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Abstract

In this paper, we conducted numerical simulations to in-
vestigate single and two-phase flows around marine pro-
pellers in open-water conditions at different Reynolds num-
ber regimes. Simulations were carried out using a homoge-
neous two-phase flow model with RANS turbulence mod-
elling approaches. Transition was accounted for in the
model-scale simulations by employing an LCTM transi-
tion model. In the model scale, also an anisotropic RANS
model was utilized.

We investigated two types of marine propellers: a conven-
tional and a tip-loaded one. We compared the results of the
simulations to experimental results in terms of global pro-
peller performance and the cavitation observations. The
propeller cavitation, near-blade flow phenomena and the
propeller wake flow characteristics were investigated in
model- and full-scale conditions. A grid sensitivity study
was carried out with respect to the propeller performance
and cavitation characteristics.

The model-scale propeller performance and the cavitation
patterns were captured well with the numerical simulations,
with little difference between the utilized turbulence mod-
els. The global propeller performance and the cavitation
patterns were similar between the model- and full-scale
simulations. A tendency of increased cavitation extent was
observed as the Reynolds number increases. At the same
time, greater dissipation of the cavitating tip vortex was
noted in the full scale conditions.
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1. INTRODUCTION

Cavitation can cause many detrimental effects to marine
propellers. It may trigger material erosion, result in vibra-
tion problems and the emission of high-intensity underwa-
ter noise. Depending on the propeller operating conditions,
cavitation can appear in different forms such as a steady
attached sheet cavitation on the blade surface, bubble or
cloud cavitation on the blade or in the wake, and vortex
cavitation at the propeller tip and hub.

Propeller global performance characteristics and bound-
ary layer flow phenomena in non-cavitating conditions
can notably vary with different Reynolds number regimes.

These aspects have been addressed, e.g., by Dong et al.
(2018); Müller et al. (2009); Sánchez-Caja et al. (2014).
For instance, Rijpkema et al. (2015) rigorously analyzed
two different marine propellers using viscous computa-
tional fluid dynamics (CFD), which operated at different
Reynolds numbers in non-cavitating conditions. Baltazar
et al. (2018) examined the γ − Reθ transition model for
a wetted propeller performance prediction. Sánchez-Caja
et al. (2014) investigated the scale effects of a CLT pro-
peller experimentally and numerically. Fig. 1 shows an ex-
ample of paint tests on rough and smooth surfaces repre-
sentative of full- and model-scale flow regimes. In laminar
flow zones, the paint streaks on the blade surface tend to
deviate from a circumferential path towards a radial direc-
tion (smooth surface) due to the lower shear stress. Con-
versely, the paths in the streaks corresponding to the rough
surface are purely circumferential, which is indicative of
turbulent flow. Typically, a distinct curve can be drawn,
which separates these two flow zones, as in Fig. 1. The
location of transition from laminar to turbulent flow, and
the extent of the different flow zones, are quite sensitive
to the Reynolds number regime in which the propeller op-
erates. Consequently, the performance characteristics of
the propeller can vary considerably (Rijpkema et al., 2015).
Reynolds number effects on the performance of a cavitating
propeller, or on various forms of propeller cavitation struc-
tures are, however, less often reported (Amromin, 2015).

Figure 1: An example of paint test results for a CLT pro-
peller (Sánchez-Caja et al., 2014). The left frames show
rough surfaces and the right frames smooth surfaces.



The aim of this paper is to investigate numerically the scale
effects on propeller cavitation. Our goal is to gain deeper
insight into the differences that may be found when predict-
ing full-scale cavitation performance based on model test
results. Such differences are due mainly to Reynolds num-
ber effects. In the case of conventional, non-depressurized
cavitation tanks, the differences also result from the impos-
sibility to attain cavitation number identity simultaneously
at all radial stations. However, conventional facilities can
use higher RPMs, guaranteeing larger Reynolds numbers,
i.e., turbulent flow conditions over the blades. This may
avoid the use of artificial leading edge roughness usually
utilized in depressurized tanks due to low the rotational
speed that may be required for cavitation scaling. In this
study, we simulate viscous cavitating flows in model scale
as they occur in conventional tunnels. We study the model
and full scale propellers in a uniform inflow condition. In
reality, the fact that the propeller operates in the ship wake
has some consequences in the propeller performance and
cavitation, mainly resulting from the varying inflow. A
complete simulation with the ship free-surface and the pro-
peller (wetted or cavitating) is computationally intensive
due to the various different time scales present.

