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Abstract
Propeller air entrainment or ventilation occurs for ship operating at heavy seas, but also when manoeuvring through calm water with tunnel or transverse thrusters located in the hull of the ship.
This work is executed within Wärtsilä Netherlands B.V. in Drunen and aims at testing the theory
of Brix [1993] against CFD simulations in order to gain more insight in the propeller behaviour during
ventilation. The tunnel flow can be seen as an internal flow. A flow passing an open water propeller is
classified as an external flow. The simulation of a ventilating tunnel with free surface is a combination
of both.
The scenarios are simulated using STAR-CCM+ 13.04 software, by means of Reynolds-averaged Navier
Stokes (RANS) equations. The Volume Of Fluid (VOF) method with the High-Resolution Interface
Capturing (HRIC) scheme is used for capturing the free surface and ventilation.
With current simulation methods the free surface deformation is in agreement with the deformation
of a surface-piercing cylinder in experiments. The propeller coefficients in open water conditions of propeller model experiments are in satisfactory agreement with CFD results. In ventilating conditions these
parameters are over-predicted, but thrust lies within range for a thruster unit. Although the simulation
of ventilation does not result in similar outcomes as in the experiments, the simulations are a method
that can be used to predict the occurrence of air entrainment.
A parametric study of submergence related to diameter was executed. The performed numerical simulations are able to predict the air-entrainment similar to the theoretic critical submergence for several
tunnel diameters. The current simulation method can be used for the prediction of air entrainment in
a tunnel thruster. For the critical submergence prediction, the computationally cheap MRF method in
OW can be used to obtain the inflow velocity at the desired RPM. With this knowledge, a minimum
submergence depth can be advised. Or, when the submergence of the tunnel is already determined, the
maximum mass flow that can be obtained without ventilation can be found.
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Samenvatting
Ventilatie of het meesleuren van lucht in propellers vindt plaats voor schepen die opereren op open zee.
Het kan ook plaatsvinden bij het manoeuvreren door kalm water met tunnel- of boegschroeven die zich
in de romp van het schip bevinden.
Dit werk is uitgevoerd bij Wärtsilä Nederland B.V. in Drunen en heeft als doel gesteld om de theorie van Brix [1993] te testen tegen CFD-simulaties om meer inzicht te krijgen in het gedrag van de
propeller tijdens ventilatie. De vloeistofstroming in de tunnel kan worden gezien als een interne stroming. Een stroming langs een propeller in open water, wordt geclassificeerd als een externe stroming. De
simulatie van een tunnelschroef met een vrij oppervlakte van water en lucht is een combinatie van beide.
De scenario’s worden gesimuleerd met behulp van STAR-CCM+ 13.04 software, aan de hand van
Reynolds-Gemiddelde Navier Stokes (RANS) vergelijkingen. De Volume of Fluid (VOF) methode met
het High-Resolution Interface Capuring (HRIC) schema wordt gebruikt voor het lokaliseren van het vrije
oppervlakte en de ventilatie.
Middels de huidige simulatiemethoden komt het resultaat van het vrije oppervlakte overeen met de vervorming van een oppervlakte-doordringende cilinder in experimenten. De propeller coefficiënten in open
water omstandigheden van de modelschaal propellers zijn in overeenstemming met de CFD-resultaten.
Bij het optreden van ventilatie worden deze parameters te hoog ingeschat, maar de stuwkracht ligt binnen
het bereik van de een voorstuwingsunit op modelschaal. Hoewel de simulatie van ventilatie niet resulteert
in vergelijkbare uitkomsten als in experimenten, zijn de gebruikte methodes geschikt om het optreden
van luchtaanzuiging in boegschroeven te voorspellen.
Een parametrische studie van onderdompeling gerelateerd aan de propeller diameter werd uitgevoerd.
De numerieke simulaties waren in staat het meevoeren van lucht te voorspellen, vergelijkbaar met de
theoretische kritische onderdompeling voor verschillende tunneldiameters. De huidige simulatiemethode
kan worden gebruikt voor het voorspellen van ventilatie in een boegschroef. Voor de voorspelling van de
kritische onderdompeling kan de computationeel goedkope MRF-methode in OW worden gebruikt om
de instroomsnelheid bij het gewenste toerental te verkrijgen. Met deze kennis kan een minimale onderdompelingsdiepte worden geadviseerd. Of, wanneer de onderdompeling van de tunnel al is vastgesteld,
kan de maximale massastroom worden gevonden die zonder ventilatie kan worden verkregen.
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Chapter 1

Introduction
Ships are propelled by propulsion systems that include propellers to transfer their energy to the water by
rotation and generating the ships movement. Air entrainment or ventilation is the phenomenon of suction of air from above the water level through the propeller. For ships operating in heavy seas, propellers
are required to operate at high loadings in order to maintain position and heading. As a consequence of
the ships heavy movement, propellers will exit and re-enter the water regularly. Ventilating propellers
causes large torque and sudden variations of the load conditions. This lead to thrust losses and violent
impacts what may also cause problems in the power transmission system. Ventilation has been observed
on fully submerged propellers, thus surface-piercing of the propeller is not required for ventilation to
occur, as can be seen in Figure 1.1.
Ventilation does not only occur at heavy seas. Ships are using tunnel or transverse thrusters that are
located in the hull of the ship to deliver lateral propulsion, when (sideways) manoeuvring through water
ways and ports. It enables a ship to manoeuvre at zero and low speed, when the steering capability of the
rudder is reduced. Generally, water conditions are calm and not in comparison with the harsh conditions
at open sea. Though, ventilation can occur resulting in thrust breakdown in the tunnel thrusters. It is
dependent on the submergence depth and flow velocity generated by the propeller located in the tunnel
[Brix, 1993]. Even for full tunnel submergence in still water, ventilation can occur. The tunnel’s position
in the hull must therefore be chosen as such, that they are located deep enough to prevent air entrainment
and undesired thrust breakdown.

Figure 1.1: Ventilating Propeller. Taken from Kozlowska [2009]
First work on air entrainment in propellers dates back to the beginning of the early fifties when Shiba
[1953] carried out an experimental study of propeller ventilation. Later, thrust loss in propulsion was
studied by several other researchers, among others Gutsche [1967], Minsaas et al. [1983, 1987]. More recently, experimental research by Koushan [2007] at the Norwegian Marine Technology Research Institute
(MARINTEK) is performed. Modelling ventilation using Computation Fluid Dynamics (CFD) was first
attempted by Caponnetto [2003] for surface-piercing propellers. He used the Reynolds-Averaged Navier
The modelling of air entrainment in marine propellers using CFD simulations
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Stokes (RANS) equations to model the fluids. In a similar manner Califano [2010] developed his model
and presented mechanisms of dynamic forces due to ventilation. Yvin et al. [2017] presents recent CFD
results of a podded propeller using STAR-CCM+ and concluded that the simulations can be used to
predict the inception of the ventilation on thrust and torque.
For the development of ship propellers and thrusters the use of CFD is used more frequent since more
realistic analysis can be executed nowadays due to increasing reliability. Usually, for the analysis of propeller performance, it is assumed that the computational domain consists of only (sea)water. It is based
on the analysis of calm water performance, a so called open water calculation. However, ventilation is
not taken into account, while it is widely known that ventilation does occur when operating near the
water surface (free surface) or in waves [Califano, 2010, Koushan et al., 2011, Palm et al., 2011].
This work is executed within Wärtsilä Netherlands B.V. in Drunen and aims at testing the theory of
Brix [1993] against CFD simulations in order to gain more insight in the propeller behaviour during
ventilation and suction of air into a tunnel thruster. This can provide a directive for the placement of
future tunnels and their operation.
Brix [1993] developed a theoretical method to predict the critical tunnel submergence depth that is needed
to prevent air entrainment. In this thesis, via a numerical acquisition, similarity of tunnel diameter and
ventilation behaviour is examined. Tunnel thrusters with and without ventilation are compared and
their consequences for operating in these conditions is discussed.
The CFD methods that are used, are compared with several cases that test the simulation methods
against previously obtained experimental and CFD results. These cases are a surface-piercing cylinder,
a podded propeller and a thruster unit. They are all experimentally tested earlier. For the propeller
tests, small scale models are used.
The tunnel is a closed conduit and the fluids that enter have to come out at the end of the tunnel. It
can be seen as an internal flow. A propeller in open water is a submerged object where the fluid flow is
passing around it and is classified as an external flow [McCarthy, 2008]. The simulation of a ventilating
tunnel with free surface is a combination of both. By use of the surface-piercing cylinder, the behaviour
of the free surface in CFD is examined. Propeller behaviour with air-entrainment is tested by use of the
experiments of Koushan et al. [2009], an external flow including free surface. The Wärtsilä LMT-3510
thruster is a combination of a confined space —the nozzle— and a ventilating propeller and can give more
insight in the behaviour of air and water inside the nozzle. It can give insight in the air flow behaviour
inside the tunnel in close region to the propeller blades.
The scenarios are simulated using STAR-CCM+ 13.04 software, by means of Reynolds-averaged NavierStokes (RANS) equations. The Volume of Fluid (VOF) method with the High-Resolution Interface
Capturing (HRIC) scheme is used for capturing the two-phase flow with free surface and ventilation.
The contents of this thesis is divided into six chapters that describes introductory and CFD theory,
validating cases and an explanation of the theory of Brix [1993] related to tunnel thrusters and corresponding CFD results. The first chapter subsequently to this introduction, Chapter 2, gives an explanation
of propeller related theory and a brief literature overview of ventilation. Chapter 3 describes the CFD
simulation methods. Chapter 4 contains the cases that test the simulation methods. Chapter 5 explains
the theory of Brix [1993]. Also, the tunnel thruster simulation set-up is elaborated and it describes the
parametric study of submergence for varying tunnel diameters and their CFD results. The thesis ends
with a summary and conclusions.
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Chapter 2

Propeller Theory
2.1

Ship propulsion

Ship propulsion, or marine propulsion, is the mechanical system that is used to generate thrust to move
a ship through the water. Nowadays, most ships are propelled by a system consisting of an engine or
electric motor turning a propeller. In this section, the different types of propulsion systems are briefly
explained. Furthermore, a method for the calculation of the thrust and torque of a propeller is explained.
It contains the propeller stream tube momentum theory and blade element method. These methods are
cited from Carlton [2012], Auld and Srinivas [2018], Rwigema [2010], MARIN [2017] and Spakovszky
[2009].

Propulsors
Propulsors come in all sorts of ways. Most common is the screw propeller, either as fixed pitch or
controllable pitch propeller, see Figures 2.1 and 2.2. These propellers are installed with and without
a nozzle. The experiments that are used in this thesis for validation of CFD simulations have a fixed
pitch propeller. Other propulsor examples are e.g. a water jet or a thruster, which is a special propeller
configuration that is not directly coupled to a shaft going into the ship. The transverse thruster or tunnel
thruster that is examined for ventilation to occur, is a screw propeller positioned in a cylindrical tube,
the tunnel. It is located in the hull of a ship, facing sideways to generate lateral thrust. These can be
seen in Figure 2.3.

Figure 2.1: Left: fixed pitch propeller. Right: propeller with controllable pitch. Taken from HolmlundSund [2014] and Wartsila [2018]
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Figure 2.2: Schematic view of propeller pitch, skew and rake. Taken from Babicz [2015]

Figure 2.3: Left: tunnel thruster with CPP. Right: Thruster unit with FPP. Taken from Wartsila [2019]

2.2

Rankine-Froude Momentum theory

The Rankine-Froude Momentum theory describes a mathematical model to calculate the thrust that is
generated by an actuator disk. This actuator disk is a propeller modelled with an infinite number of
blades. In the stream tube, that is looked at, the fluid flows from left to right, with the actuator disk
located in the middle, see Figure 2.4. The thrust generated by the actuator disk is equal to area of the
disk multiplied by the pressure jump, see Equation 2.1. From Bernoulli’s equation the local pressure can
be expressed for both sides of the disk, see Equation 2.2, and the pressure difference can be calculated. In
this actuator disk model, it is assumed that the flow is purely axial and uniform in each cross-sectional
plane of the stream tube. Also, the induced rotational velocity due to friction is neglected [MARIN,
2008].
T = Adisk (p2 − p1 )

(2.1)

p0 + ρgh + 12 ρv 2 = const.

(2.2)

Pressure changes due to height differences are ignored. The total head from Bernoulli’s law can be
expressed upstream (1) and downstream (2) of the disk as:
6
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H1 = p0 + 21 ρv12

(2.3)

2
1
2 ρv2

(2.4)

H2 = p0 +

From subtraction, ∆p is found. The velocity is assumed constant along the disk. Hence, using the
pressure drop ∆p from Equations 2.3 and 2.4, the thrust can be expressed as:
T = Adisk ∆p = Adisk (H2 − H1 ) = 12 ρAdisk (v22 − v12 )

(2.5)

The mass flow ṁ through the stream tube is conserved and can be expressed as in Equation 2.6. Thrust
can also be expressed using mass flow conservation, see Equation 2.7
ṁ = ρAdisk vdisk

(2.6)

T = ṁv2 − ṁv1 = ṁ(v2 − v1 ) = ρAdisk vdisk (v2 − v1 )

(2.7)

The fluid velocity at the disk can now be derived using Equations 2.5 and 2.7:
vdisk = 12 (v2 + v1 )

(2.8)

The power that is required to generate the thrust delivered by the actuator disk, can be calculated as:
P = T vdisk = ṁ(v2 − v1 )vdisk = 21 ρAdisk (v22 − v12 )

(2.9)

Figure 2.4: Actuator disk model of a propeller. Taken from MARIN [2008].

