t /R = 1, this is reduced.

Numerical experiments on fully submerged regular propellers were executed by Califano [5], [8], [6] and Ko-
zlowska et al. [45] in the research funded by Rolls-Royce, all in the free-surface ventilating regime. ANSYS-FLUENT
is used for the viscous, incompressible, multiphase calculations. Multiphase modeling was taken into ac-
count via a VoF-method, where the transport equation is discretized according HRIC. Momentum equa-
tions are discretized using a second-order upwind scheme, pressure-velocity-coupling used the SIMPLE-
algorithm.

The grid consists of rotating and stationary blocks. A structured grid was used in the rotating block, with
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Figure 3.10: Air drawn by the propeller at hsha f t /D = {0.5,1.0} for α= 0.5 at N=8rps at bollard pull conditions visualized by the contour
of the air volume fraction.

a superimposed prismatic layer at the propeller walls to capture the boundary layer. Further cells are com-
pletely unstructured. The total amount of cells is 2.35 million, which gives a typical cell size of 5mm at the
free surface.

Propeller rotation was archieved by a Multiple Reference Frame (MRF) model and by a Sliding Mesh
model. The first model assumed the propeller to be fixed, while the propeller rotations is taken into account
using a local, rotating reference frame. Equations are to be adapted to make this possible. A MRF-model is
suitable when the interaction between stationary and moving parts are quasi-steady [8]. In a Sliding Mesh
method, the grid consisting the propeller geometry is moving within the stationary grid with the propeller
rotation rate. Quantities are interpolated between the adjecent cells, although the adjecent cell changes each
timestep. This method allows unsteady interaction between the stationary and moving parts, and is therefore
used in CFD-calculations, although it is more expensive.

Results showed an overestimation of thrust at all angles, except for the upright position. Thrust losses are
underestimated by 50% with respect to experimental data, shown in fig. 3.11. fig. 3.12 shows the difference in
air-advection along the rotation. Significant differences are the partly advection, as air is transported down-
stream in the numerical experiments. Also the formation of bubbles is not captured in the numerical ex-
periments. Restrictive assumptions of the simulation are listed, being a short simulation time, absence of
turbulence, absence of cavitation modeling, bubbly flow mechanics, compressibility and pressure drop.

In experiments, several ventilation modes have been found during the test, which takes significantly
longer than the CFD simulated time. It may be that therefore agreement is not found. Turbulence is shown
not to play an important role in the thrust loss, as free surface deformation is mostly due to pressure forces
exerted from the body. However, turbulence is important in separation of flow, which might play a role in
ventilation. Cavitation is shown to influence ventilation by Van Beek and Van Terwisga [75] and Brouwer and
Hagestein [4]. Cavitation might introduce stable separation areas which can be filled after contact with air.
Bubbly flow is not expected to be captured as the grid is not fine enough. These are diffused in the VOF-
method.

The pressure drop from pressure to suction side shows a major difference in fig. 3.12. In experiments, a sheet
of air on the suction side can be found, whereas in numerical experiments, only a part of the suction side is
covered. This indicates that air reaching the surface is insufficient or that air remains confined around the
tip, instead of advection along the blade. Both mechanisms assert that the pressure drop is insufficient; either
between the blade and free surface, or locally on the suction side. In the latter case, turbulence is expected
to be of importance. However, in the scale of the propeller, where laminar-turbulent transition will occur,
this can not be solved adequately. Mesh refinement will increase the resolution and probably decrease the
underestimation. Insufficiency in air suction between the free surface and propeller blade is expected to be
caused by the grid, which does not allow to draw a vortex to the free surface big enough to draw air. These
vortices are in the order of 3 mm and require a fine mesh of at least 10 cells in the diameter [44], but probably
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Figure 3.11: Underestimation of CFD w.r.t. experi-
ments of 50%, from [8]

Figure 3.12: Visual difference between CFD and experiments, from [8]

more [1]. The cell size used is far from sufficient, and also the CFL-number was locally to high for HRIC to
correctly solve the free surface equation. Kozlowska et al. [45] even speaks about the inability to resolve the
ventilating vortex in RANS-VoF calculations.
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Preliminary computational research

4.1. Propeller-free surface vortex
A ventilating vortex might be a source of air in ventilation. The extend in which a vortex is possible to model,
is unknown. A short assesment was done to indicate the ability to model a vortex. This was done by placing
a horizontal acuator disk below a plate (mimicing a propeller-hull vortex). Using a horizontal actuator disk,
not only the ability to model, but also the origin of the propeller-hull vortex could be assessed. Theories of
Huse [28] indicated no need for a propeller to initiate a the vortex.

Calculations have been performed using ReFRESCO. The grid used can be found in fig. 4.1, which was fully
cartesian. Refinement boxes were placed at the propeller plane and above the propeller in the vortex region.
The latter refinement level led to a cell size of 5e −5m per cell, nearly corresponding to the indication that a
vortex should be captured with at least 10 cells and a typical vortex size of 3.3mm [44].

Figure 4.1: Grids used in the calculations of the propeller-hull vortex.

The actuator disk was modeled including and excluding swirl. Results were equal. Comparable to the re-
search of Martio et al. [54], limiting streamlines were used to find the vortex. Results are shown for multiple
thrust loadings, higher than the loadings used by Sato et al. [70] and Martio et al. [54]. At the thrust loadings
used in literature, no vortical structures were found. This indicates that an actuator disk’s axial thrust is only
part of the vortex initiation. Rotational wake and vorticity from the propeller body is expected to be of influ-
ence as well.

Comparable to Sato et al. [70] flow regimes in fig. 2.19 were found for higher thrust loadings, shown in fig. 4.2
till 4.5. The fore flow vortex at small thrust loading coefficient moves backward for increasing thrust loadings.

39
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In between, the double flow vortex in indeed found. Velocity, varied in fig. 4.2 and fig. 4.3, did not show a
strong influence on the limiting streamlines and vortical structures. Low pressure in the vortex could not be
captured, even when a laminar calculation is performed and Boussinesq’s assumption is not used.

As the propeller vortex and low pressure is not found in these calculations, it is not expected to find these
vortices in the multiphase calculations either.

Figure 4.2: Aft vortex flow for CT =40 and ht i p /D=0.09 at a lower
velocity.

Figure 4.3: Aft vortex flow for CT =40 and ht i p /D=0.09 at a higher
velocity.

Figure 4.4: Fore vortex flow for CT =80 and ht i p /D=0.09 Figure 4.5: Aft vortex flow for CT =132 and ht i p /D=0.15, which
shows comparable vortical structures as fig. 4.2 and fig. 4.3.
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4.2. Ventilating actuator disk
Preliminary computational research has been executed using an actuator disk, adapted for the use in venti-
lation phenomena. Goal of this part is to derive trends between the several non-dimensional parameters and
the ventilation inception and thrust breakdown.

A basic theory of presenting a propeller is the actuator disk or momentum theory. In this theory, the pro-
peller is modelled as a pressure jump over an area. No viscosity is taken into account, the model consists of
only axial axisymetric flow and uniform pressure distribution for an infinite blade number. Application of
Bernoulli’s principle and mass conservation derives the ideal efficiency of the propeller only dependent on
the thrust loading coefficient (and thus axial acceleration of flow).

ηi deal =
2

1+p
CT +1

(4.1)

Figure 4.6: Schematic actuator disk, from [82]

4.2.1. Application of actuator disc theory in CFD
Application of the actuator disc theory in computational fluid dynamics is a cost-effective way of modeling
a propeller because of the absence of a body in the flow. No adaptive or moving grids are necessary, a fully
cartesian grid is sufficient to model the propeller force. Whereas the theoretical model knows aforementioned
restrictions, some of these are solved by the way of implementing the disc.

Implementaton of the actuator disc in computational fluid dynamics will be done by means of applying
volume forces on grid cells and taking these into account in the conservation of momentum, eq. (3.9). These
force vectors can be radially and circumferentially varied, such that the restrictions of axisymmetry, unifor-
mity and axial flow are no longer necessarily true. Summation over all cells of the integrated body forces in
x-direction over the cell volumes gives the applied thrust.

Recalling the momentum equation of eq. (3.9), it can be derived that application of the momentum con-
servation on an air-filled cell gives a far overpredicted speed. So if the actuator disc starts to ventilate, the
results are no longer (close to) valid. To adapt the model for ventilation purposes, body forces are made de-
pendent on the cell local air-volume fraction α according eq. (4.3). The shape factor ASF is used to obtain a
continuous function to improve numerical stability. This factor is set to 8, so a steep dependency of α exist
such that force assigned to air-filled cells is nihil.

T = ∑
iCel l

∫
ViCel l

FiCel l · x̂dV (4.2)
FiCel l = FiCel l · (1−α)ASF (4.3)
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Figure 4.7: Applied thrust dependent on ASF
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It is not possible to initiate the full thrust at once. If one does so, a servere acceleration is resulting due
to the initially low velocity in the cell, leading to a steep wave. This is physically incorrect behaviour and
so the thrust is built up in steps, typically 300, seen in fig. 4.8. After the full thrust is built up, the calculation
converges to the reduced thrust when the velocity in the cell does not change anymore and power is constant.
The instantanuous thrust loss is the difference between the required thrust in the ReFRESCOs controlfile and
the calculated thrust in ReFRESCO after eq. (4.3).
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Figure 4.8: Relaxation in thrust build-up and breakdown.

4.2.2. Trends between non-dimensional parameters
Using the actuator disc, it was only possible to capture ventilation due to free surface piercing. Air was not
advected along the propeller, as there was no body rotating. Rotation in the flow was not able to advect the
air. Therefore thrust losses are smaller than found in literature [5].

All calculations were performed on the grid made using Hexpress and found in fig. 4.9. The grid consists
of 0.5M hexahedrals, is unstructured and consists hanging nodes, but is fully cartesian. Around the actuator
disk, two grid refinement boxes refining in three directions up to 6 levels were placed. Around the free surface,
grid refinement in z-direction is applied, such that no hanging nodes are apparent in the z-direction.

Figure 4.9: Cross sections of grid, left: YZ, right: XZ

The calculations were unsteady. Timestep of the simulation was 2e −3s. Timestepping was taken care of by a
three timelevel implicit method. The convergence tolerance for the inner loops was 1e-5, while the maximum
inner loops was 200. In general, this was insufficient for convergence, although residuals were sufficiently low
(L2 ≤ 1e−5). The convective term of the free surface equation is discretized using REFRICS. Other convective
terms are discretized using Van-Leer’s TVD scheme. Multiple combinations of in literature found parameters;
thrust coefficient CT , immersion depth I and ventilation number σV , as shown in table 4.1 were used. A list
of calculations can be found in appendix D.1.

Table 4.1: Parameter range used in calculations.

min max
CT 7 10
I 0.2 0.3
σV 0.05 0.10 0.15
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Most severe thrust breakdown was found when the propeller was placed the closest to the waterline, at the
highest thrust loading coefficient and lowest ventilation number. Nevertheless was this breakdown only 11.0
% of the nominal thrust. Fifure 4.10 shows the cross sections of the domain during ventilation of the propeller
in two views.

Figure 4.10: Cross section of AD-FSV for CT =10, I =0.2 and σV =0.05.

In fig. 4.11 the thrust reduction can be found for the input parameters of table 4.1. Clear trends are found for
the immersion depth I and ventilation inception numberσV , whereas the trend for thrust loading coefficient
CT is smaller. As expected is thrust further decreased when the propeller is lesser immersed. Also a larger
driving pressure, thus a lower ventilation number, seems to increase the thrust breakdown. With regard to
thrust coefficient, the spreading becomes larger and thrust breakdown tends to grow with increasing thrust
loading.
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Figure 4.11: Thrust reduction of actuator disc due to three input parameters CT , I and σV .

Calculations showed increasing wave steepness and breaking after the propeller. According to H. Raven, this
phenomenon can be described by the Froude number, which is already been eloborated upon in section 2.4.1.
In fig. 4.12, the change in wave steepness can be found. An increasing Froude number is indeed apparent be-
tween the cases.

Plotting thrust reduction against the Froude number F rva leads to fig. 4.13. These figures indicate a strong
depencency on both the immersion depth I and ventilation numberσV per Froude number. As both parame-
ters show a clear distinction per Froude number, it also shows that the Froude number is a parameter needed
to express the phenomenon. The left figure indicates a positive relationship between β and F rva . For the
immersion depth, a similar shaped point cloud is visible per depth, where a larger depth shows lesser thrust
reduction. A positive relationship between β and I is thus expected. The ventilation number shows three dis-
tinctive lines, all consisting of the comparable point locations. The trend betweenβ andσV is positive as well.

Given the positive relations between the parameters w.r.t. β, it is expected that the free surface ventilation
phenomenon can be captured in eq. (4.4). According the definitions, this equals eq. (4.5), which is also useful
as CT is explicitly part of the definition. The corresponding figure can be found in fig. 4.14.