In this paper the propeller performance is predicted numer-
ically utilizing CFD. The range of Reynolds numbers stud-
ied covers those usually applied in the propeller open-water
and cavitation tunnel model test (Re = O(105)) to typical
full-scale values (Re = O(107 . . . 108)). To this end, we
investigate two types of marine propellers: a conventional
one, and a tip-loaded one. We employ homogeneous two-
phase viscous flow modelling. Model-scale conditions are
studied with three different turbulence models: the shear
stress transport (SST) k − ω, both with and without tran-
sition modelling, and an explicit algebraic Reynolds stress
model (EARSM). The effect of transition to turbulence is
investigated using the γ −Reθ approach, which is coupled
with the applied RANS (Reynolds averaged Navier-Stokes)
model. Full-scale conditions are simulated with the SST
turbulence model.

2. NUMERICAL METHOD

2.1. FLOW SOLUTION

The flow model applied is based on a homogeneous flow
assumption, which is a common assumption as far as cavi-
tation is concerned (Choi & Merkle, 1993). The governing
equations for the cavitation model are

∂αkρk
∂t

+∇ · αkρkV = �k,

∂ρV

∂t
+∇ · ρVV +∇p = ∇ · τij + ρg,

(1)

where p is the pressure, V the absolute velocity in a global
non-rotating coordinate system, and τij the stress tensor,
αk is a void (volume) fraction of phase k, ρk the density, t
the time, �k the mass-transfer term, and g the gravity vec-
tor. The void fraction is defined as αk = Vk/V , where

Vk denotes the volume occupied by phase k of the total
volume, V . For the mass transfer

P
k �k = 0 holds, and

consequently only a single mass-transfer term is needed.

A compressible form of the flow equations is solved. Al-
though the phase temperatures do not play a significant role
in cavitation, the energy equations (not shown here) must
be present in order to predict the correct acoustic signal
speeds. The phase temperatures also have some influence
on the solution via the gas density and the viscosities. For
the mixture momentum equation, the density and the vis-
cosity are evaluated from

ρ =
X
k

αkρk and µ =
X
k

αkµk, (2)

where µ is the dynamic viscosity. The turbulence effects
are currently handled using single-phase models for the
mixture.

The finite volume method is utilized to discretize the gov-
erning equations. For the time derivatives, a second-order
three-level fully implicit method is used. The viscous
fluxes as well as the pressure terms are centrally differ-
enced. For the convective part, the variables on the cell
surfaces are evaluated using a third-order upwind-biased
MUSCL (monotonic upstream-centred scheme for conser-
vation laws) interpolation (Van Leer, 1982). A flux lim-
iter can be applied, but in this study this is done only for
the void fraction. The application of a limiter function to
the convective fluxes of the void fraction may be necessary,
since it is essentially a discontinuous quantity through the
phase boundary. This may lead to problems in a numerical
solution, and the void fraction could locally obtain non-
physical values amidst an iterative solver. Additionally,
cavitation volumes can exhibit rapid temporal and spatial
variation when, for instance, bursts of cloud cavities or fine
cavitating vortices are present. Previously, it was shown
that a compressive limiter with the void fraction equation
especially improves the predicted tip vortex cavitation pat-
terns (Viitanen & Siikonen, 2017). Hence, a compressive
“superbee” limiter of Roe (1985) is employed for the cavi-
tating cases considered in this study as well.

2.2. MASS AND ENERGY TRANSFER

In this study, the mass-transfer model is similar to that of
Choi & Merkle (1993):

�l =
ρlαlmin [0, p− psat]
1
2ρ1V

2
1(Lcav/Vcav)τl

+
ρgαg max [0, p− psat]
1
2ρ1V

2
1(Lcav/Vcav)τg

,

(3)

where psat is the saturation pressure, ρ1 the reference (in-
let) density, and V1 the corresponding velocity. The evap-
oration time constants were made non-dimensional using
the reference length Lcav and the velocity related to cavi-
tation (Vcav). In some cases, such as on a propeller blade,
the cavitation length and velocity differ from the reference
length Lref and the reference velocity (V1). The time con-
stants correspond to the parameters of the original model as



� l = 1=Cdest and� g = 1=Cprod. The empirical parameters
of the cavitation model are calibrated in (Sipilä, 2012).

In the present study, the saturation pressure was based on
the given free-stream temperature, and the gas phase was
assumed to be saturated (i.e.,Tg = Tsat). Since the gas
temperature was forced to beTg = Tsat, qig = 0 . From the
interfacial energy balance, the interfacial heat transfer can
be solved for the liquid phase

qil = � (hgsat � hl sat)� g � qig = ( hgsat � hl sat)� l : (4)

Using Equations (3) and (4), the interfacial transfer terms
in the continuity and energy equations are obtained.