2.3

Blade element theory

The blade element theory divides the propeller blade into a large number of elementary strips. Each
section can be seen as a 2D aerofoil and can be analysed independently with the assumption that only
axial and angular velocity components are present and the induced flow input from other sections is
negligible, see Figure 2.5 [Rwigema, 2010].
The difference in angle between thrust and lift directions is defined as
α=φ−θ

(2.10)

Here α is the angle of attack, φ is the flow angle and angle, θ the blade pitch angle at the section and θ
the angle of incidence.
The value of the lift and drag coefficients on each aerofoil section should be known to calculate the total
thrust and torque. CL and CD are specified for the angle of attack. The lift and drag forces per unit of
length dividing by the span dr, are expressed as in Equations 2.11 and 2.12.
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Figure 2.5: Blade element theory, 2D aerofoil and vector diagram. Taken from Rwigema [2010].

2
L = 12 ρcUrel
Cl

(2.11)

2
1
2 ρcUrel Cd

(2.12)

D=

In here, c is the surface of the blade.
The thrust and torque of the 2D blade section are decompose into the lift and drag vectors, and can be
calculated per length as:

pn = L cos φ + D sin φ

(2.13)

pt = L sin φ − D cos φ

(2.14)

In here, pn is the thrust per unit of length [N/m] and pt is the torque per unit of length [N/m]. If the
blade loading is identical on all blades, the forces can be multiplied by the number of blades to find the
total values of thrust and torque at the considered radial position.
In the blade element theory, a non-disturbed flow field at the beginning of the propeller’s stream tube
is assumed. In reality, this flow field is disturbed by the ship’s hull design and wave directions. The
blade element theory can therefore be seen as an estimation of the order of magnitude for the thrust and
torque values.

2.4

Open Water Characteristics

In short, a propeller in open water conditions is a propeller test set-up with only the propeller itself
connected to the shaft. The domain is totally filled with water in liquid phase. The propeller is rotating
at a fixed rate and with constant forward speed. The propeller inflow is uniform.
Propeller performance parameters, thrust and torque, are defined dimensionless in order to eliminate the
influence of the shaft rotational rate and the propeller diameter. Hence, the parameters are expressed
as function of the rate of revolution n [Hz], diameter D and fluid density ρ [MARIN, 2008, 2017].

Advance coefficient
J=
8

VA
nD

(2.15)
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Thrust coefficient Propeller
KT P =

TP
ρn2 D4

(2.16)

KT tot =

Ttot
ρn2 D4

(2.17)

Total Thrust coefficient

Torque coefficient Propeller
KQ =

Q
ρn2 D5

(2.18)

In here VA is the advance velocity, TP is the propeller thrust, Ttot is the total thrust and Q is the propeller
torque. The efficiency of the propeller can be expressed as in Equation 2.19. As the advance coefficient
J is approaching zero, also the efficiency decreases to zero. However, at zero ship speed —bollard pull
condition— thrust is still produced. To express the efficiency, the merit coefficient ηD is used, see Equation 2.20 [Carlton, 2012].

Propeller efficiency
η0 =

KT tot J
KQ 2π

(2.19)

Merit coefficient
3

(KT /π) 2
CT
ηd =
=
KQ
CQ

(2.20)

Here, CT is called the thrust-loading coefficient and CQ is called the power-loading coefficient, see
Equations 2.21 and 2.22. They do not contain the rotation rate of the propeller, which is sometimes
more convenient for comparison. The merit coefficient is used to analyse the performance of a propeller
at bollard pull condition, the condition where J = 0 and therefore, by definition, the open water efficiency
is also zero.

2.5

CT =

8KT
πJ 2

(2.21)

CQ =

16KQ
J3

(2.22)

Conservation laws of fluid motion

In this section the mathematical equations for fluid flow, the conservation of mass and momentum, are
discussed. Equations are cited from Versteeg and Malalasekera [2007].

Navier-Stokes equations
The system of equations for a time-dependent three-dimensional fluid flow of a compressible Newtonian
fluid (viscous stresses are proportional to the rates of deformation), can be written as:

Continuity

x-momentum

∂ρ
+ div(ρu) = 0
∂t

(2.23)

∂(ρu)
∂p
+ div(ρuu) = −
+ div(µ grad u) + SM x
∂t
∂x

(2.24)

∂(ρv)
∂p
+ div(ρvu) = −
+ div(µ grad v) + SM y
∂t
∂y

(2.25)

∂(ρw)
∂p
+ div(ρwu) = −
+ div(µ grad w) + SM z
∂t
∂z

(2.26)

y-momentum

z-momentum
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Equations of state
p = p(ρ, T )

(2.27)

where ρ is the density, t is the time, u, v and w represent the velocity components in the x, y and
z-direction respectively. p is the pressure and µ is the dynamic viscosity.

The simulations assume an incompressible and isothermic two-phase —air and water— flow. The change
in density is negligible, because the change in pressure and temperature are sufficiently small, i.e.,
∂ρ
=0
(2.28)
∂t
As a consequence, the equation of state does not have to be taken into account. The N-S equations
reduce to:

Continuity
x-momentum

div(u) = 0

(2.29)

1 ∂p
∂u
+ div(uu) = −
+ ν div(grad u))
∂t
ρ ∂x

(2.30)

1 ∂p
∂v
+ div(vu) = −
+ ν div(grad v)
∂t
ρ ∂y

(2.31)

1 ∂p
∂w
+ div(wu) = −
+ ν div(grad w)
∂t
ρ ∂z

(2.32)

y-momentum

z-momentum

where ν = µ/ρ is the kinematic viscosity.
Although incompressibility is assumed, the following must be noted; considering the Mach number
M a = v/c, with c the speed of sound. The flow can be assumed incompressible if M ≤ 0.3. However, the
speed of sound of a two-phase fluid, such as a water-air mixture, is much lower than the speed of sound of
either of the two components, resulting in a higher Mach number. If the Mach number becomes too high,
it might invalidate the assumption [van Dongen et al., 2016, Kieffer, 1977, Versteeg and Malalasekera,
2007].

2.6

Ventilation

An explanation of the ventilation phenomenon and an overview of available literature on the research
topic is given in this section. This contains both experimental as CFD research on the ventilating behaviour of diverse propeller configurations, such as an open propeller or a thruster. The CFD methods
and definitions mentioned are explained in more detail in Chapter 3.
At normal operation, water is the only fluid that flows through the propeller unit. When operating
near the free surface, the propeller can partially operate in air. For these partially submerged propellers,
large fluctuations in blade forces were found [Koushan, 2004, Califano, 2010].
In order to discuss experimental and numerical results, the dimensionless submergence ratio is introduced. This is the ratio between the submergence of the propeller into the water and its radius, see
Equation 2.33.
Submergence ratio
h
(2.33)
R
where I is the submergence ratio, h the propeller axis submergence relative to the calm water surface
and R is the propeller radius. The wave height H equals two times the wave amplitude a, see Figure 2.6.
Most recent experimental research on ventilation that is published was done by Koushan [2007] at MARINTEK. He obtained insight in ventilation of thrusters in dynamic positioning mode and the corresponding dynamics of the blade and duct loadings by performing model tests and visualizing the ventilation
I=
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Figure 2.6: Submergence of a propeller.
with high-speed cameras. Major differences between ventilation of open and ducted propellers were seen.
An open propeller has a loss of blade thrust twice as large as a ducted one (40% - 20%).
Koushan et al. [2009] also investigated the effect of waves on thruster loadings by testing a model open
pushing thruster at different immersion ratios. It was found that at an advance coefficient of 0.4 a sudden
thrust drop occurs. This critical coefficient was observed with and without waves. Although this specific
number only holds for this experiment configuration, similar behaviour is reported at different conditions.
Koushan et al. [2011] presented more insight in the forces and moments acting on a single propeller
blade in ventilated conditions for both calm as wavy water conditions. The primary goal for these experiments was to obtain data for CFD validation. Again, the sudden thrust loss at critical advance
coefficient was observed. The torque follows similar trends as propeller thrust.
The aforementioned papers of Koushan [2007], Koushan et al. [2009, 2011] executed tests in model
scale. Savio et al. [2013] did his experiments for full scale as well. Full scale data were recorded by means
of the ship propulsion monitoring system HeMoS. He experienced that hull propeller interaction had the
effect of partly blocking the access to the free surface and therefore less ventilation was observed.
Kozlowska [2009] used experimental results of Koushan [2007], Koushan et al. [2009, 2011] to make a
classification of the different type of propeller ventilation. She specified three types of ventilation:
1. Ventilation due to an air-filled vortex from the free surface.
2. No clear trigger for starting the ventilation, inception is hard to observe.
3. Sucking down the free surface without forming a vortex.
An estimation of thrust loss is derived and can be used to roughly predict thrust loss related to ventilation, although it over-predicts the thrust loss for deeply submerged propellers and underestimates it near
the free surface. Kozlowska also addressed the scale effects on ventilation. Partially ventilated regimes
in model scale experiments cannot just be scaled due to the possible influence of cavitation in full scale.
Several papers, discussed below, carry out experiments and model these scenarios in CFD. Hereby,
these experiments are directly used as a validation method for the simulations.
Kozlowska and Wöckner [2011] performed simulations using FreSCo+ software, using a Reynolds Averaged Navier Stokes (RANS) equations and the Volume of Fluid technique (VOF) and performed experiments at MARINTEK for validation. The experiments had submergence ratio variations between 2.5
(fully submerged) to 0 (half of the propeller is out of water). The CFD did over-predict the propeller
forces in ventilating conditions compared with experimental results. Also, the simulated time frame is
much less than in the experiments, which might result in the capture of only a few flow patterns. At
last, a large difference in visual appearance of the air bubbles was observed.
Califano and Steen [2009], Califano [2010] did her PhD research on the dynamic loads on marine propellers
due to intermittent ventilation and combined simulations and model tests to gain an understanding of
the physical mechanisms of propeller ventilation. A qualitative model was derived using Fluent softThe modelling of air entrainment in marine propellers using CFD simulations
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ware, based on air inside the propeller by a tip-vortex. It was noted that the complexity of ventilation
leads to unstable numerical solutions and the sensitivity to the used numerical parameters could explain
the differences with experiments. The aim of her numerical work was to improve the ability to predict
the ventilation mechanisms. Simulations in presence of the free surface was started using the Moving
Reference Frame (MRF) model. After simulation had reached a stable solution, both for the forces and
the phase volume fraction, the Sliding Mesh (SM) model was applied. Funnel formation observed by
experiments on the free surface could not be achieved by simulation, because it probably required longer
simulation time, that was not possible with available computer resources.
Palm et al. [2011] did both numerical as experimental research. He studied ventilation for azimuth
thrusters, and the less used, cycloidal propellers. For the simulation the Comet software was used. Free
surface was solved by calculating the volume fraction of the gas phase, similar to the VOF model. He applied the high-resolution interface capturing (HRIC) method, developed by Muzaferija and Peric [1997].
Thrust and torque losses due to ventilation are well captured by the simulation and gave insight in these
specific propeller types.
Yvin et al. [2017] simulated ventilation in an open propeller using STAR-CCM+, incompressible unsteady RANS equations. Turbulence is modelled with the Menter’s Shear Stress Transport (SST) k − ω
model and the VOF formulation is applied for the free surface. However, he claims that the observed deviations between experiments and simulations is a consequence of the VOF model. It is not dedicated to
model the air bubbles and the mixture of water and air. The aim of his study is to determine a numerical
method to detect ventilation inception rather than modelling a true-to-life simulation. The developed
simulation is unsuitable to correctly evaluate the thrust and torque losses as soon as the ventilation is
partially or fully developed.
Similar CFD calculations were performed by Berchiche et al. [2017] using a ducted propeller. More
attention was paid to the effect of the free surface. It is investigated in straight flow conditions for
different magnitudes of immersion using an initially undisturbed free surface using the STAR-CCM+
’flat’ VOF wave model.
Zhang et al. [2018] studied an open propeller experiencing unsteady surge motion in regular head waves.
It utilizes the overset grid approach and again uses the VOF method. The surge motion can impose a
negative or positive impact on the propeller performance parameters depending on the location in the
wave, but the time averaged value is lower than without surge motion.
A propeller that experience ventilation during regular operation is called a surface piercing propeller
(SPP). It is a propeller that pierce the free surface of water and air during operation.
Caponnetto [2003] used the RANS solver Comet at Rolla Propellers for the simulation of various SPP
applications. The free surface is determined in a surface capturing method using the volume percentage
of water in each cell. The high-resolution interface capturing scheme (HRIC) of Muzaferija and Peric
[1998] is used for a narrow water-air interface.
Yari and Ghassemi [2016] studied ventilation around a wedge 2D blade and a 3D SPP. The validation of
the wedge simulation is based on flow visualization of a wedge entering a water tank. Numerical results
of the 3D SPP are compared with experimental results of Olofsson [1996]. Yari and Ghassemi give an
extended overview of the work that is already done on surface piercing propellers.
The majority of the discussed literature compares CFD results with experiments based on calculated
propeller thrust and torque values. The generic movement of the air and ventilation flow patterns are
typically compared. More in depth analysis for example on the bubble size and growth are not taken
into account. Based on footage taken during experiments it can be hard to validate shape and size of air
sheets. Until now, no publications are known to the author where other measurement capture methods
are used for these ventilated propeller scenarios.
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Computational Fluid Dynamics
This chapter will explain the methods that are used for the computation of the flow. First it will start
with general information about computational fluid dynamics and thereafter the specific program and
methods that are used are explained. This includes the solver, grid, boundary conditions and turbulence
models.
The commercial software package STAR-CCM+ 13.04 has been used to simulate the flow behaviour.
Wärtsilä has years of experience with STAR-CCM+ and it is also one of the most used CFD programs
for engineering applications.
Fluid flows can be divided into laminar and turbulent flows and are characterised by the Reynolds
number. This is the ratio between inertia and viscous forces in the flow [Sipilä, 2012]:
Re =

uL
ρuL
=
µ
ν

(3.1)

A flow around a propeller at full scale is practically always turbulent. For model scale, this is not always
the case. The flow can remain laminar over proportions of the model.