β= f (σV · I ·F rva) (4.4)

= f (I 2/2CT F rva) (4.5)
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Figure 4.12: Wave steepness behind actuator disk dependent on Froude Number. Clockwise from left top: F r = 0.52,0.63,0.76,1.07
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Figure 4.13: βT plotted against Froude number, gathered by the immersion depth and by ventilation number.
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Figure 4.14: βT dependent on σV I F rva . Note that in serie ‘Change in D and CT ’ values are not matching the curve. This is due to
breaking waves into the disk area, leading to artificial thrust as been discussed before.
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4.3. Propeller grid refinement study
Verification is not expected to be possible on the ventilating propeller, first of all because this research has an
explorative character, but also regarding the computational effort of a verification study of an unsteady phe-
nomenon. However, some verification is expected in this work, which was executed on the same propeller in
open water conditions. The results can be used in an uncertainty estimation for the ventilating propeller. To
diminish the computational effort, a frozen rotor approach is applied, similar to the verfication study of the
B-series [57].

Frozen rotor or Absolute Formulation Method (AFM) calculations can be steady calculations. Mass and
momentum equations of the Navier-Stokes equations are extended by the relative velocity of the inner grid
with regard to the earth reference and solved in the moving reference frame. The solution is written in terms
of the inertial reference frame. Application of a cylindrical domain gives the opportunity to use AFM on both
frames and so capture the tip vortex in the outer domain as well. By ReFRESCO used equations are found
below; in bold symbols, the difference w.r.t. the regular Navier-Stokes equations are highlighted.

∂(Ui−Ug ,i )

∂xi
= 0 (4.6)

∂(ρUi )

∂t
+ ∂

∂x j
(ρUi (U j−Ug , j ) = ∂

∂x j
[(µ+µt )(

∂Ui

∂x j
+ ∂U j

∂xi
)]− ∂

∂xi
(P + 2

3
ρk)−ρεi jΩ jUk (4.7)

4.3.1. Grids
The computational domain consists of a structured propeller domain inside an unstructured, cylindrical
outer domain. Coupling of domains is governed by halo cells. By default, halo cells mirror the inner domain
cell center into the outer domain and matches the closest outer domain cell center and vice versa. Equally
sized cells are a necessity to apply halo cells correctly. Strechting in the boundary layer was equal.

The outer domain is cylindrical with a diameter and length of 2.75m. Grids consisting of solely hexahedral
cells are generated using Hexpress. Surface refinement to obtain y+ < 1 on the torpedo body and cylindrical
refinement around the torpedo of 0.15m diameter are applied. The inner propeller domain is cylindrical as
well with a diameter 0.275m (1.18D), and a length of 0.30m centered around the propeller center. It is fully
structured and hexahedral with refinement radially at the blade edges to capture the edge vortices and on
the blade surface to ensure y+ < 1. GridPro and a topology generator in Rhino/Grasshopper are used to
generate the propeller grids, which were provided by B. Schuiling.

Figure 4.15: Axisymmetic body used in the grid refinement study and size of the circular domain around it. Results shown are for the
coarstest grid for the sake of visibility.



46 4. Preliminary computational research

Geometric similarity can perfectly be obtained on the inner structured propeller grid. Unstructured grids
are known for their inability to obtain exact geometric similarity. This lack of geometric similarity is a main
contibutor to noise in the data [16]. However, as the grid is fully structured in the propeller domain, the noise
is foreseen to be small. Also for that reason, it is assumed that the grid density can still be represented by
the typical cell size, as required in the procedure [16]. Furthermore research of Wieleman et al. [80] derived
Hexpress-settings to obtain close to geometrically similar unstructed grids. Dependent on the grid refine-
ment ratio, the diffusion factor for the coarsest grid is set, such that diffusion depths are equal. The number
of cells in x, y, z-directions is also prescribed. Geometric unsimilarity is expected near trimmed corners and
in circular grid refinement boxes. Visual inspection was necessary to review the similarity.

Figure 4.16: Refinement boxes in the grid. Note that this is the coarsest grid with the lowest diffusivity; finer grid have larger diffusivity
and are so slightly larger.

A grid serie of 6 grids is used for the refinement study. The linear refinement factor between the coarsest and
finest grid is 3 and grid refinement for intermediate grids is linear. In x, y, z-direction, a initial number of cells
of multiple of 3 is needed, which has been set to 21 cells of 0.125m. In section 4.3.1, the grid quantities are
given. Comparison with the study of Merkens [57] indicate that these grids are in the asymptotic range.

Grid 0 1 2 3 4 5
Refinement factor 1 1.333 1.667 2 2.333 2.667
hi /h1 2.667 2.000 1.600 1.333 1.143 1.000
Diffusion factor 2 3 4 5 6 7
Farfield cell size 0.125 0.092 0.072 0.060 0.051 0.044
# Cells Inner grid [M] 0.9 2.2 5.4 12.2 17.8 31.5
# Cells Outer grid [M] 0.7 1.7 4.2 7.0 11.1 16.5
# Cells Total grid [M] 1.7 4.0 9.6 19.2 28.9 48.0

4.3.2. Calculation settings and iterative convergence
The propeller working point is J = 0.25, which is low and corresponds to propeller loading where ventila-
tion may be found. A smaller advance ratio was not simulated as convergence problems were foreseen [57].
The procedure assumes sufficient iterative convergence to exclude this error component in the discretization
error estimation. Second order schemes are applied in the discretization of the momentum and turbulence
equation and Van Leer’s flux limiter is used. The flux limiter may also be a source of scatter data according Eça
and Hoekstra [16], altough it theoretically bounds the flux to be within the second order TVD region. Regard-
ing the convective discretization schemes, second order grid convergence is expected. Turbulence modeling
is done by application of the k−ω−T N T model of Kok [40]. Boundary conditions were set to BCInflow at the
inflow, BCPressure on the cylindrical outer wall, BCOutflow at the outflow and BCWall on the propeller wall.
The hub is coupled to the propeller w.r.t. the revolution rate.
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The calculations runned until a steady force was obtained. Dependent on the simulations, up to 20000 iter-
ations were necessary. In general, force convergence took more iterations than iterative convergence until
stagnation. Stagnation was more often found in CFD calculations for high propeller loadings [57]. Iterative
convergence behaviour can be found in section 4.3.2. Final values are listed in table 4.2 and force conver-
gence is given in section 4.3.2.

Figure 4.17: Typical iterative convergence in L∞ and L2-norm. Stagnation is found in all converging parameters, in all grids. It corre-
sponds to Merkens [57] at low advance ratios.

Table 4.2: Iterative convergence levels for various grids

Grid 0 1 2 3 4 5
Velocity L∞ 8E-03 1E-03 3E-04 1E-04 4E-04 2E-04

L2 6E-05 3E-06 2E-06 1E-07 5E-07 8E-07
Pressure L∞ 2E-04 3E-06 1E-05 1E-07 1E-06 6E-07

L2 1E-06 1E-08 1E-08 1E-10 2E-09 2E-09
Turb.kin.E. L∞ 2E-04 3E-06 5E-06 1E-06 1E-06 7E-07

L2 1E-06 1E-08 1E-08 7E-10 4E-09 2E-09
Turb.diss. L∞ 2E-05 3E-06 6E-04 2E-07 2E-06 1E-06

L2 1E-07 1E-08 5E-07 1E-10 2E-09 3E-09

Figure 4.18: Force convergence.

4.3.3. Results and grid convergence
CFD-results are listed in table 4.4. Values listed are monitor data from 4 blades and hub, averaged over the
last 3000 iterations when thrust and torque is sufficiently converged. It can be stated that KT - and KQ -values
are accurate on the 5th decimal. Using this data, the grid convergence study as described by Eça and Hoekstra
[16] is applied using MARIN’s program uncertainty. Results are shown in fig. 4.19.
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Grid hi /h1 T Q KT KQ

5 1.000 87.88970 2.542850 0.297886 0.036999
4 1.143 87.93810 2.543680 0.298050 0.037011
3 1.333 87.95300 2.543270 0.298101 0.037005
2 1.600 88.03330 2.545620 0.298373 0.037039
1 2.000 88.03010 2.545600 0.298362 0.037039
0 2.667 88.20810 2.559021 0.298966 0.037234

Table 4.3: CFD results of the grid study.

Figure 4.19: Grid convergence for KT (left) and KQ (right).

For the torque, the grids converges quadratically as expected. However, as shown, the thrust converges lin-
early. It is tried to trace which component is responsible for incorrect convergence in fig. 4.20. It is found that
the convergence behaviour of only the blades shows an equal trend (fig. 4.20(a)). If the force is separated in
the friction and pressure components, it is found that friction force is (nearly) second order converging (b)
and pressure force is (nearly) linear (c). The same separation for the torque showed both quadratic conver-
gence.

In the work of Merkens [57], also a lesser order of convergence is found for higher loaded propellers. This
was ascribed to insufficient iterative convergence. Work of Eça, Vaz, and Hoekstra [17] showed that iterative
errors of these orders can indeed give an seemingly correct grid convergence, while this actually due to in-
sufficient iterative convergence. An other option is that grid densities are simply not high enough to properly
simulate the pressure forces and separation associated with highly loaded propellers, but does properly sim-
ulate the friction forces. If the latter would be the case, the same grids should show a proper second order
convergence at nominal working points, which is the case in the work of [57].

Furthermore v.d.van der Ploeg [76] reseached grid convergence depencency on the interpolation method
and grid size. Larger grids showed a lower order of convergence for the pressure and velocity gradient for cer-
tain corrections and face interpolation schemes. Per default, face interpolation is governed byFACEPOINT, a
method correcting for eccentricity and non-orthagonality. This method is the most accurate and could obtain
higher orders of grid convergence. A more robust and formerly default method is INVERSEDISTANCEPOINT,
which is only correcting for eccentricity. Especially convergence for grids with hanging nodes (Hexpress-
grids) are benefiting from eccentricity and non-orthogonality correction instead of only eccentricity correc-
tion. However, FACEPOINT-interpolation showed robustness problems and thus the more robust INVERSE-
DISTANCEPOINT was used, at the cost of accuracy and lower order of grid convergence. To derive a con-
clusion, the grid refinement study should be repeated on the nominal work point, even finer grids, supple-
mented by study regarding interpolations correction methods.

Assumed second order grid convergence
Eça and Hoekstra [16] are suspicious in assuming a second order grid convergence when flux limiters, un-
structured grids and blending turbulence models are used. Although the fact that Van Leer’s flux limiters
were applied (which are theoretically still second order TVD) and an unstructured outer domain (which is
assumed not to influence the inner domain) was used, an uncertainty analysis assuming the second order
grid convergence was performed, according the appendix of [15]. The weighted approach is presented, al-
though hardly difference was found with the unweighted approach. Results show that a second order fit does
still give proper results in terms of the resulting low value for the uncertainty. The weighted approach gives
φ0 = 0.2981.
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(a) total force on only blades (b) friction force on blades and hub (c) pressure force on blades and hub

Figure 4.20: Grid convergence for subparts. Pressure component (right) does not converge well.
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Figure 4.21: Assumed quadratic fit

Table 4.4: Results for assumed second order grid convergence

weighted unweighted
φ0 0.29810 0.29808
α 0.0001616 0.0001652
σ 9.819E-05 9.701E-05

Table 4.5: Numerical values of assumed quadratic fit

Grid hi wi φi φ(hi ) U [%]
0 1.000 0.242 0.29817 0.29825 0.13
1 1.143 0.212 0.29834 0.29830 0.12
2 1.333 0.182 0.29839 0.29838 0.13
3 1.600 0.152 0.29865 0.29851 0.19
4 2.000 0.121 0.29865 0.29875 0.20
5 2.667 0.091 0.29925 0.29926 0.22

4.3.4. Validation using experimental results
Numerical results extrapolated to hi /h1 = 0 are expected to meet the experimental results (corrected for the
experimental uncertainty interval). If so, the model is not only verified, but also validated. Validation is the
assessment in what extend the correct equations are used. Based on fig. 4.21, experimental values at hi /h1 = 0
of KT = 0.298 and KQ = 0.0370 are expected. It should be noted that CFD and experimental geometry was not
equal; in CFD, the strut was (for the sake of computational effort) not modeled.

In this study, the experimental and input uncertainty interval is assumed to be 1%, although it is question-
able if this low value is a good estimate. Large differences might occur depending on i.a. the exact placement
of the blades on the hub and so lack of geometric similarity. Also water conditions (perfectly still vs. slightly
moving) and sensor noise might be influencing the uncertainty. However, as many of these components are
unknown and thus any other uncertainty estimate is still guessing, it is decided to accept the 1% uncertainty
level.