2.3. TURBULENCE MODELLING

The base turbulence model applied in the present calcula-
tions is the SSTk � ! of Menter (1992). The SSTk � ! is
a zonal model, referring to the formulation where thek � !
equations are solved only inside the boundary layer, and the
standardk � " equations, transformed to the! -formulation,
are solved away from the walls. In model scale, the SST
model was used also in connection with the EARSM of
Wallin & Johansson (2001), as well as the
 � Re� transi-
tion model. The calculations were performed up to the wall
both in the model- and full-scale simulations. The non-
dimensional wall distance was adjusted such thaty+ � 1
for the �rst cell. The turbulence modelling was applied for
the mixture.

The effect of transition was investigated using the
 �
Re� approach in model scale. In the
 � Re� transition
model (also known as a Local Correlation-Based Transi-
tion Model LCTM) two extra �eld equations are inserted
for turbulence modelling (Langtry, 2006; Langtryet al.,
2006; Menteret al., 2006). The purpose of the transport
equation for turbulence intermittency
 , is to produce vari-
able
 , which is coupled with the SST turbulence model to
trigger transition in the boundary layer:
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HereP
 is the contribution from all of the source and de-
struction terms and� f is a Schmidt number. The transport
equation for thelocal transition onset momentum thickness
Reynolds numberfRe�t captures the non-local effects of the
free-stream turbulence intensity into the boundary layer:
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The SSTk � ! is an isotropic turbulence model,i.e., it pre-
dicts the Reynolds stress tensor according to the Boussi-
nesq approximation. In other words, no individual mod-
elling is employed for each normal turbulent stresses; only

their sum,k = u0
i u

0
i =2, is modelled. To account for turbu-

lence anisotropy, the EARSM can be utilized. The idea
in algebraic Reynolds stress models is to allow a non-
linear relationship between the rate of mean strain and
the Reynolds stresses, but without the need of solving ad-
ditional partial differential equations for each of the six
Reynolds stresses. The EARSM relies on the two-equation
formulation but with the Reynolds stress anisotropy tensor
evaluated from a linear pressure-strain model, and forms
a physically well-founded strategy among two-equation
models for improved prediction of �ows involving complex
features such as streamline curvature effects and system ro-
tation (Hellsten, 2002; Hellstenet al., 2002).

2.4. SOLUTION ALGORITHM

The solution method is a segregated pressure-based algo-
rithm where the momentum equations are solved �rst, and
then a pressure–velocity correction is made. The basic idea
in the solution of all equations is that the mass balance is
not forced at every iteration cycle, but rather the effect of
the mass error is subtracted from the linearized conserva-
tion equations. A pressure correction equation was derived
from the continuity Equation (1) linked with the linearized
momentum equation.

In order to decrease the oscillations in the solution ow-
ing to the rapid changes in the mass transfer, the mass-
transfer rate was under-relaxed between the iteration cy-
cles as� n +1

l = � � � �
l + (1 � � � )� n

l , where� � = 0 :5 is
an under-relaxation factor,n refers to the iteration cycle,
and � �

l is calculated from Equation (3). For small values
j� n

l j < 0:1 (kg=m3s), under-relaxation was not applied.

In the pressure-correction equation the mass-transfer term
is pseudo-linearized in order to increase stability. The
velocity-pressure coupling is based on the corresponding
algorithm for a single-phase �ow (Miettinen & Siikonen,
2015), and is described in more detail by Viitanen & Siiko-
nen (2017).

The �ow equations are solved using a quasi-steady ap-
proach. Absolute velocities were used in the solution, and
the rotational movement of the propeller was accounted for
in the convection velocity and as source terms in they- and
z-momentum equations as the propeller rotates about thex-
axis. The equations were iterated until the global force co-
ef�cients and theL 2 norms of the main variables obtained
a suf�ciently steady level, with theL 2 norms having de-
creased to10� 5� � �10� 7.

3. TEST CASES

Two propellers are considered in this study: the PPTC
(Potsdam propeller test case) propeller (Heinke, 2011) and
a TLP (tip loaded propeller) propeller. The former is
a more conventional �ve-bladed propeller with moderate
skew, while the latter is a pressure-side oriented tip blade
propeller with enhanced ef�ciency.

Photographs of the propellers are shown in Fig. 2. The



principal data of the studied propellers is given in Tab. 1
for the PPTC and in Tab. 2 for the TLP.

Table 1: Main geometric parameters of the PPTC propeller
(Heinke, 2011).