Direct numerical simulation (DNS)
Direct numerical simulation will resolve all turbulence scales. Therefore, an extreme fine grid and extreme
small time-step must be used. That makes the calculation very expensive and time consuming. The
minimum amount of grid points that is necessary can be calculated as follows [Nieuwstadt, 2016]:
Nt ∼

 3
L
η

(3.2)

This is related to the Reynolds number as η/L ∼ Re3/4 or Nt ∼ Re9/4 . L is a typical length scale and η
is the Kolmogorov length scale, a scale for the micro structures in the flow. For a turbulent flow, where
the Reynolds number is in the order of 106 − 107 , it would require a number of grid points of N ≈ 1015 .
In comparison: an open water simulation with 6 × 106 cells takes about two hours, using the RANS
method, explained hereafter. Therefore, obtaining a numerical DNS solution within a reasonable lead
time and a sufficient number of grid cells, is not possible with only modest computational resources.

Large eddy simulation (LES)
The large eddy simulation (LES) is an adaptation to DNS. Here, a filter technique is applied, all fluctuations with a scale lower than the chosen filter length (∆f ) will be modelled. Only the large eddies
will be simulated, as the name of this method suggests. The number of grid cells is chosen such that the
desired level of detail is acquired. The number can be defined as [Nieuwstadt, 2016]:
L
∆
With ∆ the characteristic mesh size. The optimal value is found for ∆f ∼ ∆.
Cs =

3.1

(3.3)

Reynolds-averaged Navier-Stokes (RANS)

In LES bigger eddies are simulated; the smaller ones are modelled. When applying the Reynoldsaveraged Navier-Stokes (RANS) equations, the whole turbulence spectrum is modelled and only the
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averaged motion is computed. The effect of turbulence is modelled by ensemble or time averaging of the
N-S equations. The RANS equations are derived by splitting the variables, e.g. velocity, in an averaged
part U and a fluctuating part u0 :
u = U + u0 , u = U + u0 , v = V + v 0 , w = W + w0 , p = P + p0

(3.4)

Substituted in the mass and momentum equations of Navier-Stokes, the RANS equations are derived.
The average of the fluctuating part is zero for linear terms and only the averaged velocity and pressure
remains. For the non-linear terms, the average of the fluctuating parts is not zero and this introduces
an extra term in the RANS momentum equation. This new term in the averaged momentum equations represents extra turbulent stresses. These are called Reynolds stresses τi,j . The RANS equation
for incompressible flow can be seen below [Sipilä, 2012, de Kleine, 2009, Versteeg and Malalasekera, 2007]:
Continuity
div(U) = 0

(3.5)


1 ∂P
∂(U )
+ div(U U) + div u0 u0 = −
+ ν div(grad U )
∂t
ρ ∂x

(3.6)


∂(V )
1 ∂P
+ div(V U) + div v 0 u0 = −
+ ν div(grad V )
∂t
ρ ∂y

(3.7)


1 ∂P
∂(W )
+ div(W U) + div w0 u0 = −
+ ν div(grad W )
∂t
ρ ∂y

(3.8)

x-momentum

y-momentum

z-momentum

To close the system of equations the Reynolds stresses have to be approximated. It is referred to as the
closure problem. A simple, though often reasonably adequate method to express the Reynolds stresses
employs the Boussinesq hypothesis, see Equation 3.9 [Versteeg and Malalasekera, 2007, Laccarino, 2004].


∂Ui
∂Uj
2
0
0
τij = −ρui uj = µt
(3.9)
+
− ρkδij
∂xj
∂xi
3
where µt is the turbulent or eddy viscosity, k is the turbulent kinetic energy and δij is the Kronecker
delta (δij = 1 if i = j and δij = 0 if i 6= j).
Several models are developed to evaluate the turbulent eddy viscosity µt and close the set of RANS
equations. These eddy viscosity models are classified in terms of number of transport equations solved
in addition to the RANS equations. For example, the mixing length (zero-equation/algebraic) model or
the Spalart-Allmaras (one-equation) model. Relatively simple two-equation models are for example the
k-ε or Wilcox k-ω model.

3.2

Turbulent flow methods

For simulation in CFD, the eddy viscosity models are used to calculate a turbulent flow and close the
set of RANS equations. The models used in the simulations executed in this thesis are explained in
this section. They are two-equation models that specify the eddy viscosity in terms of the turbulent
kinetic energy k and the rate of dissipation of turbulent kinetic energy ε or in terms of k and the specific
dissipaton rate ω = ε/k [Versteeg and Malalasekera, 2007].

The realizable k-ε model
The realizable k-ε model is a good compromise between robustness and accuracy for typical industrial
applications. It is a variation of the standard k-ε model, but it statisfies certain mathematical constraints
on the Reynolds stresses, consistent with the physics of turbulent flows. This makes the model more
accurate and robust compared to the standard k-ε model. Hence, this model is used for the simulation
of the tunnel thruster [Siemens Product Lifecycle Management Software Inc., 2018b].
Two extra transport equations are introduced, one for the turbulent kinetic energy k and one for the rate
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of dissipation of turbulent kinetic energy ε. k and ε are used to define the velocity scale ϑ and length
scale ` of the large-scale turbulence as follows:
ϑ = k 1/2

`=

k 3/2
ε

(3.10)

k2
ε

(3.11)

The turbulent eddy viscosity µt can be specified as:
µt = Cρϑ` = ρCµ

where Cµ is a dimensionless constant [Versteeg and Malalasekera, 2007].
The two extra equations that are introduced by the turbulence model to close the N-S equations, are for
the k-ε model [Siemens Product Lifecycle Management Software Inc., 2018a]:

∂
(ρk) + ∇ · (ρkU) = ∇ · µ +
∂t

∂
(ρε) + ∇ · (ρεU) = ∇ · µ +
∂t



µt
∇k + Pk − ρ(ε − ε0 ) + Sk
σk
 


µt
1
ε
ε0
∇ε + Cε1 Pε − Cε2 f2 ρ
−
+ Sε
σε
Te
Te
T0

(3.12)
(3.13)

In here, U is the mean velocity, µ is the dynamic viscosity, σk , σε , Cε1 and Cε2 are model coefficients, Pk
and Pε are production terms and Sk and Sε are source terms. Te is the large-eddy time scale Te = k/ε
and T0 is a specific defined time-scale. f2 is a damping function that is equal to unity for the standard
model and equal to Equation 3.14 for the realizable k-ε model.
f2 =

k
√
k + νε

(3.14)

Menter SST k-ω model
Menter SST k-ω model is a hybrid model using a transformation of the k-ε model into a k-ω model in the
near-wall region and the standard k-ε in the turbulent region far from the wall. In the k-ω turbulence
model the specific dissipation rate ω = ε/k is applied instead of the turbulent dissipation rate ε.
In the Menter SST k-ω model the k-equation is the same as in the original Wilcox k-ω model, see Equation
3.15, but the ε-equation is transformed into an ω-equation by substituting ε = kω, as can be seen in
Equation 3.16. This model is used for the simulation of the experiments [Versteeg and Malalasekera,
2007, Siemens Product Lifecycle Management Software Inc., 2018a].
∂
(ρk) + ∇ · (ρkU) = ∇ · [(µ + σk µt ) ∇k] + Pk − ρβ ∗ (ωk − ω0 k0 ) + Sk
∂t

∂
(ρω) + ∇ · (ρωU) = ∇ · [(µ + σω µt ) ∇ω] + Pω − ρβ ω 2 − ω02 + Sω
∂t

(3.15)
(3.16)

In here, σω ,β and β ∗ are model coefficients, Pω is a production term and Sω is a source term. The eddy
viscosity µt is given as:
µt = ρk/ω
(3.17)

3.3

Two-phase flow simulation

For the scope of this thesis, an overview is given of the Eulerian two-phase flow models that are present
in STAR-CCM+. The chosen Volume of Fluid (VOF) model is explained in more detail, including the
High-Resolution Interface Capturing (HRIC) discretization scheme that is used.
A distinction can be made between a two-fluid and a one-fluid model. A two-fluid model solves transport
equations of each phase, while a one-fluid model solves only one set of equations. In STAR-CCM+ the
following two-phase flow models are available:
• Multiphase Segregated Flow model (two-fluid)
The modelling of air entrainment in marine propellers using CFD simulations
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• Volume of Fluid (VOF) model (one-fluid)
• Mixture Multiphase (MMP) model
STAR-CCM+ classifies multiphase models into two categories: dispersed flows and separated flows.
For dispersed flows, the Multiphase Segregated Flow model can be used. It is commonly known as the
Eulerian Multiphase (EMP) model in literature but called otherwise in STAR-CCM+. It is a two-fluid
model where each phase has its own set of conservation equations. This model is suited to flows where
each phase can be considered continuously mixed. Although the air-water mixture around a ventilating propeller could be classified as a dispersed flow, it is mostly separated throughout the domain. As
such, the EMP model is not used for the simulation of a ventilation propeller. Typical examples for the
Eulerian Multiphase model are bubble columns and mixing vessels. Both phases can move at different
velocities (in magnitude and direction), the slip velocity is taken into account [Siemens Product Lifecycle
Management Software Inc., 2018b,a].
The VOF model, on the other hand, is suited for multiphase flows where the two fluids are clearly
and sharply separated, examples are floating ships and tank sloshing. Hence, it is widely used for engineering applications in the marine industry. VOF is a one-fluid model and assumes that all phases in a
cell share velocity and pressure. This means that there is no relative/slip velocity between the phases at
the interface [Siemens Product Lifecycle Management Software Inc., 2018b,a].
The Mixture multiphase (MMP) model is a simplified EMP model. It is used for suspension flows
and assumes a homogeneous single-phase flow. Therefore it can be used with a coarser grid, since it
doesn’t need to resolve a sharp interface between the phases. Hence, it is not relevant for the simulation
of a ventilating propeller with a free surface of water and air [Siemens Product Lifecycle Management
Software Inc., 2018b,a].

Volume of Fluid (VOF) model
The VOF model is an Eulerian interface-capturing method that predict the distribution and movement
of the interface between the water and air by looking at the phase volume fraction αi that is present in
a mesh cell. As said, VOF assumes that all phases share velocity and pressure, hence the inter-phase
interactions are not modelled. That is, the VOF model doesn’t distinguish two fluid velocities, but the
mixture (mass-averaged) velocity.
The fluid properties in a cell containing a mixture and the distribution of the phases are described
by the phase volume fraction. The volume fraction can be expressed as the volume of the phase divided
by the total volume of the cell, see Equation 3.18 [Siemens Product Lifecycle Management Software Inc.,
2018a, Mirjalili et al., 2017, Ishii and Hibiki, 2011, Prosperetti and Tryggvason, 2007]
αi =

Vi
V

(3.18)

where Vi is the volume of phase i in the cell and V is the total volume of that cell. The cell is completely
filled with phase i when αi = 1. When the volume fraction is not equal to one the cell is filled with both
phases. The location of the free surface is defined at the position where αi = 0.5. This mean that the
grid cell contains an equal amount of water and air. The volume fraction is used for the calculation of
the material properties in a cell containing a mixture, e.g. the mixture density ρ = Σi ρi αi . With these
properties, VOF solves only a single set of conservation equations. In contrast with two-fluid models,
where the transport equations are solved for each phase individually.
The advantage of VOF in STAR-CCM+ is the possibility to set up a flat wave using the VOF Wave
model that is available in the software. A flat wave represents a calm water surface. Setting-up the free
surface with both fluid phases, the initial fluid level and corresponding conditions at the boundary, is
convenient. The VOF Waves model is used to initialize the hydrostatic pressure field and is used for
applying the correct hydrostatic pressure at the boundaries. Hereby, waves that arise due to interaction
with the propeller are not restricted by the outlet boundary. The model is able to adapt the hydrostatic
pressure accordingly, instead of fixing the water level at a specific height.
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High-Resolution Interface Capturing (HRIC)
To maintain a sharp interface between water and air, the high-resolution interface capturing scheme is
used. This scheme is designed for tracking sharp interfaces and avoiding numerical diffusion. Simpler
higher-order schemes are not able to approximate the large spatial variations of the phase volume fractions
[Waclawczyk and Koronowicz, 2005, Waclawczyk and Koronowicz, 2006, Waclawczyk and Koronowicz,
2008].
Surface Tension
Califano [2010] examined whether neglecting the surface tension has influence on the propeller loads and
found that the differences are very small and seems not to modify the obtained loads during ventilation.
Anwar et al. [1978] did experiments on the formation of vortices at a horizontal pump intake and concluded that the surface tension do not affect the flow in an air-entraining vortex when the Weber number
(> 104 ) is high, see Equation 3.19. Because of these outcomes and the fact that simulations including
surface tension are more unstable and tend to diverge, surface tension is not taken into account in the
simulations of this thesis.
Weber number
We =

ρQ2 S
A2 σ

(3.19)

Here, Q is the volume flow rate, S is the tunnel submergence, A is the cross-sectional area of the intake
and σ = 7.28 × 10−2 is the water surface tension [Engineering ToolBox, 2004]. For the tunnel thruster
configuration, explained in Chapter 5, the Weber number is in the order of 106 .