The experiments showed values of KT = 0.320 and KQ = 0.0380. As KT = 0.298 is not within 0.320±1%, the
model is not validated for KT . For KQ , the obtained value of 0.0370 is also not inbetween the experimental
uncertainty band of 0.0380±1%. The difference between experimental and numerical values is 6.9% for KT

and 2.6% for KQ . Validation uncertainty, defined as in eq. (4.8), is 1.08% for KT and 1.02% for KQ assuming
that input uncertainty is 0. These values can also be found in table 4.6.

Uval =
√

U 2
φ
+U 2

i nput +U 2
exp (4.8)

Table 4.6: Validation data

numerical Unum[%] experimental Uexp [%] Uval [%] % diff. wrt exp
KT 0.298 0.4 0.320 1.0 1.08 6.88
KQ 0.037 0.2 0.038 1.0 1.02 2.63
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4.3.5. Comparison of AFM to MVG propeller computation
This verification study consists of steady frozen rotor calculations. However, ventilation calculations are un-
steady calculations, using moving grids. An unsteady calculation was performed to assess the difference
between frozen rotor and moving grid calculations and to assess the amount of outerloops necessary for suf-
ficient force convergence. Force convergence results are shown in section 4.3.5. One can conclude that 250
outerloops is sufficient; probably 150 outerloops is sufficient to obtain an acceptable converged force. in this
open water case. 150 outerloops might still be insufficient in the ventilating propeller due to complex two-
phase flows. However, it is significantly lower than the outerloops necessary for the steady calculation, most
probably due to stronger diagonal strength of the momentum matrix. An averaged value over 500 timesteps
of 87.97N ±σ = 0.044N is found (section 4.3.5). This is slightly higher than the value found for the steady
calculation at grid 3; 87.93N . Difference between steady and unsteady calculations is small.

Figure 4.22: Force convergence for unsteady calculations.

Figure 4.23: Unsteady force trace.
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4.4. Chosen turbulence model
Three turbulence models were briefly evaluated on the computational set-up and grids used in the verifica-
tion study; k −ω-TNT [40], k −ω-XLES [41] and T N T −E ARSM [14]. Computations were unsteady with a
timestep corresponding to 0.5°propeller rotation. Based on results of Pereira et al. [64], T N T −E ARSM was
forseen to be the most accurate in resembling the tip vortex pressure. k −ωTNT-XLES was forseen to be the
least diffusive and so giving the longest lasting tip vortex. Both characteristics might be of importance in
modeling ventilation adequately.

Figure 4.24 shows results for the pressure in the tip vortex. E ARSM shows the lowest pressure and the high-
est resolution in the core, as expected. XLES and RaNS shows a nearly equal pressure, which is expected as
XLES is still in RaNS-mode near the blade, see fig. 4.25 (left). Tip vortex pressure near the blade is thus not
simulated using LES, but modeled using RaNS. Except for the blade, the domain is in LES-mode, inidcated as
the blue regions in fig. 4.25. Figure 4.26 shows the extent of the tip vortex. Here it is clear that XLES indeed
gives the longest tip vortex, followed by E ARSM and lastly RaNS. This result is expected.

Figure 4.24: Comparison of low pressure in the tip vortex. Left is RaNS, center is XLES and right is E ARSM .

Figure 4.25: Application of RaNS/LES near the propeller for grid 3. Red coloured areas are LES-areas, blue coloured RaNS. Note that the
maximum cell edge length in the farfield is determining RaNS/LES. A fully LES-propeller grid had not been made.

k−ω−T N T −X LES-turbulence modeling/simulation and T N T −E ARSM- turbulence modeling both show
interesting differences with regard to the baseline k −ωT N T -model. Therefore all three turbulence models
were used in the ventilating propeller case. However, XLES appeared to be unapplicable as the for conver-
gence necessary omega-limiter prevented the model to change to LES-mode close to the blades, see fig. 4.27.
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Figure 4.26: Comparison of extension of tip vortex using the contour of the pressure coefficient of -2. Left is RaNS, center is XLES and
right is E ARSM . XLES shows the longest tip vortex, followed by XLES and then RaNS.

(a) Ventilation/multiphase calculation (b) Open water/single phase calculation

Figure 4.27: XLES-regions in the ventilating calculation. It can be found that the areas around the blade stay in RaNS-mode due to the
omega-limiter.

4.5. Multiphase modeling in a rotating domain
To simulate the rotation of the propeller, frozen rotor calculations are not suitable as the ventilation phe-
nomenon is too dynamic [5]. A moving grid (MVG) approach is applied. Each timestep, the inner grid rotates
in the outer grid. All quantities stored on the inner grid are thus rotated, so water is displaced implicitly by the
rotating the air-volume fraction. Halo cells are being used for the transfer of quantities over the grid bound-
aries, although these are reconstructed each timestep. First order interpolation of quantities is applied. An
empty domain rotating through the water surface at low convective speed is simulated. The water surface
should remain straight after sufficient convergence. This assessment is used to indicate the ability and re-
quirements of the free surface discretization scheme, grid density, timestepping and iterative convergence to
obtain a straight horizontal water surface.

Superbee’s TVD scheme showed to be slightly more diffusive than REFRICS, which is in accordance with
fig. 3.7. Furthermore it is known that SuperBEE may obtain a wavy free surface, although REFRICS showed
this behaviour at high rotation angles and coarse grids due to the multi-directionability dependency on the
pressure gradient as well, see fig. 4.29 (32 °at 4°/dt).

Figure 4.28: Comparison between ReFRICS (left) and SuperBEE (right) for a total rotation of 16°at 2°per timestep.
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Timestepping was forseen to be not of importance as long as the amount of outerloops would be sufficient
to obtain a straight free surface each timestep. However, iterative convergence of the air-volume fraction
showed stagnation after 200 outerloops at L2=0.1, while the free surface was not converged to a straight line
yet. In fig. 4.29, one can see that the free surface is diffusing over time, with hardly influence of the rotation
angle per timestep. Only for high rotation angles, slight differences are found. For higher rotation angles (≥ 32
degrees), no changes were found w.r.t. the 32 degree situation. When observing ventilation results, one needs
to take this free surface diffusivity into account. Better results are expected if the residuals are not stagnating
at this insufficient level.

Grid refinement was shown to be a good manner of reducing free surface diffusivity in free-falling lifeboat
simulations. However, a finer grid did not show smaller diffusivity angles in this assesment. One can see that
fig. 4.28 (left) does hardy difference from fig. 4.29 at (2°/dt,8 °).

4° 8° 16° 32°

0.5°/dt

1°/dt

2°/dt

4°/dt

Figure 4.29: Free surface in rotated grid at various rotation rates and total angles.

Lastly is seems that data is not transferred over the grid boundaries, even if the most robust settings (nearest-cell,
first order interpolation) and equal grid sizes at the boundary are used. Lemaire [50] found this behaviour if
the interpolation order was equal or smaller than the discretization order. Increasing the interpolation or-
der to 3 by i.g. a least squares polynomial interpolation only slightly improves the quality of interpolation
at the cost of excessively more overhead. For the sake of time, within this assesment it is decided to accept
this artifact and keep an eye on the grid boundary interpolation in the ventilation calculations. It is however
foreseen that increased convective velocity solves part of this problem as transfer of quantities over the grid
boundaries is also happening by convection, instead of only interpolation.
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Experimental research

5.1. Preparation
5.1.1. Experimental setup
Experiments were performed at the depressurized wave basin (DWB) [52] of MARIN in Ede in collaboration
with other internal MARIN projects. The tank is 240m long (of which 190m can be used for measurements),
18m wide and 8m deep. Ambient pressure can be reduced to 2500 Pa, although depressurized conditions
were not applied in this part of ventilation research. Wave-makers are installed along the short and long side
of the basin, but these were neither used. The tank is widely used for cavitation research, propeller noise
research, wave impact forces and phenomena where scaling of entrapped air pockets is of importance. The
aim of the partnering study is to identify the hysteresis effects of ventilation in characteristic wave period
timescale and of depressurized conditions. [10]

The pulling propeller was mounted on a hexapod 6 DoF-frame. An electrical motor drives the propeller
through an angled 47:19 gearbox in the propeller pod. Geometry of the pod and propeller hub were made
specifically to fit to the hexapod frame necessary in the second part of experiments. No fairing around the
circular strut was placed as preliminairy experiments showed no need. Underwater video was obtained at
25 Hz in high definition standards and the propeller was painted blue for the sake of clear video. In the
propeller axis, a 6-DoF force and moment transducer was placed. Data acquisition took place at 1000Hz and
was transferred using telemetrics to prevent from measurement noise from carbon brushes. Filtering was
taken care of by data scientists at MARIN, correcting for i.a. inequal mass distribution, eigenfrequencies and
measurement/set-up noise.

Figure 5.1: Experimental set-up

5.1.2. Quasi-steady approach
Experiments were conducted at constant rotation rate and varying carriage speed to obtain results for various
advance ratios, as described by Lafeber and Dang [48] and succesfully conducted in cavitation experiments.
Using this approach, a high degree of repeatability is found. The carriage speed will follow a cosine curve

55
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found in fig. 5.2. A cosine curve for the advance ratio is then obtained as well. Reason to do so is the certainty
to capture ventilation inception and the ability to obtain more ventilation data over a full open water dia-
gram, both for inception and wash-out. This comes at the cost of not obtaining results of temporal influence
of ventilarion at a single workpoint as been done in Califano and Steen [6]

Ventilation inception will follow immeadiately at the start of the experiment, as the propeller is highly
loaded. In the acceleration of the carriage, ventilation wash-out will be found. The maximum speed of the
carriage is such that the propeller is not loaded and any ventilation can wash out. During deceleration, ven-
tilation inception will be found, as the thrust loading coefficient increases during the half-cycle. Maximum
acceleration and decelaration is well below 0.1m/s2.
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Figure 5.2: Carriage and revolution rate during quasi steady experiment

5.1.3. Design of experiments
Ventilation thrust breakdown is researched by experiments. A serie of four deep water reference tests were
conducted to obtain a thrust which is not influenced by ventilation, but is influenced by a variation in Reynolds
number as described in section 2.4.2. The difference between experimental data and reference data is the
ventilation thrust breakdown, which is used in the empirical model. A surrogate model was built to interpo-
late results at the advance ratio of interest.

Between runs, revolution rate and immersion depth were varied. Parameter variations were derived from
scaling of full scale propellers. In their application over the years, diameters are increasing and rotation rates
are decreasing. A propeller of 12.5m at 56rpm was assumed as largest full scale propeller, which has not been
found in the maritime sector (yet). The applicable scaling for this phenomenon is Froude scaling, of which
applicable scaling laws can be found in section 2.4.2. This leads to a minimum model scale revolution rate
of 400rpm. Maximum model scale revolution rate is 800rpm. Although this value is arbitrary, scaling anal-
ysis shows that within this range also smaller coastal vessels as the Damen Combi Coaster can be taken in
account, which have a smaller propeller of 2m rotating at 250rpm [11].

These low revolution rates, which were inevitable due to the small propeller, result in Weber numbers
below the required Weber number as deduced by Shiba [72]. This reduction can be as substantial as a Weber
number of only 90 (instead of minimum required Weber number of 180) at 400RPM, so inception delay can
be expected (see section 2.4.3). Only at 800RPM, the Weber number exceeds the required Weber number.
Therefore, one must take in account that model test suffer from overpredicted surface tension compared to
full scale and inception might be delayed.

Immersion depth range is based on former research in propeller ventilation and applicable immersion depths.
Califano [5] showed that for highly loaded propellers, ventilation started for immersion I of 0.3 at advance
ratios only at J=0.1 and lower. As in this research higher advance ratios were evaluated, the maximum im-
mersion rate was set to 0.3. This corresponds to the minimum clearance between the propeller and hull
according DNV [13] and may be found in ballast condition.

Based on results of Shiba [72], where ventilation was still delayed at an immersion rate of 0, this lower
boundary is therefore also interesting and thus chosen. Partially submerged propellers were out of the scope
in this research.
Combinations of revolution rate and immersion depth were obtained through design of experiments using
DesignExpert. This method derives a set of input variables which correlate in a certain order, in which the
results can be derived; for this research it is third order. A higher order was nor assumed to be necessary,
nor possible regarding the experimental time and costs. All combinations of revolution rates and immersion
depth can be found in fig. 5.4 and table 5.1.
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Figure 5.3: Full scale lower and upper bound of propeller experiments
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Figure 5.4: Design of Experiments

Table 5.1: Experimental tests, ‘d’ stands for deepwater reference

# I ht i p N va,max measuring amax

[-] [mm] [rpm] [m/s] time[s] [m/s2]
1 0.150 34.94 600 2.125 187 0.029
2 0.255 59.40 460 1.629 244 0.017
3 0.150 34.94 600 2.125 187 0.029
4 0.150 34.94 400 1.147 280 0.013
5 0.150 34.94 600 2.125 187 0.029
6 0.045 10.48 740 2.621 152 0.045
7 0.300 69.88 600 2.125 187 0.029
8 0.255 59.40 740 2.621 152 0.045
9 0.150 34.94 600 2.125 187 0.029
10 0.000 0.00 600 2.125 187 0.029
11 0.045 10.48 460 1.629 244 0.017
12 0.150 34.94 600 2.125 187 0.029
13 0.150 34.94 800 2.833 140 0.052
14 0.207 48.22 516 1.828 217 0.022
15 0.210 48.92 680 2.423 165 0.038
16 0.090 20.96 684 1.856 164 0.038
17 0.084 19.57 524 2.408 214 0.022
d 1.000 465.9 400 1.417 231 0.019
d 1.000 465.9 516 1.828 217 0.022
d 1.000 465.9 600 2.125 154 0.043
d 1.000 465.9 800 2.833 115 0.077

.

5.2. Experimental results
During the experiments, a HD camera was pointed at the propeller. These movies were used to distinguish
the ventilation and inception regimes. With data from the 6-DoF sensor, severeness at the various inception
and ventilation regimes could be assessed on thrust breakdown and predictability of the phenomenon. Also
some hysteresis effects could be evaluated.

5.2.1. Thrust breakdown per ventilation regimes
Three ventilation regimes are shown in fig. 5.5. Also the thrust breakdown behaviour is given. From these
three, it can be concluded that free surface ventilation incepts at the highest advance ratio and shows the
largest thrust breakdown. The breakdown is fairly stable. Mixed ventilation is more unstable, and significant
thrust breakdown may still occur. The most unstable is vortex ventilation. Thrust breakdown is hardly found,
only when a vortex has enough capacity to exist, grow and draw air. On the other side, a (visually) large vortex
does not necessarily lead to air ingress and thrust breakdown.
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Figure 5.5: Visualisation and force trace behaviour for three ventilation regimes; Free surface ventilation in (a), mixed ventilation in (b)
and vortex ventilation in (c).

Ventilation regimes can be deduced as function of the immersion and revolution rate in fig. 5.6 and table 5.2.
Free surface ventilation is found at shallow immersions, regardless of the rotation rate. Below I = 0.1, mixed
and vortex ventilation is found, dependent on I and N , as shown in table 5.2. In vortex ventilation, a distinc-
tion based on thrust breakdown is made. Several runs show a vortex, but are not facing (significant) thrust
loss. These are indicated by (only visually). The distinction of ventilation regimes in terms of I and N is dif-
ferent with regards to the distinction of Olofsson [62] and Kozlowska and Steen [44] in J and I . Especially
the usage of J (or CT ) is questionnable as in these experiments, a change in ventilation regime over J was
not found. Moreover, it was said that fully submerged propellers would not ventilate, which appeared to be
incorrect. Lastly, it is hard to distinguish at which J the propeller fully ventilates, as the interpretation of fully
ventilation differ from research to research.
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Figure 5.6: Design of Experiments

Table 5.2: criteria for ventilation regimes as found in the experi-
ments

Ventilation regime I N
Free surface ventilation |I|<0.1 -
Mixed Ventilation 0.1<|I|<0.17 N>530
Vortex Ventilation |I|>0.17 N>530
Vortex (only visually) |I|>0.1 N<530
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Free Surface ventilation
Inception through free surface breaking is ascribed to the negative pressure gradient induced by the pro-
peller’s thrust, as it was derived in the actuator disk calculations and is a regular process, which can step-
by-step be found in fig. 5.7. From an undisturbed free surface (a) the free surface is deformed, without air
entering the propeller plane (b). This deformation costs energy and can be found in the force trace as the
offset between the lines at high advance ratios. Afterwards, at increasing thrust loading, the free surface is
broken (c). However, this does neither lead to ventilation, a loss of disk area is responsible for the slightly
increased thrust breakdown. Increasing the thrust load even more, ventilation incepts from the propeller tip
(d), similar to the T-type of Sato et al. [69], which extends to S-type (e) and probably, dependent on the blade
design, to M-type (f) in high propeller loadings. From (e) on, it is believed that the propeller revolution rate
is of influence on the thrust breakdown. Before (e), the thrust breakdown merely shows behaviour as derived
using the actuator disk.
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Figure 5.7: Step-by-step inception of free surface ventilation in run 17: N = 524 and I = 0.084.

Free surface ventilation appeared to be the most stable and repeatable regime. From six runs which showed
free surface ventilation, data is further processed. In fig. 5.8, the thrust breakdown against the advance ratio
for these runs is given. A clear distinction between (a) and (b), being the sharper thrust breakdown starting
at J = 0.3 can be noticed.

Until J = 0.3, thrust breakdown is similar to the thrust loss found in the research using the actuator disk.
The free surface is drawn and broken due to the high thrust loading of the propeller, formerly captured in
eq. (4.4). Results for the propeller thrust breakdown were also plotted against σV · I · F rva , given in sec-
tion 5.2.1. A similar trend is indeed found, but propeller data does not coincide the trend as the actuator
disk results did.
Larger thrust breakdown for J ≤ 0.3 is found for runs at a higher revolution rate. For an equal advance ratio J
and thrust loading coefficient CT , experiments showed a larger band of air rotating with the propeller (given
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Figure 5.8: Thrust breakdown for 6 free surface ventilation runs, showing a distinction.
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Figure 5.9: Thrust breakdown against σV · I ·F rva

in fig. 5.10). Due to different advance velocity va and revolution rate N , the absolute thrust is different. As
the propeller area cannot change, the pressure jump is governing for the increased thrust, which explains the
larger band of air. The magnitude of the low pressure highly depends on the rotation rate, as the hydrody-
namic pitch angle β and local blade velocity v∞ are both dependent on N . It is expected that increased thrust
breakdown must be captured as a function of N . Further research using other pitch ratios should indicate if
the revolution rate dependency needs to be corrected for the pitch, as proposed by Gutsche [22] in eq. (2.37)
and Pohl [66].

∆p = 1

2
ρCL(θ(P/D)−β(N , va)) · v2

∞(N , va) (5.1)

(a) I=0.084,N=524,J=0.1 (b) I=0.090,N=684,J=0.1

Figure 5.10: Visual difference in thrust breakdown extent dependent on rotation rate.
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Vortex Ventilation
For vortex ventilation, inception is a irregular process. However, it is expected that vortex ventilation incep-
tion and extent follows requirements and observations set by Huse [29] and Sato et al. [70] for propeller-hull
vortices. Observations of inception and extent can be found in fig. 5.11. The instability is shown by a vortex
starting at the waterline (a), which appears not to be strong enough to reach the propeller blade. Not even
a second later, the vortex reaches the propeller tip (b) and immediately leads to full ventilation, where the
vortex moves to 0.7D (c). Severe ventilation is washed-out, which again indicates the unstable characteristic.
The vortex originates from behind the propeller (d). At higher thrust loading, the vortex origin moves forward
(e). This is also found by Sato et al. [70]. At J=0 in (f), the vortex hardly provides air, notwithstanding the fact
that this was expected to be the heaviest situation and significant ventilation is found at the start of the run.
Probable cause of this is the induced recirculation of the propeller, which does not allow the vortex to exist.
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Figure 5.11: Step-by-step inception of vortex ventilation in run 7, N = 600 and I = 0.3

The vortex’ rotation direction is equal to the circulation direction around the propeller blade. This coincides
with the observation of Huse [29]. He hypothesized that the vortex initiated due to the circulation in the flow
from the propeller, which ends on the free surface. As the vortex impinges at the propeller tip, this observa-
tion does not contradict the hypothesis.

After inception, the vortex can remain on the tip or move to 0.7D. If it remains at the tip, vortices are
continuously washing-out and incepting, without significant thrust breakdown. When the vortex moves to
0.7D, thrust breakdown increases significantly. Movement of the vortex can be due to the low pressure area
at 0.7D, but also the ‘pirouette’-effect might be governing. Increased thrust breakdown is most probably due
to entrapped air at 0.7D, where normally the largest thrust is generated. If air is entrapped for a longer time,
the low pressure is diminished such that the vortex eventually moves back to the tip or directly washes out.
As from that point pressure decreases and vortices might incept again at 0.7D, this may partially declare the
vortex ventilations unstable characteristic. However, to derive clearer conclusions about the inception and
existence of propeller vortices, high-speed video is necessary, such that the impingement on the blade around
the 12 o’clock position is well captured.
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Even at the deep water reference experiments, vortex ventilation is found after several seconds. No inception
video is available. During available video, it is clearly visible that the vortex attaches to 0.7D (a) and moves to
the tip when washing out (b).

The vortex seems quite powerful at the water surface (c) and shows resemblances to fully vortex ventila-
tion in fig. 5.11 (b). However, at the propeller, only a weak vortex appears, found in fig. 5.12, which is barely
powerfull enough to incept ventilation (b). Even when the vortex is no longer attached to the blade (c), the
ventilating vortex still exists as in a bath tub. It is hypothesized that the vortex is washed out by the induced
velocity around the propeller as it is moving downstream just before wash-out (b).

(a) (b) (c)

Figure 5.12: Vortex ventilation in deep water. N = 800, I = 2.0 and J = 0.0

Mixed Ventilation
Mixed ventilation is a combination of free surface and vortex ventilation. Thrust breakdown can be as high
as in free surface ventilation, but also as low as in vortex ventilation. Highly fluctuating thrust and torque
breakdown is found, what makes mixed ventilation of major importance for propulsive unit breakdown. On
the other side, the immersion range of mixed ventilation is generally smaller than ship motions and therefore
it is not expected that vessels are continuously working in the mixed ventilation zone.

Repetitive runs of mixed ventilation showed the unsteadiness of mixed ventilation in section 5.2.1, which
makes inception prediction of thrust breakdown impossible. Also the upper and lower bound, corresponding
to approximately vortex and free surface ventilation are shown.
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5.2.2. Torque and efficiency breakdown
Torque breakdown follows the thrust breakdown characteristic, both qualitatively and quantitatively. Figure
5.14 shows both trends for a single run. Other runs show the same trend and can be found in appendix C.
Especially the fluctuation torque, most severly found in mixed ventilation due to continuous inception and
wash-out of full ventilation, is stringent in terms of gearbox and engine breakdown.

During thrust loss, the resulting efficiency loss is only 5% w.r.t. the undistubed situation. Since this is
far below the reduction of thrust, efficiency breakdown is of minor importance. It needs to be said that the
torque demand of the propeller is used for the efficiency calculation. Dynamic behaviour of the engine due to
unequal loading, i.a. axial acceleration of the propeller and application of anti-spin limiters [73] may increase
the efficiency breakdown. It is advised to model engine and limiters as well to derive a conclusion about the
overall efficiency loss in ventilation.
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Figure 5.14: Torque breakdown follows same trend as thrust breakdown and thus efficiency is hardly influenced. Run 1: I = 0.15[−], N =
600[r pm]

5.2.3. Bistability
Since the advance ratio is first increased and later decreased, ventilation wash-out is found in the first phase
and inception found in the second phase. This does not necessarily lead to equal ventilation (inception)
points; due to different history in thrust loading until the work point bistability might occur, which might
lead to hysterisis eventually. Results of Harwood et al. [25] showed bistable region for a ventilating surface
piercing foil.

Results of this study shows no clear bistability and/or other influence for free surface ventilation. This
might be due to the inception and wash-out mechanism; the free surface is broken before ventilation thrust
breakdown is found and vice versa. Ventilation does not have any influence before the free surface breaks.

Inception via a vortex does show a slight dependency on the starting point; wash-out at a larger advance
ratio than inception. The reason might be the low speed necessary for starting the vortex, while a vortex can
exist in slightly higher water speed if already initiated.
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Figure 5.15: Left: Hysteresis in vortex ventilation. It is clearly visible that inception occurs at a lower advance ratio than wash-out.
However it should be mentioned that not all vortex ventilation cases show this extremis of occurence. Right:Hysteresis in free surface
ventilation. It is clearly visible that hysteresis does not occur.
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5.2.4. Polynomial model
Experimental data is captured in polynomial models. Two models were made; one model specific for the
C4.55 propeller and one generic model. The propeller specific model depends on I , J and N and delivers
the absolute thrust breakdown. It uses all data acquired; 1462 data points. According to the Design of Ex-
periments, a third order polynomial model, extended by higher powers for J (as the measurement resolution
was higher) is fitted. Fitting coefficient r 2 equals 0.9267, so the polynomial model fits the data well. 3D-
screenshots of the cubic model can be found in fig. 5.16. The model coefficients are given in table 5.3. Note
that J , N and I are scaled to be between 0 and 1.