3.4

Boundary Layer Treatment

Due to the presence of a solid boundary, the geometry of the propeller, the flow behaviour is different
from that of a free turbulent flow. The flow far away from the wall is dominated by inertia forces, but
close to the wall the flow is influenced by viscous effects [Versteeg and Malalasekera, 2007].
The mean flow velocity is therefore dependent on the distance y from the wall. To classify the different
regions dimensionless velocity u+ and distance to the wall y + are introduced:
u+ =

U
=f
uτ



ρuτ y
µ



= f (y + )

(3.20)

Here U is the mean flow velocity and uτ is the friction or shear velocity. At the wall the fluid velocity
is zero and close-by it is dominated by viscous effects. This is called the viscous sub-layer (y + < 5).
Assuming that the shear stress is equal to the wall shear stress τw and constant, a linear relationship
between velocity and distance from the wall can be derived as:
Viscous (linear) sub-layer
u+ = y + ,

y+ < 5

(3.21)

Further away from the wall (30 < y + < 500) both viscous and turbulent effects are important and the
law of the wall is applicable, see Equation 3.22. It is called the log-law layer.
Log-law layer
u+ =

1
ln(y + ) + B,
κ

30 < y + < 500

(3.22)

In here, κ = 0.4 is the von Karman’s constant and the constant B = 5.5 for smooth walls, both values
found from measurements. Versteeg and Malalasekera [2007] In the buffer layer (5 ≤ y + ≤ 30), neither
of the laws described are valid. When using wall functions in CFD simulations, as described below, it is
important to avoid y + -values in this region to obtain correct results.
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Wall treatment
STAR-CCM+ provides three types of wall treatment [Siemens Product Lifecycle Management Software
Inc., 2018a]:
• Low-y + — the low-y + wall treatment resolves the viscous sublayer, but requires a sufficiently fine
mesh in the near wall-region with y + ∼ 1.
• High-y + — the high-y + wall treatment uses wall functions to obtain the flow boundary properties
and does not resolve the viscous sublayer. It assumes the law of the wall in the near-wall cells and
therefore y + must be > 30 . The method is computationally less expensive, because it doesn’t need
such a fine mesh near the wall as compared to low-y +
• All-y + — the all-y + wall treatment is a hybrid method that uses the low-y + wall treatment for fine
meshes and high-y + for coarser meshes. It also estimates the flow quantities for wall-cells in the
buffer layer by a blending function, but despite that, the buffer region should be avoided.

3.5

Grid Techniques

The geometry of the propeller is constructed with the Siemens NX CAD software and is imported into
STAR-CCM+. The flow domain is constructed in the build-in CAD modeller and is divided into two
flow regions with interface boundaries separating the two. These flow regions are introduced:
• Rotating region: a cylindrical volume surrounding the propeller blades and (a part of) the hub.
• Static region: flow domain volume and all other parts of the geometry, outside of the rotating
region.
To simulate the motion of the propeller these regions are important. The rotating region can be solved
with either the Moving Reference Frame (MRF) model or a Sliding Mesh (SM) model. In the MRF
approach, motion is induced by adding a rotational or translational velocity vector in the region of
interest. The method can be implemented in both steady and unsteady solvers. SM will move the mesh
in the region of interest and is always transient due to the motion of the mesh over time. Both approaches
are discussed below. The flow regions can be seen in Figure 3.1 for an open water simulation example.
The yellow cylinder indicates the rotating region inside a large rectangular domain, the static region.

Figure 3.1: Rotating region in an open water configuration.
The fluid domain is divided into volumetric cells, the mesh. It is generated with build-in STAR-CCM+
methods. The rotating region consists of an unstructured mesh with rectangular hexahedral cells. To
capture the flow details adequately, grid refinements are implemented in regions with high velocity
gradients and in regions close to strong geometric curvatures. Step-wise grid coarsening is applied
towards the end of the domain to save unnecessary cells.
Prismatic cell layers are applied at the propeller wall geometry, in accordance to the wall treatment
method that is used, to capture the boundary layer correctly.
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Propeller motion and moving grid techniques
Moving Reference Frame
The Moving Reference Frame (MRF) is a method that induces the rotational velocity of the propeller
in the rotating flow region. It does not move the grid itself. When calculating steady-state, in turbomachinery, it is often referred to as the frozen rotor approach. The Navier-Stokes equations are written
~ × ~r.
with respect to a rotating reference frame. The rotating velocity of the coordinate system is ω
~ =Ω
The relation between the velocity in the rotating coordinate system ~vr and the static coordinate system
~v can be written as [ANSYS, 2009, Sipilä, 2012, Fox and McDonald, 2002]:
~ × ~r
~vr = ~v − Ω

(3.23)

Since the mesh remains at a fixed location, MRF does not take into account the movement of the rotating
region with respect to the static region. The solution will give the flow field of that specific propeller
position.
STAR-CCM+ does not recommend using MRF in combination with a free surface, it will give nonphysical behaviour, also for transient calculations. This was also found in simulations, discussed in
Chapter 4. On top of that, ventilation is a time-dependent behaviour and should certainly be solved
transient. Otherwise unsteady effects are not taken into account and it is therefore not sufficient enough
to capture the free surface deformation and air suction.
However, without a free surface, the MRF method is used to derive quantities such as the water flow
velocity inside a tunnel thruster. It takes much less computational time, while giving a satisfying initial
result. MRF is used to compute an initial flow field that is used for the transient sliding mesh method
and to calculate open water propeller coefficients [Siemens Product Lifecycle Management Software Inc.,
2018a, ANSYS, 2009]
Sliding Mesh
In a transient simulation the sliding mesh (SM) method is used to adjust the mesh inside the rotating
region at each time step. This yields a more accurate result than the MRF method, since the effect of
changing geometry is taken into account. The ventilation phenomenon cannot be solved adequately by
using a frozen geometry, since the whole phenomenon of exiting and re-entering the water is not taken
into account. For this reason, the sliding mesh method is used in the ventilation propeller simulations,
despite the fact that it is much more computationally time-consuming. During the calculation the cell
regions slide relative to one another along the mesh interface of the rotating region in discrete steps. The
size of these steps is dependent on the time step size and is explained in Chapter 4.
For simulation of free surface flows in combination with VOF and HRIC, it is important to maintain
a favourable convective Courant number (CFL) for the HRIC scheme to track the free surface position
accurately [Siemens Product Lifecycle Management Software Inc., 2018a, Jayanti, 2018, Wendt, 2009].
The CFL number is defined as:
u∆t
(3.24)
∆t
In here u is the velocity magnitude, ∆t is the time step size and ∆x is the length interval, in this case
the minimum cell edge length.
CF L =

The choice of the time step is a compromise between the simulation time and the accuracy of the result.
The HRIC method is optimized for time step sizes corresponding to CF L < 0.5. This can be too
restrictive, especially for ventilating phenomena that need very long time to develop compared to the
rotational velocity of the propeller. The time step is chosen with care and must be chosen as such, that it
captures the transient behaviour of the flow. It is governed by the transient phenomena being modelled.

3.6

Boundary conditions

This section briefly describes the boundary conditions that are used in the cases discussed in the following
chapters [Siemens Product Lifecycle Management Software Inc., 2018a, Versteeg and Malalasekera, 2007].
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Velocity inlet
The inlet face velocity is specified directly at the inlet boundaries. For the VOF wave model, a distinction
is made between the velocity of the current and the wind. In the case of propeller simulation both current
and wind are equal. It gives the impression as if the ship is sailing through the water encountering drag
from both the air and the water. Both phases have equal velocity in the whole domain at initial conditions.
Interface plane
The interface plane boundary conditions is applied at the interface between the two computational
regions, the rotational and static region. In the tunnel thruster additional zero-thickness surfaces —
baffles— are constructed at the entrance and exit. It is used for monitoring the flow rate at the tunnel
in- and outlet.
When building the mesh, the grid cells are aligned with these interfaces on both sides. The interface
permits the continuum quantities to pass from one region to another, similar to regular adjacent cells.
Wall
At the wall boundaries a no-slip condition is applied. It means that the velocity at the wall is equal to
zero. Boundary layer and wall treatment is already described in Section 3.4.
Pressure outlet
The pressure outlet boundary represents a flow outlet where the static pressure is specified. In case of
flow entering the domain at a pressure outlet, the pressure applied by the solver is adapted, this backflow
specification method is called ‘Environmental’ method in STAR-CCM+.
By default, the incoming flow enters the domain in the direction orthogonal to the boundary surface,
called the ‘boundary normal’ method. On the other hand, when the pressure outlet is applied at a
boundary where the flow is known to be parallel to the boundary, the flow direction is extrapolated from
the interior of the domain. For example, this is the case at the top boundary of the tunnel thruster
computational domain.
In simulations with a free surface, the hydrostatic pressure is applied at the boundary, as calculated by
the VOF Wave model.
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External and internal flow validation
This chapter will discuss the validation of the simulation methods that are used. The simulations are
validated using both experimental results and previously obtained CFD computations.
First, the deformation of the water surface due to a surface-piercing cylinder using the VOF model is
examined. Secondly, open water (OW) propeller tests are executed with and without the free surface
for an open podded propeller and a Wärtsilä LMT-3510 thruster unit with nozzle. The open propeller
is compared with experimental results of Koushan et al. [2009] and CFD results of Yvin et al. [2017].
The thruster is compared with the experimental results obtained by Alterskjaer [2012], Savio [2013a,b]
(MARINTEK) on behalf of Wärtsilä. Thereafter, these propeller units are brought close to the surface
for ventilation phenomena to occur. The cases are external flow problems or a combination of internal
and external flow for the thruster unit.

4.1

Free surface deformation: surface piercing cylinder

To have a better insight in the flow behaviour of the free surface due to an obstruction similar to a
propeller shank, a cylinder piercing the free surface is considered. Several papers looked into similar
situations and executed experiments and CFD calculations [Paik et al., 2008, Roulund et al., 2005, Suh
et al., 2011]. Shao et al. [2013] presented results of a LES simulation, for example.
Ducrocq et al. [2017] performed experiments of the flow around a cylinder and did unsteady RANS simulations. The surface piercing cylinder is standing on the bottom of a flume. They compare experimental
results from the Institute of Fluid Mechanics of Toulouse (IMFT) with CFD calculations in OpenFOAM
with Re-Normalization Group (RNG) k- and k-ω SST turbulence model. The free surface position is
determined by the VOF model.
Rosetti et al. [2013] performed experiments of a cylinder that is not positioned on the bottom of a flume.
Despite the finite depth and width of the flume, these cylinders are somewhat comparable to a propeller
shaft piercing the free surface.
Ducrocq et al. [2017] investigated the flow around a free surface piercing cylinder. The aim of their
work was to gain a better understanding of the flow behaviour in environmental systems such as fish
ways. They tested several flow discharges and slopes. The free surface deformation that have been
observed at the experiments are also expected to occur at some extend around a propeller shank. The
scenario that is simulated in this thesis has an inflow velocity of UC = 0.63 m/s with a cylinder diameter
of 4 mm. Here, the Froude number is F r = 1.0. In this simulation the free surface deformation is
clearly visible. The free surface deformation and the computational mesh is given in Figure 4.1. The
computational domain is identical to the experimental flume. The mesh is refined in the cylinder wake
region. The colours indicate the free surface deformation relative to the cylinder diameter. The run-up
height in front of the cylinder and the depression depth are clearly visible.
The velocity of the flow at the free surface, can be seen in Figure 4.2. Here, the black lines indicate the
planes of which the corresponding velocities fields are plotted in Figures 4.3 and 4.4. The simulation results -blue lines- are compared with experimental and CFD results of Ducrocq et al. [2017]. The velocity
fields are averaged over the water depth.
Overall, the CFD results are in agreement with the experimental results of Ducrocq et al. [2017]. Upstream of the cylinder the velocity profile match the experimental outcomes. The experimental measurements in the recirculation zone behind the cylinder show a highly non-uniform flow velocity and,
according to Ducrocq et al. [2017], can be explained by the vertical averaging process thereof. The CFD
results have similar bandwidth as the experiments. Looking at the transverse velocity profiles in Figure
4.4, the CFD results are slightly too high at the outer region of the flume, but better capture the wake
The modelling of air entrainment in marine propellers using CFD simulations
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Figure 4.1: Free surface deformation surface piercing cylinder.
x/D = 1

x/D = 3

y/D = 1.5
y/D = 0.5
y/D = 0

Figure 4.2: Velocity at the free surface relative to the inflow velocity Uc
further away, at x/D = 3, than CFD results of Ducrocq et al. [2017]. The consistence between the
experiment and model settings shows that RANS and VOF are suitable for capturing these free-surface
deformations.
Due to limitations of wave damping of the STAR-CCM+ software in combination with the narrow flume,
unrealistic waves do arise in the outer regions of the computational domain. They are produced by the
interaction between the free surface and the domain boundaries of the flume. A brief explanation on this
topic including CFD results can be found in Appendix A.
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Figure 4.3: Longitudinal velocity profiles in the x-direction for various spanwise positions.
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Figure 4.4: Transverse velocity profiles in the y-direction for various streamwise positions.
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4.2

Podded Propeller

To gain insight in the propeller performance and air suction from the water surface, CFD simulations are
executed at several submergence depths. The geometry that is used is a four-bladed right-handed open
propeller with a diameter of 250 mm connected to a pod. This specific geometry is chosen, because it is
used by Koushan [2007], Koushan et al. [2009] for their experiments. Later, Yvin et al. [2017] presented
a numerical study of the ventilation phenomenon based on the model tests of this podded propeller.
The CFD tests consists of:
• Open Water tests with the MRF method for J = 0.0 − 0.8;
• Transient SM tests including free surface at varying depth ratios, I = 3.0, 2.5, 1.6.
The open water submergence ratio is set to I = h/R = 3.0. The rotation rate is equal to 14 Hz and is
simulated with a time step corresponding to a 2◦ angular blade rotation. The geometry can be seen in
Figure 4.5, the mesh is shown in Figure 4.6. The mesh is refined in the region near the propeller geometry
and along the free surface. The CFD simulation solves incompressible unsteady RANS equations and
turbulence is modelled with the SST k − ω turbulence model with all y + wall functions.
The results of the thrust coefficient KT and the torque coefficient 10KQ are compared with experimental parameters, obtained by Koushan et al. [2009].

Figure 4.5: Geometry of propeller Yvin et al. [2017]

Figure 4.6: Mesh of propeller Yvin et al. [2017] with free surface
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Open Water, no air-entrainment
The open water curves of the experiments of Koushan et al. [2009] —dashed lines— and CFD MRF
simulations —solid lines— executed for this thesis can be seen in Figure 4.7. The thrust and torque
follow the same trend as the experimental results but are both under-predicted over the whole range.
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Figure 4.7: Propeller coefficients versus advance ratio at 14 Hz of CFD and experiments.
The points, in Figure 4.7, are time-averaged results of a transient SM simulation with free surface. A
close up can be seen on the top left for 10KQ and bottom left for KT P . The time-step size is equal to
2◦ of propeller rotation. No significant difference was observed on thrust and torque for a time step twice
as small (1◦ ), both in the simulation in this thesis and that of Yvin et al. [2017].
The hydrodynamic force data points that can be seen in the figure are derived as follows: the moving
average of one revolution is calculated for the final twenty revolutions. These values are again averaged
to find the mean value of the data point, with error bars indicating the minimum and maximum values
of the moving averaged signal.
Although the OW curves were under-predicted, the transient results lie within range of the experiments. Submergence I = 3.0, used by Yvin et al. [2017], and experimental submergence I = 2.5 both
agree with the results. In Figure 4.7, the points are almost on top of each other. Hence, the propeller
coefficients are not influenced by the submergence if the propeller operates in normal OW conditions.
Results for I = 1.6 are discussed in the following section.

Ventilating Podded Propeller
The experiments have the largest thrust breakdown at J = 0.2 with submergence ratio h/R = 1.6.
A transient simulation was executed for this inflow velocity. The propeller coefficients can be seen in
Figure 4.7. Although their mean values have not dropped as much as compared with the experimental
results with and without ventilation, the bandwidth is large, from -12.1% to 11.8% for 10KQ and from
-10.3% to 10.0% for KT P . Experimental results were obtained after the ventilation pattern was stable,
what took over 400 rotations. Yvin et al. [2017]. Hence, with current CFD methods and resources, it
is too time consuming to reach those revolutions. Although the current result was not able to match
experimental values, the simulation method can be used to predict the occurrence of air-entrainment. A
typical ventilation pattern can be seen in Figure 4.8. Several flow patterns are noticeable in both the
experiment as the simulation:
• An air vortex stretching out from the hub of the propeller.
• Air shedding from the tip of the propeller in a cylindrical pattern continuing in the flow direction.
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The difference that can be seen and can be the reason why propeller coefficients are over-predicted by
the model, is the amount of air that is in region of the propeller. In the model, the air is detached
from the blade much earlier and does not fill the whole outer tip range of the blades over a full rotation.
Further away from the propeller, air seems to dissolve in the simulation, this is because the mesh size
coarsens downstream, see Figure 4.6. The volume fraction of water in the rotating region is αw = 0.96.
So, a small amount of air is present in close region to the propeller. The total volume of the rotating
region is 5.44 L, it contains 5.20 L of water and 0.24 L of air.

Figure 4.8: Ventilation pattern of podded propeller after 80 revolutions. Left-upper corner: experimental
photo taken by Koushan et al. [2009].

4.3

Wärtsilä LMT-3510 Thruster

Experimental model test results of the LMT-3510 thruster unit are available at Wärtsilä [Alterskjaer,
2012, Savio, 2013a,b]. They performed model scale tests in open water and model tests close to the free
surface where ventilation is occurring. This model is chosen, because flow behaviour inside the nozzle is
expected to behave in a similar way as a tunnel thruster in close region of the propeller itself. Despite
the short length of the nozzle, the flow inside the unit is bounded and could be seen as an internal flow.
The thruster is simulated in STAR-CCM+ to compare the results with the experimental outcomes.
Turbulence is modelled using the k-ω SST turbulence model. The geometry can be seen in Figure 4.9
and the mesh with free surface in Figure 4.10. The model has a diameter of 250 mm, in full scale this
thruster has a diameter of 3919.5 mm.

Figure 4.9: Geometry of Wärtsilä LMT-3510 thruster
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Figure 4.10: Mesh of Wärtsilä LMT-3510 thruster with free surface

Open Water, no air-entrainment
The propeller coefficient curves are simulated in OW conditions with the MRF method. Two rotational
speeds were tested, 10.8 and 16 Hz. The propeller coefficients resulted from the CFD calculations are
compared with the experimental outcomes, as can be seen in Figures 4.11a and 4.11b. In the experiments
KT pod is the thrust coefficient of the pod, shank and nozzle combined and is defined as the difference of
the total thrust and the propeller thrust (KT pod = KT tot − KT P ). In CFD these thrust contributions
are calculated individually. The curves are a forth order polynomial fit of varying advance ratios from
0.0 to 1.1 with step-size of 0.1.
The CFD results are in reasonable agreement with the experimental outcome for the range of operation (J = 0.0 − 0.6). CFD results follow a similar trend and are in equal order of magnitude. Although,
for example, KT pod at 16 Hz its prediction is too high over the whole range, while KT P is under-predicted
at the first half and over-predicted at the second half. A typical convergence plot can be seen in Figure
4.12. The calculation is stopped when the torque and thrust values do not differ more than 1% of the
mean value for the final 500 iterations. So, the total number of iterations is not the same for every
advance ratio.
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Figure 4.11: Propeller coefficients versus advance ratio of CFD simulations and experiments
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Figure 4.12: Iteration convergence at J = 0.2 and 10.8 Hz.

Ventilating Thruster
The experiments that were executed by Alterskjaer [2012], Savio [2013a,b] on behalf of Wärtsilä examined propeller coefficients at J = 0.334 for two submergence depths, with and without air-entrainment
at a rotational velocity of 12 Hz. The transient simulations results agree with experimental data for
I = h/R = 1.75, as can be seen in Figure 4.13. The thruster was submerged deep enough, no ventilation
did occur, and propeller coefficients match the OW curves.
This is different for I = 1. At this submergence, the undisturbed free surface is located at the propeller blade tip. The propeller coefficient KT P obtained by CFD simulations are in range with the
experimental results. KT P fluctuates in between -19.4% and 23.6%. However, the torque coefficient was
over-predicted, and has large fluctuations, from -22.5% to 27.4%. These fluctuations are larger than that
of the podded propeller. The reason for this could be because it is closer to the free surface; more air is
trapped into the nozzle, resulting in a harsh flow regime and break-up of air.
Due to the ventilation, thrust breakdown did occur. It dropped from KT P = 0.24 to 0.14, which is a
decrease of 44% in propeller thrust. The volume fraction of water in the rotating region is αw = 0.73.
So, a significant amount of air is present in close region to the propeller. The total volume of the rotating
region is 2.85 L, it contains 2.08 L of water and 0.77 L of air.
The air entrainment into the thruster unit for a submergence ratio of I = 1 and 1.75 can be seen
in Figure 4.14. On the left hand side, for I = 1, the air enters the nozzle, due to the suction of the
propeller and moves downwards along with the blade rotation. The air is trapped due to the nozzle
acting as a internal flow barrier for the air to escape sideways. Much more air is inside the rotating
region, compared with the results of the podded propeller, in Figure 4.8. This resulted in a higher propeller coefficient drop, compared to the open propeller. Much more air is spread along the whole outer
propeller region.
On the right hand side, for I = 1.75, a small amount air entrainment is occurring. The blades passing
at the top catch the air, where it breaks-up. Due to the presentation of the iso-surface at αw = 0.5, it
looks like there is no air in the rotating region, but a very small amount is present. It contains only 8.86
mL of air.

Overall, the simulation method is capable of predicting the occurrence of ventilation and thrust breakdown. The propeller thrust coefficient is in the range of the MARINTEK experimental result, but torque
is over-predicted. Thus, ventilation has a higher impact on the propeller performance than could be found
by CFD simulations. The air that was sucked down into the propeller, detached from the blade earlier
in the rotation compared to the experiments. Less air in close region of the propeller resulted in higher
propeller thrust and torque. Despite these propeller over-predictions, the free surface was adequately
captured, as was shown with the surface-piercing cylinder. For this reason, the VOF model is sufficient
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Figure 4.13: Thruster coefficients for experiments and CFD
for the purpose of predicting air entrainment into a submerged tunnel. Though, one must realize that
the exact propeller performance parameters cannot be captured. Their outcomes give an insight in the
performance of a thruster unit relative to its non-ventilating counterpart.
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(d) I = 1.75, back view

(c) I = 1, back view

Figure 4.14: Ventilation in thruster unit, iso-surface αw = 0.5

(b) I = 1.75, side view

(a) I = 1, side view

CHAPTER 4. EXTERNAL AND INTERNAL FLOW VALIDATION

The modelling of air entrainment in marine propellers using CFD simulations

Chapter 5

Tunnel Thruster
Tunnel thrusters are installed in the hull of a ship, either positioned at the aft and/or bow of the ship
to generate lateral propulsion. In this chapter, first, an theoretic submergence depth will be derived
according to Brix [1993]. Second, an explanation of the STAR-CCM+ simulation set-up and relevant
boundary conditions will be discussed. Furthermore, the parameter values that will be examined, are
explained. At last, the CFD results of the tunnel thruster will be discussed. The existence of ventilation
inside the tunnel is predicted by the method of Brix [1993] and compared with CFD results for varying
submergences and tunnel diameter variations.
The submergence depth required to avoid air suction can be expressed as a function of the Froude
number, based on the velocity and diameter at the tunnel entrance. The Froude number definition used
here [Tukker and Kooij, 2012]:
vJ
F rD = √
gD

(5.1)

In here, vJ is the velocity at the tunnel entrance and D is the tunnel diameter.

5.1

Air drawing of jet thrusters by Brix [1993]

The manoeuvring technical manual of Brix [1993] is widely used in the marine industry for the determination of design parameters. In the manual a method is explained to determine the minimum tunnel
submersion to avoid air drawing into the tunnel. From the Bernoulli Equation 5.2, the pressure along
the water surface can be determined. The surface deformation can be seen in Figures 5.1 and 5.2 (view
from above).