Ĵ = J

0.85
(5.2) N̂ = N −400

800−400
(5.3) Î = I

0.3
(5.4)

(a) (b) (c)

Figure 5.16: Polynomial model of the propeller specific thrust breakdown

Table 5.3: Equation for propeller specific polynomial model.

∆T 3.54 8.13 85.45 15.74 -208.5 120.9 -146.2 -359.8 63.59 -86.05
= Σ J N I J ·N J · I N · I J 2 N 2 I 2

r 2 189.7 150.7 -116.4 -136.4 -27.48 +1095 32.05 73.55 -1194 +446.1
0.9267 J ·N · I J 2 ·N J 2 · I J ·N 2 J · I 2 J 3 N 3 I 3 J 4 J 5

The polynomial model estimates the obtained thrust breakdown as if it is continuous. However, fluctuations
are found in the experimental data. Figure 5.18 shows that the results of the polynomial model should always
be used with care. At the low thrust breakdowns, the model is not accurate. In the application of the polyno-
mial, this is of minor importance as low thrust breakdowns are generally not leading to majr safety issues. A
more stringent drawback of the polynomial model is the inability to capture the unsteady mixed ventilation
(fig. 5.18 (b)). In free surface ventilation conditions, the averaged thrust breakdown in captured sufficiently,
but the model shows structural shortcomings in exactely capturing the trend between J = 0 and J = 0.4.
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Figure 5.17: Comparison of the thrust breakdown between polynomial model and experimental data.
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Figure 5.18: Comparison of the reduced thrust between the polynomial model and experimental data.

For the generic model, data had to be processed to obtain parameters independent of the propeller charac-
teristics. Inception is dependent on the immersion depth and loading of the propeller. The immersion depth
is already propeller independent. The loading of the propeller in terms of advance ratio J is rewritten in the
thrust loading coefficient CT according eq. (2.18) and the propeller specific KT . It is expected that using CT ,
inception dependence on P/D-ratio is excluded. Since CT goes to ∞ for J to zero, not all data could be used.
Only data for which CT < 60 is a used, since propellers hardly exceed this thrust loading in regular shipping.

The extent of ventilation is hypothesized to be dependent on the local velocity on the blade, and thus nD ,
but also on the blade area Ae /A0 and pitch ratio P/D . The latter two were not varied and their influences
are not taken into account. nD is taken into account by non-dimensionalizing them against the propeller
diameter using the rotational Froude number of Shiba [72]: F rnD = nD/

√
g D . Thrust breakdown is given

in ∆CT . In total, 1020 data point are used. Results of the polynomial model are visible in section 5.2.4. The
coefficents can be found in table 5.4. Note that the immersion ratio, rotational Froude number and thrust
loading coefficient is spaced between zero and one. Comversion factors are also listed in table 5.3.

This polynomial model delivers the relative thrust breakdown and is such (theoretically) wider applicable.
However, as only one propeller is studied, this model should be used with care. More propellers should be
examined and processed to make a more thrustworthy generic polynomial model and to verify the (hypoth-
esized) influence of P/D and Ae /A0.

ĈT = CT

60
(5.5) ˆF rnD = F rnD −1.03

2.06
(5.6) Î = I

0.3
(5.7)
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Figure 5.19: Polynomial model of the generic thrust breakdown
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Table 5.4: Equation for generic polynomial model. CT = CT /60, FnD = (FnD −1.0273)/2.0546 and I = I /0.3, R2=0.9237

∆CT 0.107 5.70 -1.72 3.80 17.2 -26.6 7.78 -22.4 -0.672 -13.5
= Σ CT FnD I CT ·FnD CT · I FnD · I C 2

T F 2
nD I 2

-40.4 5.13 22.9 20.4 -6.39 334 10.6 -987 1108 -429
CT ·FnD · I C 2

T ·FnD CT ·F 2
nD CT · I 2 FnD · I 2 C 3

T I 3 C 4
T C 5

T C 6
T

5.3. Reynolds scale effects
Deepwater tests were conducted to exclude the influence of different Reynolds numbers from the ventilation
thrust breakdown. A short notice is given to the difference between the KT -curves at N=400 and N=800 [rpm].
It was expected that a 5% smaller value of KT for the low rotation rates would be found, due to laminar flow
on the blade. Contrary to the expectations, only a difference of less than three percent for low advance ratios
is found, while KT,400 is even below KT,800. In fig. 5.20, one can see that this trend is found in all deepwater
tests. As fig. 5.21 and table 5.5 show; the relative error in fig. 5.20 is partially due to larger difference between
KT , but also due to the fact that KT,400 decreases.
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Figure 5.20: Relative difference of KT with regard to KT,400. Against expectations, KT is increasing with larger rotation rates.

Table 5.5: Differences between KT at different number of revolu-
tions.

J [-] KT,400[-] KT,800[-] ∆ KT [-] ∆ KT /KT,400 [%]
0.00 0.399 0.408 -0.009 2.3%
0.05 0.383 0.391 -0.009 2.2%
0.10 0.362 0.369 -0.008 2.0%
0.15 0.341 0.349 -0.008 2.4%
0.20 0.319 0.328 -0.009 2.8%
0.25 0.297 0.305 -0.008 2.7%
0.30 0.275 0.283 -0.008 2.8%
0.35 0.253 0.261 -0.008 3.1%
0.40 0.231 0.239 -0.007 3.1%
0.45 0.208 0.216 -0.007 3.5%
0.50 0.184 0.193 -0.009 4.5%
0.55 0.160 0.170 -0.010 5.8%
0.60 0.135 0.148 -0.013 8.8%
0.65 0.109 0.123 -0.015 11.9%
0.70 0.087 0.099 -0.012 12.4%
0.75 0.059 0.072 -0.014 18.7%
0.80 0.031 0.044 -0.013 -
0.85 0.003 0.015 -0.012 -
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Figure 5.21: Difference in KT dependent on revolution rate.
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Computational research and comparison

6.1. Grids and numerical settings
6.1.1. Research cases
Numerical ventilation calculations appeared to be heavy and expensive. For that reason, only a small number
of calculations were performed. Based on experimental research, interesting work points were chosen to use
in CFD calculations. These calculations are such that multiple ventilation regimes in various severeness and
inception modi were evaluated on their ability to be predicted. Free surface ventilated cases were mostly
simulated. To improve convergence behaviour, the convective velocity is not zero. Cases are listed in table 6.1.

Table 6.1: Workpoints and ventilation regimes of numerical cases

Case
I N J Ventilation regime turbulence model
0.15 600 0.2 Mixed Ventilation k −ωT N T
0.30 600 0.1 Vortex Ventilation k −ωT N T −X LES
0.084 524 0.2 Free Surface Ventilation k −ωT N T
0.084 524 0.1 Free Surface Ventilation k −ωT N T
0.09 684 0.1 Free Surface Ventilation k −ωT N T

6.1.2. Grids
Geometry of the thruster is comparable to the thruster used in the experiments. Around the geometry, an
unstructured Hexpress-grid was built. As both the free surface [36] and propeller axis needs to be on a grid
line, initial grid size is determined by this distance. Viscous layers such that the y+ is lower than 1 were
inserted. The by B. Schuiling provided propeller grid 3 from the verification study is used. This grid still
shows deviation from the grid independent solution found in the uncertainty study, but hardly deviates from
the finer propeller grid 4. At the grid interfaces, grid cell sizes are of similar size to improve grid interpolation.
Grid specifications are listed in table 6.2

Table 6.2: Grid specifications

Cases Refinement level
I Number of cells Initial cell size Free Surface around body above propeller

coarse/fine
0.15 12.9 0.15145 6 3/6 8, h=0.73D
0.084 7.79 0.13607 6 3/6 7, h=0.73D
0.09 7.32 0.13743 6 3/6 7, h=0.73D
0.30 7.79 0.12423 6 3/5 7, h=0.94D

67
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Figure 6.1: Left: Geometry of the thruster and propeller as used in the ventilation calculations. Right: Domain size as used.

Figure 6.2: Refinement in the domain for I=0.15. Especially above the propeller and at the free surface, small cell are placed. Note that the
exact size and placement of the refinement boxes are dependent on the immersion depth as well. Latter grids do not have the elongation
of the refinement to the inflow as is shown in the right figure.

6.1.3. Numerical settings
ReFRESCO version 2.5.0 was used in the propeller calculations. Propeller rotation is modeled by application
of a moving propeller grid. The rotation increment per timestep was 0.5 °, corresponding to timesteps smaller
than 2 ·10−5s. Second order timestepping is applied using ReFRESCOs implicit backward three time level

scheme [53]. All convective quantities are also second order discretized using van Leer’s flux limited TVD
Scheme, except for the free surface equation, for which ReFRICS is used. 100 iterations per outerloop were
performed. All numerical settings and material properties can be found in appendix D.2.

6.1.4. Start-up method
Starting the calculation should require a minimum of computational effort, while divergence is to be pre-
vented. Secondly, during start-up, the propeller loading should not be higher than the expected work point
to prevent early inception. Divergence may occur in the free surface, as pressure difference due to immediate
acceleration of velocity leads to a unphysical disturbance of the free surface, as also found in the application
of the actuator disk. In ReFRESCO, it is possible to prevent start-up divergence of the free-surface by gradual
acceleration of the body, or by imposing the velocity and using body force to damp the unphysical waves.
The latter is used as this method is usually computationally more efficient and leads to an initial low thrust
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loading. This comes at the cost of a higher chance of instability, although the method showed to be stable
enough for the start-up, as waves are hardly generated by the body and strut.

Two methods of propeller thrust start up have been evaluated. The first method is taking the propeller into
account using a frozen rotor application. If the interaction between free surface, thruster and propeller is
sufficiently converged, a restart is done, where the propeller rotation is then taken into account using a mov-
ing grid. The result is acceptable, but the starting procedure requires for two separate simulations and a long
simulated time is necessary to wash-out unphysical flow phenomena from the AFM-calculation.

Secondly a method solely using moving grid approach is used. This method is developed by B. Schuil-
ing for behind ship conditions. Slight adaptations were necessary such as lowering the maximum rotation
angle per timestep and decreasing the end timestep. Figure 6.3 shows the procedure over time. In the first
phase, the propeller is accelerated from zero rotation rate to the desired revolution rate at a large rotation an-
gle per timestep. In the second phase, several propeller rotations are simulated to obtain correct interaction
between free surface, thruster and propeller. Furthermore, incorrect wake due to the start up can convect
downstream. A periodic solution expected after this phase. In the third and last phase, timestep and rotation
angle per timestep are diminished equally (such that the rotation rate is constant) to obtain results at a higher
temporal discretization and so being able to simulate highly unsteady fluctuations. Only a single simulation
is necessary and the propeller is in exactly in (a multiple of) the top position after phase 1 in this start-up
method.
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Figure 6.3: Start-up procedure for solely moving grid
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6.2. Computational results and comparison
Calculations of three ventilation regimes were performed. For these calculations, iterative processes, incep-
tion behaviour and thrust extent are presented.

6.2.1. Iterative processes
In fig. 6.4, L2-iterative convergence can be found for I = 0.090, which is also representative for the other
calculations. Other iterative behaviour can be found in appendix D.3. The start-up phase, from timestep zero
to 1300 is characterized by it’s chaotic convergence. When timestep size is reduced, iterative convergence
improves, slowly. Figure 6.5 shows the unsteady iterative convergence for five timesteps. One can find that
only ω stagnates and all other quantities are still converging. That the ω-equation stagnates is a common
issue for multiphase flows. To decrease the computational effort, the maximum amount of outerloops was
set to 100. As iterative behaviour is well, one could probably decrease the under-relaxation to decrease the
number of outerloops.

Figure 6.4: L2-residuals of I = 0.090, J = 0.1, which is illustrative for other calculations.

Figure 6.5: Unsteady L2-residuals of I = 0.090, J = 0.1, which is illustrative for other calculations

Force convergence can be found below. Whereas in non-ventilating simulatiosn 100 outerloops were suffi-
cient for force convergence section 4.3.5, this was not for the ventilating case. After 100 outerloops, the thrust
and torque is still changing, although it seems to be nearly converged.

In the rotating disk, a problem regarding the interpolation between two grids was found. Also in the ventilat-
ing propeller, it can be found in fig. 6.7 that air is prevented from flowing out the propeller domain, visualized
by the accumulation of air on the red-white interface behind the propeller. It does not seem to harm the
result, but a note should be given to this.
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Figure 6.6: 4 total propeller moments convergence in the last top blade passage for ventilating cases. It can be found that forces are not
yet fully converged, even when 100OL are used.

Figure 6.7: Air is prevented by flowing out of the white propeller domain into the red outer domain.

6.2.2. Inception
Ventilation inception was not found for vortex ventilation. It showed a deforming water surface and a dead
water area above the propeller, but using streamlines the vortex was not found in the numerical simulations
(fig. 6.8). This is most likely due to the application of Boussinesq’s assumption, which leads to production of
turbulence in areas of high velocity gradient. The influence of the k −ωT N T − X LES turbulence model can
be seen as the increased resolution of the air volume fraction plot above the propeller.