Figure 5.1: Surface deformation induced by the entrance flow of a jet thruster. Taken from Brix [1993].
Standard Bernoulli-equation at a point on a streamline:
2
1
2 ρv

+ ρgz + p = const

(5.2)

At position 1, far away from the tunnel, the flow has no velocity. The pressure at the water surface is
equal to the atmospheric pressure and can be left out of the equation. The Bernoulli Equations reduces
to:
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Figure 5.2: Hemispherical inflow into the tunnel, as seen from above. Taken from Brix [1993].

p1 = ρg(r0 + e)

(5.3)

Where r0 is the tunnel radius and e is the undisturbed water height from the top of the tunnel.
At position 2, close to the tunnel, deformation of the water surface occurs. Position 2 is located at
the half circle with radius r, as seen from above in Figure 5.2. The Bernoulli Equation at this point
becomes:
 r 4
0

v02
(5.4)
r
Due to continuity, velocity vr can be expressed in terms of v0 . The derivation can be seen in Appendix
B.1.
p2 = ρgh + 21 ρ

Equalizing Equations 5.3 and 5.4 with ∆p = 0 at the water surface, the surface deformation e0 can
be expressed as:
e0 =

1  r0 4 v02
2 r
g

(5.5)

In here e0 = r0 + e − h.
When the surface deformation is larger than the submergence of the tunnel, air will start to flow into
the tunnel. This is at the point where e0 > e, and r0 > r. This critical submergence can be expressed
as characteristic dimensionless number by substituting the Froude-number into Equation 5.5. In here,
vJ = 2v0 is the effective jet velocity inside the tunnel and D = 2r0 is the tunnel diameter. Again, the
derivation can be seen in Appendix B.1. The normalized surface deformation becomes:
1  r0 4 2
e0
=
F rD
D
8 r

(5.6)

Brix [1993] executed experiments to test the derived critical submergence for various tunnel submersions
and effective jet velocities vJ . The experiments are performed at model scale 1:20 of a twin bow thruster
with full scale diameter of 2.0 m. From his experimental results, the minimal submergence that is
recommended for full-scale is equal to:
e
= 0.35F rD
(5.7)
D min
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As comparison, a brief overview of submergence relations for pump entrances and reception cellars is
given in Appendix B.2. All submergence relations that are presented suggests a deeper submergence to
prevent air suction.
For clarification, the submergence S is defined as the distance between the water line and the centreline
of the tunnel, the propeller axis. The recommendation calculated by Brix [1993], is the distance between
the water line and the top of the tunnel, from now on called ‘Brix’ submergence e, see Equation 5.8.
S = e + 21 D

(5.8)

The calculation of the critical ‘Brix’ submergence of an existing Wärtsilä tunnel thruster is given as
example, both the theoretical ‘Brix’ submergence as the recommended value for full-scale can be seen in
Table 5.1. The derived relations are plotted in Figure 5.3. The hatched area indicates the typical range
of operations for tunnel thrusters. Wärtsilä recommends shipyards to use a minimum submergence of
e = 0.5D for optimal operations. In the range of operation, the critical ‘Brix’ submergence is always
lower than that recommendation.
Table 5.1: Example calculation of the critical Brix submergence of a tunnel thruster.
Quantity
D [m]
ρ [kg/m3 ]
g [m/s2 ]
Q [m3 /s]
F rD
e0 /D
emin /D

Value
1.785
1025
9.81
18.5
1.72
0.371
0.603

Tunnel critical submergence ratio

1.5

Brix (1993) - Eq. 5.6
Brix (1993) - Full scale recommendation
Brix (1993) - Model test, beginning of air drawing
Brix (1993) - Model test, fully developed air drawing

e/D

1
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0

0
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1.5

2
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3

Fr D

Figure 5.3: Critical submergence of Wärtsilä thruster.

5.2

Tunnel thruster simulation set-up

The numerical simulations of a tunnel thruster have been carried out using Siemens STAR-CCM+ 13.04
software. The thruster geometry is imported, and the tunnel and domain are constructed in the build-in
CAD modeller.
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Geometry
The propeller that is used in this research is a five-bladed fixed pitch thruster unit with a diameter of
1750 mm, having a tip clearance of 1% of Dprop . It is located in a tunnel with inner diameter of 1785
mm. The midpoint of the propeller is positioned 1D after the tunnel entrance, as is recommended by
Wärtsilä, and can be seen in Figure 5.4. The rotating region planes are located around the propeller.
The planes close to the tunnel entrance and exit are used for the monitoring of the mass flow. The
mesh including free surface can be seen in Figure 5.5. The mesh is refined at the tunnel entrance and in
the nearby propeller region. The mesh contains ∼ 15.5 million cells, of which ∼ 4.7 million cells in the
rotating region and ∼ 10.8 million cells in the static region.
For Brix [1993] his theory, a 90◦ tunnel entrance angle is assumed. In first instance, this geometry
was also used in the simulations. This sharp angle resulted in questionable large separation at the
beginning of the tunnel. Therefore, simulations with other entrance geometries are examined, to see
their effects on the free surface deformation at the tunnel entrance. This is elaborated in more detail
in Section 5.3. Separation is already reduced significantly with a round edge with a radius of 1% of the
tunnel diameter. Therefore, this geometry has been used in the simulations with various diameters.

Figure 5.4: Geometry of the Wärtsilä tunnel thruster.

Figure 5.5: Mesh of the Wärtsilä tunnel thruster with free surface refinement
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Domain, boundary and initial conditions
The computational domain consists of two large blocks that are connected with a tunnel. As said, the
thruster unit is located inside this tunnel. In the simulations, the flow that is drawn into the tunnel will
flow over the propeller first. The block that is connected to the tunnel inflow is called the inflow domain.
The jet flow that is generated will flow into the second block, the outflow domain.
The inflow domain is a rectangular block with l x w x h of 12D x 24D x 24D. The outflow domain is similar to the inflow domain, but twice as long. Its dimensions are l x w x h is 32D x 24D x
24D. These dimensions are chosen as such that the interior tunnel flow behaviour is unaffected by the
size of the outflow domain. The outflow phenomena of the tunnel are not of interest for this research,
but the location of the outflow pressure boundary can have an influence on the computational results.
If the boundary is placed too close to the propeller it may range across a wake region with recirculation.
Hence, it is necessary to position the outlet at a sufficient distance from the tunnel exit.
The undisturbed free surface is located in the middle of the block, at a height of 12D. The tunnel is
connected to the domain, located at case-dependent submergence below the free surface, see Figure 5.6.

Ri
g
ht
Fr
o
nt

Figure 5.6: Simulation domain of the tunnel thruster.
The front, bottom and right boundaries (blue) are velocity inlets according to the VOF wave velocity
vector. The top, back and left boundary (green) are pressure outlets. The boundary connected to the
tunnel is simulated as an infinitely large ship hull with a corresponding wall boundary condition.
Initial conditions
A free surface is initialized using the VOF Wave model in STAR-CCM+. Hereby, the undisturbed free
surface height and the inflow velocities are specified. Tunnel thrusters are mostly used for lateral ship
movement and rotation and are used when a ship is in bollard condition. Therefore, a flat wave with
current and wind vectors [x, y, x] = [0.0, 0.01, 0.0] m/s is used. The velocity in y-direction is not equal
to zero to enhance stability of the simulation.

Turbulence model
As explained in Chapter 4, the SST k-ω turbulence model was used for the simulations of the podded
propeller of Yvin et al. [2017]. In case of numerical simulation of the full-scale tunnel thruster, the realizable k- turbulence model is used. This model is less sensitive to flaws in the grid and takes less time to
converge compared to the SST k-ω model. Because the realizable k- turbulence model is computational
less demanding, and it is expected to yield results of adequate accuracy, this model is used for the tunnel
thruster simulations [C. Cannavacciuolo and M. Bijlard, personal communication, December 11, 2018].
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The realizable k- turbulence model uses the all-y+ wall treatment, as explained in Section 3.4.

5.3

Tunnel entrance geometry

In this section, several tunnel entrance geometries are examined to have a look at the free surface
behaviour at the tunnel entrance due to difference in the edge design. The designs that are tested are
the following:
• 90◦ edge;
• Round edge, 1% of tunnel diameter.
• Round edge, 10% of tunnel diameter, also recommended as best intake geometry by Wärtsilä for
their tunnel thrusters.
• Chamfer edge, 2D horizontal length at 30◦ inclination. Mostly used as intake entrance geometry in
ships.
The geometry variations can be seen in Figures 5.7 and 5.8. In here, all four variations can be seen.

Figure 5.7: Tunnel entrance geometries
To find out whether there will occur a difference the performance and ventilation pattern of the tunnel
thruster, a submergence of 0.75D has been chosen. The diameter of the tunnel is 1785 mm. Propeller
thrust and power have a similar order of magnitude for all four designs. The quantities can be seen in
Figure 5.9. In these figures, the moving average is shown. The averaged quantities show an oscillating
behaviour. A remarkable difference between the 90◦ edge and all other geometries is the frequency at
which this behaviour occurs. The rounded edges have a similar behaviour, although the 10% edge is
slightly lower. On the other hand, the amplitude and the height of the chamfer edge is lower propeller
properties are lower over the whole range.
The ventilation patterns of the 10% rounded edge and the chamfer edge are somewhat similar. Air is
flowing into the tunnel, but does not move downwards along the tunnel walls before reaching the propeller
blades. The flow behaviour at the 90◦ edge geometry is very different. Due to the separation zones,

(a) Edge 90◦

(b) Round 1%

(c) Round 10%

(d) Chamfer 30◦

Figure 5.8: Tunnel entrance variations
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Figure 5.9: Propeller thrust and torque for tunnel entrance variations
there exist a thin region of air around the whole tunnel wall before reaching the propeller blades. When
monitoring the start-up phase of the simulation, air starts to enter the tunnel and spreads around the
walls. In Figure 5.10a, this whole region is already filled with a thin layer of air. This behaviour is also
present in some extend at the 1% rounded edge. The flow velocity is close to zero and therefore the air
is ‘trapped’ in these regions. The velocity profiles at middle plane and ventilation inside the tunnels can
be seen in Figures 5.10 and 5.11 respectively. In these figures, these velocity regions are clearly visible,
indicated by a negative velocity in the x-direction. Due to the larger rounding of the tunnel edge at the
chamfer and 10◦ edge, these zones do not arise. The streamlines are able to follow the geometry change
and do not detach at the edge.
In Figures 5.10c and 5.10d it can be seen that the air entering the tunnel has a much larger velocity than
water. Here, the VOF model may not be able track the interface correctly, because slip-velocity is not
taken into account. Due to large velocity differences, slip could have a significant influence in this area.
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(d) Chamfer 30◦

(c) Round 10%

Figure 5.10: Velocity profiles at middle plane for varying entrance geometries

(b) Round 1%

(a) Edge 90◦
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(d) Chamfer 30◦

(c) Round 10%

Figure 5.11: Ventilation in tunnel thruster, for varying entrance geometries, iso-surface αw = 0.5

(b) Round 1%

(a) Edge 90◦
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5.4

Parametric study of submergence

The tunnel thruster simulation set-up described in Chapter 5.2 will be used to test the performance of the
thruster for several submergence depths, related to Brix [1993] submergence criteria. Due to simulation
time, the scenario’s that can be simulated are limited. The parameters of interest are the submergence
depth and tunnel inflow velocity.
The depths that are of interest can be seen in Table 5.2 expressed in terms of tunnel diameter (D = 1785
mm). Wärtsilä recommends a submergence of 0.5 − 1Dprop . Brix [1993] gives a full-scale recommendation of 0.603D and the critical ‘Brix’ submergence is 0.371D. A submergence of 0.35D has been chosen
for testing the prediction of Brix [1993] in CFD, since it is just below the submergence predicted by
Brix [1993] and no ventilation should occur. To have a look on the behaviour of a tunnel thruster when
ventilating, also a submergence below the predicted value has been tested, e = 0.25D.
The tunnel mass flow for calculating the Brix submergence recommendation (Equation 5.6) is obtained
from a MRF simulation without the free surface. The obtained mass flow for a SM simulation with a
free surface and without ventilation showed a slightly higher mass flow: 1.850 · 104 kg/s (MRF) and
1.865 · 104 kg/s (SM) respectively. According to the critical submergence relation (Equation 5.6), the
test cases are more likely to ventilate. They are positioned closer to the free surface than what would’ve
been derived from the equation when using the higher mass flow.
Table 5.2: Parametric Submergence depths
Brix submergence e
0.5 − 1Dprop
0.603D
0.371D
0.35D
0.25D

Note
Wärtsilä recommendation
emin of Brix [1993]
e0 of Brix [1993]
Test case without ventilation
Test case with ventilation

The thrust generated by the thruster and the power absorption will change when air drawing takes
place. Therefore, these quantities will be used to qualify whether the tested submergence depth is still
large enough for the desired thruster operation. The cases are executed as time-dependent -transientsimulations, with a rotating mesh region located around the propeller blades inside the tunnel, as can
be seen in Figure 5.4.