Inception via free surface breaking was captured in CFD. The trough before the propeller was accurately
found, given in fig. 6.9. This was as expected as inception due to free surface breaking was already found in
the ventilating actuator disk.

(a) contour of α= 0.5 (b) YZ-cross section ofα at the
heart of the propeller

(c) streamlines above the propeller just below
the water surface.

Figure 6.8: Numerical result for vortex ventilation shows no vortices or ventilating inception.
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(a) contour of α= 0.5 (b) XZ-cross section ofα at the
heart of the propeller

(c) Experimental results corresponding to the
numerical case.

Figure 6.9: Free surface breaking inception in experiments vs. numerical simulations for I=0.090

6.2.3. Thrust loss
Propeller thrust breakdown can be deduced from monitor data of the calculations. In fig. 6.10, the thrust
breakdown for the propeller can be found. A periodic solution is not yet found, but it is nor necessary as in
this assessment preliminary conclusions can already be derived. Obtaining a periodic solution would need
excessively more computational hours, at the cost of more calculations at different working points. The re-
duced thrust shows a strong dependency to the blade position. Furthermore it is noticable that I = 0.084, N =
524, J = 0.2 shows a slightly higher thrust than J = 0.1, which is contradictory to the non-ventilating case. The
largest thrust loss is found for I = 0.090, N = 684, J = 0.1
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Figure 6.10: Propeller thrust breakdown over time in CFD.

Experimental and numerical results do not coincide. Table 6.3 and fig. 6.10 both show the differences. The un-
certainty of the experimental result is set to 1%, equal to the experimental result in the grid refinement study
and, as explained, questionable. Only for I = 0.15, N = 600, J = 0.1, the uncertainty is larger, as from multiple
runs an uncertainty due to the highly varying thrust breakdown in the mixed ventilating regime could be es-
timated. Experimental research shows a difference in KT of 0.1, 30% of the average value. No uncertainty is
known for the numerical results, as no grid refinement study is executed for the ventilating propeller. Based
on the grid refinement study for the non-ventilating propeller, uncertainties of at least 0.4% on KT and 0.2%
on KQ can be postulated. It is expected that due to the unstable characteristic, the uncertainty is higher than
for the non-ventilating case.

Table 6.3: Comparison between experimental and numerical thrust and torque values.

Case Experiment Numeriek Comparison
I N J KT T KQ Q KT T KQ Q KT KQ

0.15 600 0.2 0.255 75.218 0.0353 2.4233 0.304 89.66 0.0384 2.638 16.0% 8.0%
0.084 524 0.2 0.273 61.310 0.0323 1.6885 0.287 64.5 0.0367 1.92 4.8% 12.0%
0.084 524 0.1 0.284 63.671 0.0339 1.7744 0.309 69.5 0.0393 2.06 8.3% 13.8%
0.09 684 0.1 0.198 75.911 0.0239 2.1296 0.2978 114.1 0.0370 3.304 33.4% 35.5%
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(b) I = 0.084, N = 524, J = 0.2, left: KT , right: KQ .
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(c) I = 0.084, N = 524, J = 0.1, left: KT , right: KQ .
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(d) I = 0.090, N = 684, J = 0.1, left: KT , right: KQ .

Figure 6.11: Uncertainty bands of numerical results are taken from open water validation study and probably underestimated.

Periodic thrust loss as found in fig. 6.10 is due to pressure loss when the propeller blade is (nearly) surface-
piercing. As the propeller is hardly surface-piercing in I=0.15, the periodic thrust loss is smaller than in other
cases, which are nearly equally immersed and show nearly the same thrust breakdown. Figure 6.12 shows the
thrust per angle for four free surface ventilation cases. At 0°, the blade is in top position and the largest thrust
loss is found for all cases. This corresponds to fig. 6.14, where positive and negative pressure is reduced if the
blade is nearly surface-piercing.

According to fig. 6.12, thrust is rapidly building up after 0°. This increase is unexpected according Wagner
[77], which states that thrust is fully build-up after several chord lengths/rotations.
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Figure 6.12: Thrust per angle. The non-dimensional thrust is derived by the deep water thrust at the same J . At 0°, the propeller blade is
in top position.

The smooth signal and error in thrust loss in fig. 6.10 is ascribed to insufficient air entrainment. Whereas the
blades are continuously covered in air in experiments, hardly any air is transported on the blade after 90 °in
CFD. Only thrust breakdown due to surface piercing was found and the ventilating tip vortex does not reach
the blade. (fig. 6.13).

Two simulations at equal CT corresponding to J = 0.1 and nearly equal immersion( I = 0.090 and I =
0.084) showed equal thrust breakdown, whereas the pressure on the blade was different (see fig. 6.14. This
indicated that thrust breakdown due to surface piercing, initiated by the thrust loading coefficient of the
propeller, was accurately found.
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Figure 6.13: Insufficient air advection in I = 0.084, J = 0.2(left) and I = 0.090, J = 0.1(right). In the center figure it can be seen that the
ventilated tip vortex does not ventilate on the blade itself.

(a) Pressure on propeller blades for I = 0.15[−], N =
524[r pm], timtestep 4364

(b) Pressure on propeller blades for I = 0.15[−], N =
684[r pm], timtestep 4912

Figure 6.14: Suction and pressure side of the propeller at surface-piercing ventilation. Cp = (p −ρw g z)/(0.5∗ρw ∗ (nD)2.
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6.3. Improvements of computations
Unsimilarities were found between the experiments and numerical simulations with regard to thrust break-
down and air advection. Further calculations were conducted to improve calculations. These include appli-
cation of other turbulence models and boundary conditions on the propeller blade walls.

6.3.1. Turbulence modeling
It was expected that Boussinesq’s assumption is too restrictive for the correct simulation of vortices. As al-
ready proposed in section 4.4 and indicated by Pereira et al. [64], T N T −E ARSM was applied, which does not
assume linear dependency on the velocity gradient for turbulence production. According [64] and [1], also
scale resolving simulations (X LES or improved Delayed Detached Eddy Simulation, I DDES) would be prof-
itable. Result for X LES were however not obtained as for the stability necessary omega-limiter prevented the
change from RaNS to LES-mode. It was assumed that the same problem would hold for I DDES. Unneces-
sity of the omega-limiter may be obtained when multi-phase turbulence corrections such as the Reboud-
correction [37], [9], [67] and Gaussiamn corrections [68] were applied. Klapwijk [38] showed improved be-
haviour in terms of instability and shedded air pockets for the k − ε SST-model. For E ARSM , the correction
showed no improved behaviour.

Comparable to the results found in the single-phase calculation; a longer ventilating tip vortex was found
when E ARSM was applied, see fig. 6.15. This is ascribed to the calculated lower pressure in the vortex core.
It hardly had influence on the overall thrust loss, which still shows only thrust loss on the blade in the upright
position. Small deviatons are slightly more unsteadiness, but higher thrust in case of E ARSM , as shown in
fig. 6.16. The higher thrust in E ARSM may be due to lack of a periodic solution.

(a) k −ω−T N T (b) T N T −E ARSM

Figure 6.15: Application of E ARSM shows a longer ventilating tip vortex due to modeled lower pressure in the vortex core.
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Figure 6.16: Difference in thrust dependent on blade angle. E ARSM is slightly more unsteady in the 12 o’clock peak. k−ω−T N T shows
a higher thrust before and in the top position, but this may be due to insufficient force convergence as shown in fig. 6.10 .
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6.3.2. Layer of water on the blade
Next to the influence of turbulence, it was found that a thin layer of water was apparent at the blade surface
when air was visually attached to it. This may be due to insufficient iterative convergence, such that air has
not had the chance to convect through the viscous layer refinement cells. The insufficiency of air transported
may be the result, as it is not attached to the blade. It however seems that the thin layer of water is not harming
the pressure difference where the blade separates water and air if it is surface breaking, given in the XY-view
of the surface piericing blade in fig. 6.17. The thin layer of water (in red in (a)) at the blade surface between air
and the blade itself, is not resulting in a similar jump of pressure on the down side of the blade (b). In fig. 6.18,
it can be found that pressure is reduced where atmospheric air is found in the areas outside the yellow circle.

(a) Air-volume fraction (b) Pressure

Figure 6.17: Zoomed XY-blade cross section of the top blade in surface piercing condition.

(a) Air-volume fraction; red is air, blue is water. (b) Pressure; blue is sub-atmospheric, red is super-
atmospheric

Figure 6.18: XY-blade cross section of the top blade in surface piercing condition.

It was proposed by Klaij to run the problem using Euler’s equations without viscosity, turbulence modeling
and a viscous grid layer to solve the equations correctly until the wall. With regard to time, this was not
possible, but recommended in further research. In an attempt to obtain correct simulation until the blade
wall, contactline correction (extrapolation of the air-volume fraction through the boundary layer cells to the
body surface) was applied. As the contactline correction is not developed (and apparently neither suitable)
for this problem, the simulation diverged. An other attempt of not resolving the boundary layer by imposing
slip-conditions on the propeller blade showed no improved thrust loss and air entrainment.

6.3.3. Ventilation capturing in VoF-solver
Turbulence modeling was shown to not have a key influence on predicting ventilation thrust breakdown.
Also regarding the different first and second order convective discretization schemes used in former research;
Rotte et al. [68] used SuperBEE, Califano [5] HRIC (which is FOU) and Paik [63] used Harmonic, it may be fore-
seen that the convective flux discretization of the air-volume ratio neither has a major influence. One may
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wonder in what extend the VoF-modeling assumption is limiting in the simulation of ventilation.
It is known that due to the mixing-fluid assumption, bubbly flow is insufficiently simulated. As air is

mostly transported in bubbles, it was foreseen to obtain a flow with consists (numerically) out several per-
cents of air. Instead no air is found. One hypothesis is the application of the interpolated density in the
VoF-assumption (ref. eq. (3.54)). 5% of air in a cell increases the local density by factor 40. The pressure gra-
dient, underline in ref. eq. (3.19), cannot transport the fluid of higher density anymore. The extend of air may
therefore be limited. The hypothesis is supported by improved surface piercing propeller simulations [63],
[5], [27], where a significantly more air is drawn, such that air volume in the cell is close to 1 and local density
is close to the air density. In those simulations, improved air entrainment and thrust loss was found.

ρ(α) =αρa + (1−α)ρw (ref. eq. (3.54))

ρ
Du

Dt
=−∇p +ρg+µ∇2u (ref. eq. (3.19))





7
Conclusion & recommendation

7.1. Conclusions
Ventilation can be of substantial effect on the usage of vessels, associated with loss of thrust, efficiency and
steerability and highly unsteady loading of the propulsor units. Consequences are varying from safety issues
to higher fuel consumption. This work mainly focussed on the loss of thrust in an open water application for
regular, submerged propellers in low loaded conditions. Effects of a ship hull, oblique inflow, waves and ship
motions were excluded from this research. Three major questions were set:

1. What are the major parameters in propeller ventilation and how do those parameters influence the
inception and thrust breakdown?

2. To what extend is it possible to predict thrust breakdown experimentally?

3. To what extend is it possible to predict thrust breakdown numerically?

7.1.1. Major parameters
From literature review, it was expected that propeller immersion was the most important parameter. Multiple
researches characterized the ventilation regime based on the immersion. In this research, a clear distinction
of the ventilation regime on the tip immersion rate was found, but an influence of the thrust loading was also
found.

For free surface ventilation inception, a so-called critical advance ratio was used in many works. The critical
advance ratio was the advance ratio where severe ventilation thrust breakdown started in the open water
diagram, an is a propeller-specific parameter. In a attempt to generalize this parameter, it was shown that the
thrust loading coefficient CT could be used instead. A simple formula for CT dependent on KT and J exists.

Using the depth and advance velocity, the non-dimensional pressure gradient or ventilation inception
number σv was derived. From literature there was however no agreement on which driving pressure at the
propeller should be used. Research using an actuator disk in CFD showed that the pressure jump over the
propeller plane is governing for free surface ventilation inception, instead of e.g. local pressure on the blade.
Therefore the ventilation number is referred to as the ventilation inception number and defined according:

σV = 2g ht i p

CT v2
a

(ref. 2.21)

Furthermore free surface ventilation inception was shown to be depending on the immersion rate of the pro-
peller tip and the ability to draw the free surface. The latter is parametrized by the Froude number.

I = ht i p

D
(ref. 2.14)

F r = va√
g D

(ref. 2.25)
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Free surface ventilation thrust breakdown showed a similar trend between different runs. A distinction be-
tween thrust breakdown due to surface piercing and due to air entrainment was found. In surface-piercing
condition, thrust breakdown appeared to be depending on the thrust loading coefficient CT , comparable to
the thrust breakdown derived using the actuator disk model in CFD.