5.5

Froude similarity

Based on the Froude number, Equation 5.1, the submergence for different tunnel diameters can be
examined. For a chosen tunnel diameter and equal Froude number, thus equal submergence, the required
tunnel velocity can be found. A tunnel diameter of 1275 and 3060 mm have been chosen, corresponding
to a propeller diameter of 1250 and 3000 mm respectively. The required tunnel inflow velocities have
been calculated using Brix submergence Equation 5.6, see Table 5.3 and Figure 5.12. According to the
theory, ventilation will occur at velocity and submergence combinations below the critical line, as is
indicated with the black arrows. For all combinations above the line, no air entrainment will take place.
Table 5.3: Froude similarity test cases
Propeller Diameter [mm]
1250
1750
3000

Tunnel Diameter [mm]
1275
1785
3060

Req. vj [m/s]
6.1
7.2
9.4

RPM
430
375
278

The tunnel inflow velocity cannot be chosen in a CFD simulation. The rotating propeller will generate
the tunnel mass flow; this is dependent on the chosen rotational speed. By executing MRF simulations
without a free surface, a RPM has been found that resulted in the desired tunnel inflow velocity. In
the simulations the initial shaft speed is guessed using pump affinity laws, see Equations 5.9 and 5.10.
[Engineering Toolbox, 2003]. The mass flow through the tunnel is monitored and RPM is adapted
stepwise to obtain the desired inflow velocity.
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Figure 5.12: Critical submergence versus tunnel inflow velocity for tested tunnel diameters
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Ventilation behaviour of tunnel thruster

All three tunnel variations had a similar outcome: just below the the critical submergence (S = 0.85D)
no ventilation did occur. At a submergence of S = 0.75D they all had air entrainment in the tunnel.
From the outcome of these cases it can be said that there exists a similarity between these diameter
variations.
As was indicated in Figure 5.12, S = 0.80D is tested for D = 1785 mm. This is because S = 0.85D was
already tested with a tunnel entrance with 90◦ angle before and no ventilation occurred. An interesting
outcome of this lower submergence is the fact that there is some air inside the tunnel, as can be seen
in Figure 5.14a, the volume fraction is not equal to one. Hence, it has little effect on the propeller performance. The behaviour is similar as that of the non-ventilating S = 0.85D cases. Indeed, the propeller
performance is affected when air is in close region to the propeller, but the performance doesn’t drop
immediately.
The flow rate and averaged volume fraction of water for all scenarios can be seen in Figure 5.14a and
5.14b respectively. The flow rate is made dimensionless, to evaluate the behaviour of all three tunnels,
as follows [Engineering Toolbox, 2003]:
Q
K=
(5.11)
nD3
In here, Q is the flow rate, n are the rounds per second and D is the tunnel diameter.
All three tunnels have a similar behaviour with fluctuating flow rate and volume fraction for the first
50 revolutions. After 50 revolutions they start to increase, reaching the non ventilating case after which
they decrease again. This sudden increase in flow rate and volume fraction has been observed at all
three tunnel diameters. Whether it is a numerical issue or it is physical behaviour is uncertain. To
examine this behaviour, the simulations should be calculate much more propeller rotations. The case
with tunnel D = 1785 mm was simulated for 30 rotations more. Here, a flow rate increase is again
observed, although the rise is not as fast as after 50 rotations. The phenomenon has a decrease in air
entrainment, the volume fractions increases towards one. Hereafter, ventilation is increasing again and
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the volume fraction of water is decreasing.
The thrust signal of the simulation of D = 1785 mm is examined, a frequency plot is given in Figure 5.13. The signal is that is used, ranges from 20 to 40 propeller rotations. It is chosen such, that the
start-up phase and the mass flow increase phenomenon are not taken. The propeller rotational rate in
relation with the 5-bladed propeller is clearly visible as high peak in the figure. Whereas the signal of
a non-ventilating propeller showed no other significant peaks, the ventilating signal does. It has a wide
range of low frequencies that exists in the signal. Most of them not directly related to the rotational
rate. It could indicate some ventilation patterns, but the signal is too short to clearly distinguish the
peaks.
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Figure 5.13: Frequency plot of thurst signal of tunnel D = 1785 mm.
Propeller power and propeller thrust can be seen in Figures 5.15a and 5.15b for D = 1275 mm, in Figures
5.16a and 5.16b for D = 1785 mm and in Figures 5.17a and 5.17b for D = 3060 mm respectively. The
signals are averaged for one rotation. The simulation without ventilation has been simulated for sixty
rotations and when ventilation is occurring, the simulation is stopped after hundred simulations. The
propeller power and thrust for S = 0.75D are unstable and fluctuating over a broad spectrum. This
behaviour has also been seen at the podded propeller and the Wärtsilä thruster, Chapter 4.
When the volume fraction and flow rate increased, starting from 50 revolutions, less fluctuations in
propeller thrust and torque took place. They increased towards their non-ventilating counterparts. As
the propeller diameter increases also the amplitude of the fluctuations seems to increase, relatively to its
increase in size. It is not certain why this occurs. Although the volume fraction is in the same order of
magnitude, it has higher amplitudes and lower troughs. It means that more air is in the rotating region,
what could explain the increased fluctuations.
Flow behaviour inside the tunnel
The tunnel with diameter D = 1275 m is considered in more detail. All three cases had similar results,
no major differences were observed. The volume fraction for water can be seen in Figure 5.18. In the
side view (xz-plane) the fall of the free surface is clearly visible. The air is located near the tunnel walls,
as can be seen in the top view (xy-plane). Due to the left-handed rotation of the propeller, most air is
moved downwards along the left tunnel wall. To improve the sharpness of the interface, the mesh could
be refined in the region with cells containing a mixture (0.0 < αw < 1.0).
The deformation of the free surface and ventilation inside the tunnel can also be seen in Figure 5.22.
The flow velocitie in x-direction inside the tunnel can be seen in Figure 5.21. As already indicated by the
volumefraction the air is located alongside the tunnel wall in front of the propeller, breaks up due to the
propeller blades and continues mostly on the left hand side due to the direction of blade rotation. The
tunnel edge of 1% still has some separation zones, clearly visible in the velocity top view. The air tends
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Figure 5.14: Averaged volume fraction of water in rotating region and flow rate at tunnel inlet.
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Figure 5.15: Propeller power and propeller thrust for D = 1275 mm
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Figure 5.16: Propeller power and propeller thrust for D = 1785 mm
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Figure 5.17: Propeller power and propeller thrust for D = 3060 mm

(a) Side view

(b) Top view

Figure 5.18: Averaged volume fraction of water in rotating region

to locate inside these areas. When seen from above, the velocity profiles for S = 0.85D are uniform,
while for S = 0.75D, the flow behind the propeller is different at the location of air.
Pressure blade distribution
The air in close region influences the pressure distribution on the propeller blades. This determines the
propeller performance. As the ventilation is mostly located in the tip region of the blades a difference in
blade loading was observed, as can be seen in Figures 5.19 and 5.20. The streamwise position is zero at
the leading edge and one at the trailing edge. The pressure is corrected for the hydrostatic pressure.
The pressure blade loading at the blade section for 0.7R both cases agree. No significant differences
are observed due to ventilation. However, in the tip region a difference is observed. The blade section
at 0.97R is considered. Overall, the pressure along the blade section is higher on both the pressure as
suction side. It is also visible in Figure 5.20. In the scene on the right hand side, no ventilation did
occur, and all five blades have a similar pressure distribution. On the left hand side, air is in close region
of the propeller, as its location is indicated with the light gray area. Seen from suction side, the blades
facing 12 and 10 o’clock differ from the other blades in the tip region where the ventilation is located.
The varying blade loading along a propeller rotation can lead to vibrations of the propeller blades that
can negatively influence the performance even more.
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Figure 5.19: Pressure distribution at blade section.
The simulation outcomes showed that the critical submergence prediction theory is a valid method to
predict the occurrence of air entrainment into the tunnel. For the prediction, the mass flow that will be
generated, must be known. Using the computational cheap MRF method in OW, the mass flow can be
obtained for a given RPM. So, with the combination of a MRF simulation and the submergence theory,
a minimum submergence advice can be given for the placement of a tunnel thruster. Or, when the submergence of the tunnel is known, the maximum mass flow that can be obtained without ventilation can
be found. It can be translated into RPM values, similar to the simulation prediction method described
in section 5.5.
By means of a numerical acquisition the tunnels were scaled and rotational speed was adapted to obtain
similar Froude number for each case. Concluding for those three cases, D = 1250, 1750, 3000 mm, there
exists a similarity based on the Froude number. So, if the submergence of the tunnel is known, you can
easily find the critical velocities for a wide range of diameters.
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(a) Suction side, front

(b) Pressure side, back

Figure 5.20: Pressure distribution over propeller blades. Left: S = 0.75D, right: S = 0.85D.
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(d) S = 0.85D, top view

(b) S = 0.85D, side view

Figure 5.21: Velocity in x-direction in tunnel thruster.

(c) S = 0.75D, top view

(a) S = 0.75D, side view
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(d) S = 0.85D, front view

(c) S = 0.75D, front view

Figure 5.22: Ventilation in tunnel thruster, iso-surface αw = 0.5

(b) S = 0.85D, perspective

(a) S = 0.75D, perspective
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Chapter 6

Conclusion and Recommendations
By means of numerical simulation the present work aimed at testing the tunnel submergence theory of
Brix [1993] to gain more insight in the propeller behaviour during ventilation and suction of air into a
tunnel thruster. It gave insight for the placement of future tunnels and their operation.
The combination of the submergence depth, the tunnel diameter and the tunnel inflow velocity determines the deformation of the free surface. If the deformation equals the tunnel submergence, air will flow
into the tunnel towards the propeller blades.
The simulations are executed in STAR-CCM+ 13.04. The CFD methods use Reynolds-Averaged Navier
Stokes (RANS) equations to compute the averaged motion of the flow. The models that were used for
modelling the two-fluid flow with free surface are the Volume Of Fluid (VOF) method with the HighResolution Interface Capturing (HRIC) scheme. The VOF model is an Eulerian interface-capturing
one-fluid model and assumes that all phases in a cell share velocity and pressure. This means that
there is no relative/slip velocity between the phases at the interface. VOF predict the distribution and
movement of the interface between the water and air by looking at the phase volume fraction αi that is
present in a mesh cell. The simulations use either the Multiple Reference Frame (MRF) or the Sliding
Mesh (SM) method for the simulation of the propeller rotation. However, for ventilation only the SM
method can be used. The air, water and blade interaction is a highly transient phenomenon.
The simulation method is tested for the cases of a surface-piercing cylinder, a podded propeller and a
Wärtsilä thruster unit. For all three experimental simulations were executed in other research [Ducrocq
et al., 2017, Koushan et al., 2009, Alterskjaer, 2012, Savio, 2013a,b].
The VOF model was able to simulate the free surface deformation around the surface-piercing cylinder
in agreement with the experimental results. In the experiments, the recirculation zone showed a highly
non-uniform flow velocity. CFD showed results that lied within a similar bandwidth as the experiments.
From the results of the podded propeller, it can be said that the VOF model has difficulties in predicting
the free surface interface and the location of the air in close region of the propeller blades. Compared to
experimental ventilation patterns, obtained from high-speed photo cameras, the amount of air that is in
close region of the propeller is lower in the CFD results. Due to the fast propeller rotation, air is mixed
with water. Also, the exit and re-enter of the blades piercing the surface made it a very complex flow
region. As expected, the propeller performance parameters, thrust and torque, showed large fluctuations,
ranging from -12.1% to 11.8% for 10KQ and from -10.2% to 10.0% for KT P . Although their mean values
have not dropped as much as compared with the experimental results, it is clear that ventilation has a
large effect on the propeller performance.
The Wärtsilä thruster unit has a nozzle that acts as an barrier for the air to move outwards. Again,
large fluctuations were found in thrust and torque. Thrust is within range of the experimental results
but torque was over-predicted. Thrust and torque show fluctuations ranging from -22.5% to 27.4% for
10KQ and -19.4% to 23.6% for KT P . These fluctuations are larger than that of the podded propeller.
The reason for this could be because it is closer to the free surface; more air is trapped into the nozzle,
resulting in a harsh flow regime and break-up of air.
Overall, the simulation method is capable of predicting the occurrence of ventilation and thrust breakdown. However, when the propeller starts the ventilate, the VOF model over-predicts the propeller
performance coefficients, because of the mixture of water and air nearby the propeller blades. Despite these propeller over-predictions, the free surface was adequately captured, as was shown with the
surface-piercing cylinder. For this reason, the VOF model is sufficient for the purpose of predicting air
entrainment into a submerged tunnel. Though, one must realize that the exact propeller performance
parameters cannot be captured. Their outcomes give an insight in the performance of a thruster unit
relative to its non-ventilating counterpart.
The method of Brix [1993] derived an equation to predict the critical submergence depth, as follows:
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This relation is evaluated using CFD simulations for a Wärtsilf̈ive-bladed fixed pitch tunnel thruster,
having a tip clearance of 1%. Based on the Froude number, the submergence for different tunnel diameters were examined. A propeller with diameter of 1250, 1750 and 3000 mm were tested. For equal Froude
number, these tunnels are tested at a submergence of S = e + 21 D = 0.85D and 0.75D. 0.85D is just
below the critical ‘Brix’ submergence and indeed, no ventilation did occur. Closer to the free surface, at
S = 0.75D, air entrainment into the tunnel did occur.
Several tunnel entrance geometries have been evaluated. These were a 90◦ edge, a 1% or 10% round
edge and a chamfer edge with 30◦ inclination. The geometries had an influence on the location of the air
in front of the propeller blades. Due to the sharp angle at the 90◦ edge the flow is separated from the
wall. Large velocity regions arise and most air is trapped here, close to the tunnel wall. For only a small
1% round edge, this behaviour is reduced significantly. The other two geometries had no such region and
the air flows along the top side of the tunnel towards the propeller. However, in these regions, the air
has a much larger velocity than nearby water. The VOF model may not be able to track the interface
correctly, because slip-velocity is not taken into account, while this could have an influence in this area
due to large velocity differences.
The simulations outcomes showed that the critical submergence prediction theory is a valid method
to predict the occurrence of air entrainment into the tunnel. Based on the CFD test cases, the submergence depth as was predicted gave no ventilation in the tunnel. As for Dprop = 1750 mm one depth was
tested at 0.80D, a small amount of air was present in the tunnel, but it did not have an influence on the
propeller performance. The performance is affected when air is in close region to the propeller, but the
performance doesn’t drop immediately. The turning point, if one can speak of such, must be located in
between 0.80D and 0.75D, as both cases show large differences in propeller behaviour.
The current simulation method can be used for the prediction of air entrainment in a tunnel thruster.
For the critical submergence prediction, the computationally cheap MRF method in OW can be used
to obtain the inflow velocity at the desired RPM. With this knowledge, a minimum submergence depth
can be advised. Or, when the submergence of the tunnel is already determined, the maximum mass flow
that can be obtained without ventilation can be found.

Recommendations for future work
The present simulation method can be used to predict air entrainment, but is unable predict correct
propeller performance. Simulating multiple CFD cases to find a critical submergence is computationally
expensive. The time scales that needs to be simulated are large. For testing the Brix [1993] critical
submergence relation, experiments can give an outcome. The propeller speed is easily adapted and one
can test the whole curves within a reasonable experimental time, not comparable to the time it will cost
CFD computations to do these tests.
The experiments could be improved as well. For the LMT-3510 thruster, only a mean propeller performance coefficient value is given, while from the simulations results, it was seen that large fluctuations
occurred. On top of that, no information is gathered from the ventilation patterns, apart from video
material. One could think of measurement techniques to capture the velocity, location and size of air
bubbles in the propeller region, e.g. particle image velocimetry (PIV) or alternative methods. It would
help to understand the complex ventilation phenomenon.
The experiments are executed in model scale, it would be interesting to test the behaviour at full scale.
Although the researcher is aware of its difficulties. The circumstances in which the sea trials are executed,
are hard to control.
As for Computational Fluid Dynamics, increasing computer power can give new opportunities in the
simulation of two-phase flows and propeller ventilation:
• One could increase the number of grid cells, so the VOF model is better in capturing the interface.
Local grid refinement can iteratively be executed in locations where the volume fraction is < 1.0
to save unnecessary cells.
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• STAR-CCM+ offers the possibility of ‘multi-stepping’. Hereby, the VOF solver performs multiple
steps per time step. It applies temporal sub-cycling to the transport of volume fraction and can
improve the resolution of the interface. The CFL number is restricting, as other physics calculations
needs a much larger computational time. E.g. the mass flow increase that was observed in the
simulations. It started after 50 revolutions and took again almost 50 revolutions. If there exists
some repeatability, much longer simulations needs to be executed to prove it. When sub-cycling is
used for the free surface calculation, a larger time-step can be used for other calculations.
• When one wants to improve the prediction of the performance parameters, a two-fluid model can
be examined. For example, using only a tunnel as computational domain and simulate the region
where air and water is mixed. The VOF simulations can provide the information that is needed at
the inflow plane to specify the location of the air and the volume fraction in the boundary cells.
• In the current work, cavitation is not taken into account. Although operating near the free surface,
cavitation may occur, especially at full scale, with larger pressure differences. It can interfere with
the air patterns and mixture with water, also in simulations. This also applies to the incompressibility assumption. If both assumptions are not neglected, it would lead to a much more complex
ventilation phenomenon, that is most likely not possible to capture using the CFD methods used
throughout this thesis.
Before all above will be considered, the researcher should start with the simulation of cases with other
mass flow and submergence combinations. Although multiple diameters were tested, each of them have
only been tested for one specific submergence depth. For a chosen tunnel diameter, multiple test cases
can show whether the trend of the critical submergence line do agree with CFD simulations.
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Appendix A

Ch.4 External and internal flow
validation
A.1

Wave damping

Simulation of a free surface in STAR-CCM+ can result in the occurrence of artificial waves and reflections
at the boundary, while this behaviour is not observed in experiments. These numerical and non-physical
waves should be avoided. STAR-CCM+ offers the possibility to dampen these waves. Siemens Product
Lifecycle Management Software Inc. [2018b]
It is possible to set a wave damping length. This length is then applied to all the boundaries where
the wave damping option is ticked. The computational domain must therefore be correctly dimensioned
taking into account the wave damping length. Due to the relatively small flume, the wave length must
also remain small to not interfere with the free surface deformation near the cylinder. Due to this fact,
the non-physical waves in the outer regions of the flume are not sufficiently dampened enough.
As an example for this problem, an experiment executed by Rosetti et al. [2013] was simulated with
the CFD software. Rosetti et al. [2013] investigate the flow around a free-surface piercing cylinder using
unsteady RANS CFD calculations that are compared with small-scale experiments. The k-ω SST turbulence model is used together with the VOF two-phase interface capturing model. For the computations
the flow solver ReFRESCO, the in-house developed code by MARIN, was used. The computations are
similar to Ducrocq et al. [2017], only the cylinder doesn’t reach the bottom of the flume. The domain
has equal dimensions as the flume from the experiments. The width is relatively small, and therefore
this situation cannot be seen as an ’infinite’ domain, the side walls have influence on the waves and free
surface behaviour.
In the experiments a run-up height and depression depth around the cylinder are noticeable, but do
not change significantly to the initial level. With Froude number F r = 0.31 and a cylinder diameter of
125 mm as characteristic length scale, the inflow velocity is equal to 0.34 m/s. The free surface deformation phenomenon depends on the inflow velocity and characteristic length of the object and therefore
the deformation that is visible differs among the literature.
Due to limitations of wave damping of the STAR-CCM+ software in combination with the narrow
domain, unrealistic waves do occur in the simulation, as can be seen in Figure A.1. At the left hand
side, the simulation executed for this thesis can be seen. At right: the simulation of Rosetti et al. [2013].
Therefore, the researcher must be aware of these waves and must make sure that they do not interfere
with the free surface deformation near the cylinder.
The flume of Ducrocq et al. [2017] was widened in order to set a correct wave damping length for
all boundaries. The surface deformation can be seen in Figure A.2.
Waves originate in the wake behind the cylinder and have a familiar form: that of a Kelvin wake.
It has a typical angle of ∼ 19.5◦ . For deep water waves, the angle is independent of the object’s speed.
Waves are ’deep’ when the depth of the water is larger than half the wave length [Fang et al., 2011,
Thomson, 1887, Lighthill, 1978].
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Figure A.1: Normalized free surface deformation, iso-surface at αw = 0.5. The figure on the right is
taken from Rosetti et al. [2013].

λ

α

Figure A.2: Free surface deformation of Ducrocq et al. [2017].

A.2

Simulation method and time-step size

The chosen computational method for simulating ventilation is elaborated in this section. Also, the
time-step size of transient simulations is discussed.
At first instance, the transient CFD calculations were executed using the MRF method, but this gave
non-physical free surface deformations, for time-steps equal to a propeller blade rotation of 2, 5 and 10◦ .
The volume fractions can be seen in Figure A.3. The non-physical behaviour of the free surface is clearly
visible at the interface of the rotating region. Because of this it has been decided to simulate ventilation
only using the Sliding Mesh method.
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Figure A.3: Volume fraction of MRF simulation with 2, 5 and 10◦ rotation rate.
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Appendix B

Ch.5 Tunnel Thruster
B.1

Derivation of Brix [1993] submergence relation

In this section, the derivation of Brix [1993] submergence relation, is explained further.
The Bernoulli Equation at Point 2 is expressed as:
p2 = ρgh + 21 ρ

 r 4
0

r

v02

(B.1)

In here, the velocity vr is derived from the continuity equation, as follows:
Ar v r = A0 v 0
Ar = 12 4πr2 surface area of sphere
A0 = 12 4πr02

(B.2)

2πr2 vr = 2πr02 v0
 r 2
0
v0
vr =
r
Equation B.6 is derived using:
e0 =

1  r0 4 v02
2 r
g

(B.3)

A0 v 0 = Aj v j
A0 = 21 4πr02
Aj = πr02
2πr02 v0

=

(B.4)

πr02 vj

2v0 = vj
vj
F rD = √
gD
p
2v0
gD =
F rD
4v02
D=
2 /g
F rD

(B.5)

Submergence deformation e0 /D [Brix, 1993]:
   2  2 
e0
1 r0 4 v0
4v0 1
=
/
2 g
D
2 r
g
F rD
2
e0
1  r0 4 v02 F rD
=
g
D
2 r
g 4v02
e0
1  r0 4 2
=
F rD
D
8 r
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B.2

Pump entrance and reception cellar

In essence, a tunnel thruster is a pump that is directly connected to a basin. The suction nozzle (tunnel
inlet) must be positioned sufficiently deep below the water level to prevent air intake. A brief overview
of relevant literature on pump submergence is given in this section, since it is a similar situation, where
ventilation can occur. In the pump industry, submergence recommendations have already been studied
extensively.
The vortices that occur due to the induced flow through the tunnel, can be classified into six different
types, see Figure B.1.

Figure B.1: Vortex type classification by Knauss [1987].
Tukker and Kooij [2012] have drawn up some rules of thumb that are used to design the reception cellar
based on ANSI/HI 9.8 [1998] standards. To meet the best performance possible for a specific pump, it
requires a uniform inflow field. With this in mind, the cellar needs specific dimensions, as can be seen
in Figure B.2. The inlet diameter Db has been used to make the lengths dimensionless.
For the case of a tunnel thruster, it is assumed that the cellar, in this case the sea, is much larger than the
requirements specified by Tukker and Kooij [2012]. Two rules of thumb of interest though, are explained
here. First, tilted walls. It is recommended to tilt walls to a maximum of ten degrees to avoid the risk of
detachment, vortex formation and instabilities in the inflow of the pump. A ship hull is not a perfectly
straight wall and isn’t vertical either. Second, the pump submergence, that can be estimated using the
Froude number.
The ANSI/HI 9.8 [1998] standard contains a correlation to determine the minimum submergence. Based
on knowledge and experience gained from pumping projects, Tukker and Kooij [2012] uses a bandwidth
for the determination of the water level height. The correlations can be seen in Equations B.7, B.8 and
B.9.
SAN SI /D = 1 + 2.3F rD
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Figure B.2: Recommended reception cellar dimensions. Taken from Tukker and Kooij [2012].

Slower /D = 1 + 2F rD

(B.8)

Supper /D = 1.5 + 2.5F rD

(B.9)

When the flow velocity is reduced and approaching zero, the minimum submergence is equal to the
tunnel diameter.
Werth and Frizzell [2010] did experiments with several vertical water pump intake geometries to evaluate
the submergence required to prevent dye-core (type 3) vortex activity. From experimental outcomes,
they developed a curve based on Gulliver and Rindels [1987], as can be seen:
2/3

S/D = 2.1 + 34 F rD

(B.10)

Zaloglu [2014] devoted his thesis to the subject of air-entraining vortices formation and did experiments
to predict the critical ’Brix’ submergence, He did experimental observations of air-entraining or full air
core (Type 6) vortices, from the classification in Figure B.1. In his work, he compares his derived equation
with relations found by other researchers. For 0.25 ≤ F rD ≤ 1.41 he found the following relation:
S
1
= F rD
.057
(B.11)
D
The relations described in this section and other relations cited by Zaloglu [2014], can be seen in Figure
B.3 For comparison, the relations of Brix [1993] can be seen as well, see Figure B.3. What can be
concluded is that the relations derived for pump installations recommend a much higher submergence
than Brix [1993] to prevent dye-core intake vortices. Unfortunately, if these relations are applicable to a
tunnel thruster, it is not possible to realise such high submergences. There simply isn’t enough space in
the ship’s bow to meet the required values.
Although the water level far away from the tunnel will not change due to correct regulation of the inflow
during experiments, the minimal advised submergence is significantly higher than the submergence of
Brix [1993]. This might be due to the influence of the limited volume and the walls of the reception
cellar at the experiments versus an infinite sea in CFD calculations.
Anwar et al. [1978] did an experimental study on the formation of vortices at a horizontal intake. It
was executed to define the range over which the effect of some parameters become negligible. From the
(literature and experimental) study it can be said that viscosity and the surface tension do not affect the
flow in an air-entraining vortex when the Weber number (> 104 ),see Equation B.13, and radial Reynolds
number are high (> 3 · 104 ). The coefficient of discharge, see Equation B.12, becomes dependent on b/D
when b/D < 4. b is the distance of the tunnel above the sea bed. For a tunnel thruster, this is only
relevant if it is operating in very shallow water.
C = Q/A

p
2gS

(B.12)

2

W =

Q ρS
A2 σ

(B.13)

Here, σ is the surface tension of water (7.28 · 10−2 N/m at 20◦ C [Engineering ToolBox, 2004]).
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Tunnel critical submergence ratio

8

Brix (1993) - Eq. 5.6
Brix (1993) - Full scale recommendation
Brix (1993) - Model test, beginning
Brix (1993) - Model test, fully developed
ANSI (1998)
Tukker and Kooij (2012) - Lower limit
Tukker and Kooij (2012) - Upper limit
Gordon (1970)
Reddy and Pickford (1972)
Jiming et al (2000)
Werth and Frizzell (2010)
Baykara (2013)
Baykara (2013) - Wide side wall clearance
Zaloglu (2014)
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Figure B.3: Critical submergence prediction by multiple researchers.
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