β= f (σV · I ·F r ) (ref. 4.4)

Increased ventilation thrust breakdown was found to be different for an equal thrust loading coefficient at
different revolution rates, so depending on absolute thrust. As the propeller area is equal, this indicates a
dependency on the pressure jump over the propeller plane. The pressure jump and low pressure mainly de-
pends on the local flow velocity, which mainly depends on the propeller rotation rate N . Increased thrust
breakdown may therefore be captured in a function of N . Whereas former works showed ventilation num-
bers and Froude numbers defined using N , a (non-dimensional) number capturing the trend was not found
in this work. Furthermore, as only one propeller was studied, a conclusion on the influence of the pitch ra-
tio was neither yield. It is expected that an influence of P/D will be found, which may also leads to further
knowedge to derive the dependency on N .

Vortex ventilation inception was the most unstable regime in the experiments. A clear dependency on the
thrust loading coefficient CT , as was in free surface ventilation, was not found. It seems that inception merely
depends on local flow phenomena, such as low advance velocity and recirculation of water above the pro-
peller, and on propeller characteristics, such as the tip vortex strength and circulation around the propeller
blade. Even more than 1D immersed, vortex ventilation inception was found after some time. Later in the
experiment (without changing anything), the vortex washed out, indicating a probable time dependency of
vortex ventilation. Also a bistability effect was found for vortex ventilation; vortices are washing out at higher
velocities than necessary for inception. Vortex ventilation thrust breakdown was found to be small and could
not be captured. Mixed ventilation showed the largest variatoions in thrust breakdown and is therefore the
most limiting case for propulsive unit breakdown.

7.1.2. Experimental based prediction
Experimental parameters were varied according a statistical research planning, to be able to fit emperical
models to the results. For the propeller specific model, third order polynomials in N , I and J , extended
with higher order of J as the measurement resolution was higher, were built. It used all data acquired and
delivers the absolute thrust breakdown. The generic model used CT instead of J (according the findings of the
actuator disk) and F rnD instead of N (according Shiba [72]) and delivered the relative thrust breakdown βT .
The generic model used only part of the data. Both models showed a sufficient fit indicated by r 2 exceeding
0.9.

The polynomial model estimated thrust breakdown as if it is continuous. Average thrust breakdown is
captured well, although the highly unsteady thrust breakdown due to vortex and mixed ventilation and exact
trends of free surface ventilation is not accurate.

7.1.3. Effect of ventilation on vessels
Loss of thrust is found to be substantial. Losses of 60% were found in the performed experiments. Free surface
ventilation appeared to give the largest thrust breakdown, showing a major dependence on the immersion
of the propeller and propeller thrust loading coefficient. Also the revolution rate seems to be of (minor) in-
fluence. As class societies [13] prescribe a minimum clearance of 0.3D to the hull, it is expected that a ship
propeller is sufficiently immersed to exclude free surface ventilation. Increasing the propeller diameter at the
cost of clearance is increasing probability of free surface ventilation, but still the immersion is expected to be
sufficient. Lastly, the working point of a regular propeller, for the C4.55 P/D = 0.8 propeller being J = 0.6, is in
sailing conditions too high to induce ventilation. It is therefore not expected that in normal conditions, (con-
tinuous) free surface ventilation thrust breakdown of 60% will be found. Reduced immersion due to waves
and ship motions, as well as increased thrust loading in heavy weather of due to a wake peak, make it however
more likely to encounter circumstances in which ventilation thrust breakdown can be dangerously large. As
wash-out may be slower than a new inception in seagoing timescales, which is the research of Dallinga and
Moulijn [10], continuous inception and wash-out might still lead to significant thrust loss. When (near) bol-
lard pull working points are considered, ventilation thrust breakdowns of 60% can be found.

Unsteady torque loading is found simultaneously with thrust breakdown, and showed the largest fluc-
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tuations in mixed ventilation, as the thrust breakdown fluctuates between thrust in free surface ventilation
and the undisturbed propeller thrust. However, the immersion domain in which mixed ventilation occurs
is small with regard to ship motions and highly fluctuating loading are not expected from mixed ventilation.
Ship motion leading to continuous surface-piercing, followed by deep immersion may introduce unit break-
down. Most suddenly inception was found in vortex ventilation.

As thrust and torque regularly break down simulaneously, efficiency losses found in this work were small
and mostly occuring at high thrust loadings. On the other side, reductions up to 5% are still significant. It
needs to be said that efficiency is calculated using torque demand and not engine torque output. Real reduc-
tion might even be far higher as torque surplus is axially accelerating the propeller without any increase of
thrust due to the fact that engine regulation and revolution limiters are not (rapidly enough) adapting to the
unsteady torque load.

7.1.4. Numerical based prediction
Numerically, ventilation thrust breakdown is predicted in model scale by application of CFD. The incom-
pressible viscous fluid solver ReFRESCO was used to assess the ability to simulate ventilation. Ventilation and
thrust breakdown was found in free-surface and mixed ventilation cases by breaking the free surface, but not
in vortex ventilation. However, it appeared that air entrainment and ventilation thrust breakdown was un-
derestimated and pressure build up after ventilation overestimated. If ventilation is found in CFD, one must
take it seriously, as higher values of thrust breakdown are most probably to be found.

From literature, it is foreseen that convective flux discretization of the air-volume transport equation was
not governing for incorrect thrust breakdown, as multiple different schemes all showed the same trend. With
regard to turbulence modeling, application of E ARSM instead of a k −ω and thus excluding Boussinesq’s
assumption was not changing thrust breakdown. It however showed extended ventilating vortices. Results of
scale resolving simulations (k−ω−T N T −X LES and SST 2003−I DDES) were not obtained due to difficulties
in the convergence of ω at the mixed flow areas, which is a common issue. Overproduction of ω prevented
the change from RaN S to LES in the near blade areas.

The origin of insufficient simulation of ventilation may be in the continuous phase assumption of the
VoF-model. As ventilation is an advection problem, correct air velocities are of importance. Overestimated
local density prevents in the momentum equation from correct velocity, leading to insuffiently convected
amount of air.

ρ(α) =αρa + (1−α)ρw (ref. eq. (3.54)) ρ
Du

Dt
=−∇p +ρg+µ∇2u (ref. eq. (3.19))

7.2. Recommendations
7.2.1. Major parameters
All conclusions and trends derived in this work are based on only one propeller design. One propeller was
sufficient to indicate important parameters and derive relations, but more propellers are required to further
improve knowledge and prediction models. Especially in the ventilation extent, a dependency on the revolu-
tion rate seems to exist. A similar propeller of different P/D-ratio may support or reject the statement set, as
the thrust is not equal for the same revolution rate.

Also propellers designed for higher thrust loadings, which in general have higher tip loadings, are inter-
esting. These propellers are foreseen to be more likely to ventilate. Nozzled propellers are even more likely as
the tip loading is increased even more. Next to that, in the working principle of a nozzle, it draws water from
even closer to the free surface into the propeller. As ventilation occurred mostly in (near) bollard pull working
points, it is interesting to know the effects on bollard pull performances.

7.2.2. Experimental based prediction
Experiments were conducted quasi-steady to obtain ventilation data for various advance ratios. This gave a
sufficient amount of data to fit the polynomial models to and to research the ventilation thrust breakdown
and inception behaviour in free surface and mixed ventilation. For vortex ventilation, inception was irregular
and the quasi-steady approach was not suitable for researching the inception behaviour. Steady calculations
may be necessary for fundamental research. Current quasi-steady results can be used to find the inception
point.

The parameter variations were based on a Design of Experiment. By using a statistical tool, a proper
polynomial model was fitted. As this was one of the goals of this research, application of a DoE was justified.
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When applying a DoE, one should be careful that sufficient orders of parameters are included and that orders
are nearly equal. However, application of a DoE comes at the cost of multiple runs (mostly deeply immersed)
which were not interesting with regard to the free surface ventilation research. One should always be careful
if the DoE is a proper tool in the research, as the necessity for a lot of (not interesting) runs can be stringent
in the ability to obtain interesting data.

To compare experimental results to numerical simulations, clear camera view of a single blade position
is of interest. Whereas during this research no high-speed camera was used, it is recommended to install one
during further experiments.

7.2.3. Effect of ventilation on vessels
This research was bound by perfect conditions. An open water set-up with uniform inflow was used and
ship motion and waves were excluded. However, in behind conditions, especially for full vessels, a large area
around the propeller 12 o’ clock position is apparent where flow velocity is reduced. In those areas, likeliness
of ventilation increases. Water is drawn from farther above the propeller and vortices might incept in the low
speed area. In behind conditions in calm water might be of interest to indicate the influence of the ships wake
in the ventilation inception.

Ship motions and waves are reducing the clearance to the free surface. Even surface piercing conditions
might occur in heavy seas. Inception is expected regularly and more often in heavy seas. Secondly the orbital
motion in waves might transport air to the propeller, when air is dissolved due to wave breaking. Lastly,
the propeller is higher and more discontinuously loaded in heavy seas, increasing the ventilation likeliness.
Therefore also ship motions and/or waves needs to be taken into account to indicate the increased likeliness
of ventilation in heavy seas.

Bollard pull conditions were found to be the most stringent. Tunnel thrusters are normally working in
these conditions. These tunnels are normally sufficiently immersed and no contact to the free surface could
be made, but severe ship motions could empty the tunnels and ventilation then incepts. The most interesting
is wash-out; a large amount of air is apparent when the tunnel is immersed and that air needs to wash-
out before the thruster can be used, which might take some time. It is expected that in severe seas, tunnel
thrusters can not (reliably) be used. Although this is not ventilation as researched in this work, severe safety
issues may result from this ventilation.

To identify the influence of ventilation on efficiency loss, the engine including (anti-spin) limiters should
be modeled. Only then one could obtain the efficiency based on torque output of the engine instead of torque
demand of the propeller. Anti-spin limiters were already designed by i.a. Smogeli [73].

7.2.4. Numerical based prediction
Scale resolving simulations were not succesful due to overproduction of ω at the mixed fluid areas in k-
equation turbulence models, which prevented the switch to scale resolving modes. Several corrections are
available, such as the Reboud correction ([9],[67], applied by [37]) and Gaussian correction (by [68]). These
corrections may support the change to SRS. However, as excluding Boussinesq’s assumption did not change
the thrust breakdown, one may wonder if SRS will give a better predicted thrust breakdown.

If the origin of the the insufficient simulations is in the VoF-assumption, then two-fluid approach needs
to be considered. In an Euler-Euler simulation, the momentum and mass equations are solved for air and
water seperately, instead of once for the assumed mixed flow. This is however not (yet) possible in ReFRESCO.

The domain constists of a stationary grid containing the free surface and strut, and a rotating grid con-
taining the propeller. Parameter values are interpolated from one to another at the grid boundaries. For a
simplified case of an empty grid, it was found that data interpolation over the grid boundaries was insuf-
ficient. Also residuals were high at the boundary. Lemaire [50] showed that for smooth interpolation, the
interpolation order should be at least one order higher than discretization orders. A third order interpolation
scheme may then be necessary. However, higher order models increase overhead costs significantly. Further-
more issues of interpolation are mostly found behind the propeller and seem not to harm the solution.

Between timesteps, force needs to be sufficiently converged. Most calculations were not fully converged,
as this took an excessive amount of outerloops (>150). The maximum number of outerloops is set to 100, to
decrease numerical effort. In the scope of this work is was not necessary to fully converge the force, but care
needs to be taken if validation or verification studies are conducted.

The domain stretched 5D around the propeller and 10D at the outflow. Still an effect of the boundary
conditions was found at the propeller. It is recommended to increase the domain.
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A
Derivation of RaNS-equations

Derivation of the RaNS-equations is being performed by substituting the sum of a average value and its fluc-
tuations for several quantities in the Navier-Stokes equations and then time averaging the equations.

The average is defined as the time average over the time domain of the simulation. Fluctuations are defined
as the difference between the time dependent value and the average. Due to this definition, the time average
of the fluctuating part is zero. To show this, averaging identities are given and used.

Q = lim
T→∞

1

T

∫
T

Q(t )d t

Q ′ =Q(t )−Q

Averaging identities:

1. Q1 =Q2 gives Q1 =Q2

2. Q1 +Q2 =Q1 +Q2

3. Q =Q

4. Q1 ·Q2 =Q1 ·Q2 6=Q1 ·Q2

5. dQ
d s = dQ

d s

It can be shown using the identities above that the average of Q ′ equals 0:

Q =Q +Q ′

Q =Q +Q ′ i d .1

Q =Q +Q ′ i d .2

Q =Q +Q ′ i d .3

Q ′ =Q −Q = 0

Substitution of the following quantities in the mass and momentum conservation equations is applied. Note
that the temperature θ and density ρ are already considered constant and thus these are not seperated.

ui = ui +u′
i

p = p +p ′
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A.1. Mass Conservation
To derive the mass conservation in RaNS-equations, the mass conservation equation is averaged over time.

∇·ui =
∇· (ui +u′

i ) =
∇·ui +∇·u′

i =
∇·ui +∇·u′

i = i d .2

∇·ui +∇·u′
i = i d .5

∇·ui +0 =∇·ui i d .3

A.2. Momentum Conservation
The same principle is applied for the momentum equation. Recall eq. (3.19).

ρ
Du

Dt
=−∇p +ρg+µ∇2u (ref. 3.19)

ρ
(∂u

∂t
+u ·∇u

)=−∇p +ρg+µ∇2u (A.1)

Then the time average can be found below. Please note that ρ is equal to ρ, such that identity 4 may be used.

ρ
(∂u

∂t
+u ·∇u

)=−∇p +F+µ∇2u

ρ
(∂u

∂t
+u ·∇u

)=−∇p +F+µ∇2u

ρ
(∂u

∂t
+u ·∇u

)=−∇p +F+µ∇2u i d .4

ρ
(∂(u+u′)

∂t
+u ·∇u

)=−∇(p +p ′)+F+µ∇2(u+u′) i d .2,3,5

ρ
(∂u

∂t
+u ·∇u+u’ ·∇u’

)=−∇p +F+µ∇2u

ρ
(∂u

∂t
+u ·∇u

)=−∇p +F+µ∇2u−ρu’ ·∇u’

ρ
Du

Dt
=−∇p +F+µ∇2u−ρu’ ·∇u’

The last term on the RHS, −ρu’ ·∇u’ is known to be the Reynolds stress.



B
Scaling laws

Two used scaling methods are scaling according Reynolds number (to obtain correct viscous scaling) and
Froude scaling (to obtain correct free surface and ventilation number scaling). In scaling derivations sub-
script f denotes full scale and subscript m denotes model scale.

B.1. Reynolds Scaling
In this section, Reynolds scaling coefficients are derived.

Re = vL

ν
(B.1)

geometric similarity αL = L f /Lm

kinematic similarity αJ = 1 → J f = Jm

dynamic viscous similarity αRe = 1 → Re f = Rem

The result for the velocity scale factor αv can be found below. It is applied that αν equals 1, as the kinematic
viscosity is generally unscaled (although scaling of ν had been used by Shiba [72]).

Re f = Rem

v f L f

ν
= vmLm

ν

αv = v f

vm
= ν

ν

Lm

L f
= 1

αL

Using the obtained result, the scale factor for revolutions and time can be derived.

J f = Jm

v f

n f D f
= vm

nmDm

αn = n f

nm
= v f Dm

vmD f
= v f

vm

Dm

D f
=αv

1

αL
= 1

αL

1

αL
= 1

α2
L

αt = 1

αn
=α2

L
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B.2. Froude Scaling
In this appendix, one can find the derivation of Froude scaling. This will be done equalling the depth Froude
number of both scales, but it is shown that this also leads to an equality in ventilation number σ.

F r = v√
g L

(B.2)

geometric similarity αL = L f /Lm

kinematic similarity αJ = 1 → J f = Jm

dynamic grav. similarity αF r = 1 → F r f = F rm

The result for the velocity scale factor αv can be found below. It is applied that αg equals 1, as the gravity
constant is impossible to scale is this application.

F r f = F rm

v f√
g L f

= vm√
g Lm

αv = v f

vm
=

√
g L f√
g Lm

=
√

g

g

√
L f

Lm
= 1 ·pαL =p

αL

Using the obtained result, the scale factor for revolutions and time can be derived.

J f = Jm

v f

n f D f
= vm

nmDm

αn = n f

nm
= v f Dm

vmD f
= v f

vm

Dm

D f
= 1

αL
αv = 1

αL

p
αL = 1p

αL

αt = 1

αn
=p

αL

B.3. Scaling of ventilation number σV
The Froude scaling is applied on ventilation number σV . According to the definition given in eq. (2.21) and
its derivation, it is given as:

σV = 2g ht i p

CT v2
a

(B.3)

It can be shown that the ventilation number is equal for model and full scale.

σv, f =
2g ht i p, f

v2
a, f

= 2gαLht i p,m

(αv va,m)2 = αL

α2
v

2g ht i p,m

v2
a,m

= αLp
αL

2

2g ht i p,m

v2
a,m

= αL

αL

2g ht i p,m

v2
a,m

= 2g ht i p,m

v2
a,m

=σv,m



C
Experimental results

C.1. Results in OWD
In this appendix, raw data of the experiments can be found for the experimental test found in table 5.1 and
fig. 5.4. All data is property of MARIN and may not be used without permission.
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Figure C.1: Run 1: I=0.15[-], N=600[rpm]
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Figure C.2: Run 2: I=0.255[-], N=524[rpm]
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Figure C.3: Run 3 (Re-run of 1): I=0.15[-], N=600[rpm]
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Figure C.4: Run 4: I=0.15[-], N=400[rpm]
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Figure C.5: Run 5 (Re-run of 1): I=0.15[-], N=600[rpm]
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Figure C.6: Run 6: I=0.045[-], N=740[rpm]
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Figure C.7: Run 7: I=0.30[-], N=600[rpm]
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Figure C.8: Run 8: I=0.0255[-], N=740[rpm]
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Figure C.9: Run 9 (Re-run of 1): I=0.15[-], N=600[rpm]
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Figure C.10: Run 10: I=0.00[-], N=600[rpm]
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Figure C.11: Run 11: I=0.045[-], N=460[rpm]
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Figure C.12: Run 12 (Re-run of 1): I=0.15[-], N=600[rpm]
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Figure C.13: Run 13: I=0.15[-], N=800[rpm]
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Figure C.14: Run 14: I=0.207[-], N=516[rpm]
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Figure C.15: Run 15: I=0.21[-], N=680[rpm]
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Figure C.16: Run 16: I=0.09[-], N=684[rpm]
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Figure C.17: Run 17: I=0.084[-], N=524[rpm]





D
Numerical results

D.1. List of computations for ventilating actuator disk

Serie T ht i p va r g ρ I CT σV F rD σV I F rD β

Regular 481 0.05 1.7 0.125 9.81 998 0.20 7.0 0.05 1.07 0.011 91.8%
Regular 721 0.075 2.1 0.125 9.81 998 0.30 7.0 0.05 1.31 0.020 97.5%
Regular 481 0.05 1.4 0.125 9.81 998 0.20 10.0 0.05 0.89 0.009 89.0%
Regular 721 0.075 1.7 0.125 9.81 998 0.30 10.0 0.05 1.10 0.016 94.7%
Regular 240 0.05 1.2 0.125 9.81 998 0.20 7.0 0.1 0.76 0.015 94.6%
Regular 360 0.075 1.4 0.125 9.81 998 0.30 7.0 0.1 0.93 0.028 98.8%
Regular 240 0.05 1.0 0.125 9.81 998 0.20 10.0 0.1 0.63 0.013 93.0%
Regular 360 0.075 1.2 0.125 9.81 998 0.30 10.0 0.1 0.77 0.023 97.5%
Regular 160 0.05 1.0 0.125 9.81 998 0.20 7.0 0.15 0.62 0.019 96.6%
Regular 240 0.075 1.2 0.125 9.81 998 0.30 7.0 0.15 0.76 0.034 99.7%
Regular 160 0.05 0.8 0.125 9.81 998 0.20 10.0 0.15 0.52 0.015 93.9%
Regular 240 0.075 1.0 0.125 9.81 998 0.30 10.0 0.15 0.63 0.028 99.2%
D 308 0.05 1.4 0.1 9.81 998 0.25 10.0 0.05 1.00 0.012 91.7%
D 692 0.05 1.4 0.15 9.81 998 0.17 10.0 0.05 0.82 0.007 88.0%
D 154 0.05 1.2 0.1 9.81 998 0.25 7.0 0.1 0.85 0.021 96.7%
D 346 0.05 1.2 0.15 9.81 998 0.17 7.0 0.1 0.69 0.012 93.6%
D 154 0.05 1.0 0.1 9.81 998 0.25 10.0 0.1 0.71 0.018 95.2%
D 346 0.05 1.0 0.15 9.81 998 0.17 10.0 0.1 0.58 0.010 91.5%
ρ, g 120 0.05 0.7 0.125 4.905 998 0.20 10.0 0.1 0.63 0.013 92.9%
ρ, g 180 0.05 1.0 0.125 9.81 750 0.20 10.0 0.1 0.63 0.013 93.0%
ρ, g 180 0.075 0.9 0.125 4.905 998 0.30 10.0 0.1 0.77 0.023 97.8%
ρ, g 271 0.075 1.2 0.125 9.81 750 0.30 10.0 0.1 0.77 0.023 97.5%
D , CT = 14 125 0.04 0.75 0.1 9.81 998 0.20 14.0 0.10 0.54 0.01 89.6 %
D , CT = 14 195 0.04 0.94 0.1 9.81 998 0.20 14.0 0.06 0.67 0.01 87.8 %
D , CT = 14 125 0.05 0.60 0.125 9.81 998 0.20 14.0 0.19 0.38 0.01 96.7 %
D , CT = 14 195 0.05 0.75 0.125 9.81 998 0.20 14.0 0.12 0.48 0.01 93.3 %
D , CT = 14 281 0.05 0.90 0.125 9.81 998 0.20 14.0 0.09 0.57 0.01 89.9 %
D , CT = 14 281 0.06 0.75 0.15 9.81 998 0.20 14.0 0.15 0.44 0.01 95.6 %
D , CT = 14 195 0.06 0.62 0.15 9.81 998 0.20 14.0 0.21 0.36 0.02 97.4 %
D , CT = 14 195 0.05 0.62 0.15 9.81 998 0.17 14.0 0.18 0.36 0.01 96.0 %
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D.2. Numerical Settings

Category Entry Value

Timeloop Solution scheme IMPLICIT-THREE-TIME-LEVEL
Timestep corresponding to 0.5°

Outerloop Max iterations 100
Convergence Tolerance 1.00E-05

Boundaries Walls BCWall
Top+Bottom BCPressure
Inflow BCInflow
Outflow BCOutflow
Propeller Blades BCWall

Materials Water Dynamic Viscosity 1.00E-03
Water Density 1002.1
Air Dynamic Viscosity 1.82E-05
Air Density 1.118

Grids MoveGridMethod MVG
Grids Interpolation Nearest cell (zeroth order)
InterfaceType Dynamic
HaloType HALO-1

UserCode shipWavePattern by B. Schuiling
Mass-Moment
Solver

Segregated Fresco

Momentum eq. Solver GMRES
Preconditioner BJACOBI
Convergence Tolerance 1.00E-03
Max iterations 400
Explicit relaxation 0.15
Implicit relaxation 0.20/0.80/100
Convective Flux Discretisation Harmonic
Gradient Calculator Gauss
Residual Normalisation Parnassos-like
Velocity Initialization Earthfixed inflow velocity

Pressure eq. Solver PETSC-CG
Preconditioner BJACOBI
Convergence Tolerance 1.00E-02
Max iterations 500
Explicit relaxation 0.075
Implicit relaxation none
Residual Normalisation Parnassos-like

Free Surface eq. Solver PETSC-GMRES
Preconditioner BJACOBI
Convergence Tolerance 1.00E-02
Max iterations 500
Explicit relaxation 0.2
Implicit relaxation 0.9/0.9/100
Convective Flux Discretisation REFRICS
Gradient Calculator Gauss
Residual Normalisation Parnassos-like
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Category Entry Value

Turbulence eq. Solver PETSC-GMRES
Preconditioner BJACOBI
Convergence Tolerance 1.00E-03
Max iterations 300
Explicit relaxation 0.15
Implicit relaxation 0.20/0.80/100
Relaxation Eddy Viscosity 0.2
Convective Flux Discretisation Harmonic
Eccentricity Correction true
Residual Normalisation Parnassos-like
TurbIntensity Initialization 1.00E-02
Eddy Viscosity Initialization 1

Developer options faceInterpolation-scheme INVERSEDISTANCEPOINT
faceInterpolation-
applyMassFluxEccentricityCorrection

true

pwi-approxInvMomMatnoDT false
gradients-limiter BARTH-JESPERSON
turbulence-applyOmegaLimiter true



100 D. Numerical results

D.3. Iterative convergence

Figure D.1: L2-residuals of I = 0.15, J = 0.2,I = 0.084, J = 0.2,I = 0.084, J = 0.1,I = 0.090, J = 0.1
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Figure D.2: Unsteady L2-residuals of I = 0.15, J = 0.2,I = 0.084, J = 0.2,I = 0.084, J = 0.1,I = 0.090, J = 0.1
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