Diameter [m] 0.250
Pitch ratio atr=R = 0 :7 1.635
Chord atr=R = 0 :7 0.417
EAR 0.779
Skew[� ] 18.837
Hub ratio 0.300
Number of blades 5
Rotation Right handed

Table 2: Main geometric parameters of the TLP propeller.

Diameter [m] 0.250
Pitch ratio atr=R = 0 :7 1.465
EAR 0.594
Number of blades 5
Rotation Right handed

(a) PPTC. (b) TLP.

Figure 2: Photographs of the investigated propellers.

The advance coef�cient and cavitation number are de�ned
as

J =
VA

nD
and � n =

p � psat
1
2 � (nD )2

; (7)

respectively, whereVA is the propeller speed of advance,
n the propeller rate of revolutions andD the propeller di-
ameter,p is the pressure,psat the saturation pressure and�
the �uid density. The thrust and torque of the propeller are
non-dimensionalized as

K T =
T

�n 2D 4 and K Q =
Q

�n 2D 5 ; (8)

respectively, whereT denotes the thrust andQ the torque
of the propeller. The Reynolds number is de�ned as

Re =
�c 0:7

p
V 2

A + (0 :7!D= 2)2

�
; (9)

where ! = 2 �n , and c0:7 denotes the chord length at
r=R = 0 :7 radius. The investigated conditions for the
cavitating cases are listed in Tab. 3 for each propeller.
We study the cases at two different Reynolds numbers.

In the following, the cases are referred to as model-scale
(Re = 1 :3 � 106 for the PPTC, andRe = 9 :7 � 105 for
the TLP) and full-scale (Re = 2 :9 � 107 for the PPTC,
andRe = 5 :7 � 107 for the TLP) conditions. The model-
scale conditions were chosen to match the experimental
conditions, and the full-scale conditions were selected to
ensure a suf�ciently high Reynolds number. The reference
length and velocity scales related to the Merkle cavitation
model, discussed in 2.2, were here the chord and the speed
at r=R = 0 :7 radius. We used the same values for the em-
pirical parameters in the cavitation model in model and full
scale simulations, and they wereCdest = Cprod = 369.

Table 3: Test conditions for the cavitating cases.

Quantity PPTC TLP
J 1:019 0:729
� n 2:024 4:092
K T 0:374 0:493
n [rps] 25:0 15:0

3.1. COMPUTATIONAL SETUP

Two grids were constructed for both propellers: a model
scale grid and a full scale grid. The model scale grids were
generated to simulate the experimental setups. The com-
putational grids for the full scale simulations were scaled
from the model scale grids, and additional cells were clus-
tered close to solid surfaces to ensure thaty+ � 1 for the
simulations. The scaling factor for PPTC was 12, and for
the TLP this was 26.

The computational domain is shown in Fig. 3 for the PPTC
propeller. Corresponding design for the computational do-
main was used for TLP propeller. The calculations were
performed with three grid densities. On the coarse grid
level, every second point in all directions is removed com-
pared to the �ner level grid. A solution on the coarse grid
is used as an initial guess for the computations performed
on the next �ner grid level. The �ne computational grid
used for the PPTC propeller consists of roughly 6.5 mil-
lion cells in 36 grid blocks, the medium grid consists of 0.8
million cells, and the coarse grid of 0.1 million cells. The
�ne grid for the TLP consists of roughly 10 million cells
in 45 grid blocks, the medium grid consists of 1.3 million
cells, and the coarse grid of 0.2 million cells. The differ-
ent grids on the suction sides of the propeller blades are
shown in Fig. 4. The surface grid on the pressure sides of
the blades is similar. A similar grid for the PPTC was used
before (Viitanen & Siikonen, 2017; Viitanenet al., 2018),
but the grid density in the wake region was increased for
this study. Due to the symmetric nature of the problem of
a propeller operating in uniform in�ow, only one blade is
modelled. The blades, hub and shaft are modelled as no-
slip rotational surfaces. A velocity boundary condition is
applied at the inlet and a pressure boundary condition is
applied at the outlet. A slip boundary condition is applied
at the simpli�ed cavitation tunnel walls.

The whole computational domains are considered as ro-



tating with the given rate of rotation. The in�ow velocity
is set based on the advance numbers of the propeller, and
the background pressure level is set based on the cavitation
number. Low turbulent intensity and eddy viscosity ratio,
< 1%, were used as initial conditions in all calculations.
The inlet is located roughly �ve propeller diameters up-
stream of the propeller, and the outlet is located ten diam-
eters downstream of the propeller. For the PPTC propeller,
the radius of the whole computational domain is 0.3385m
in model scale, which corresponds to the cross-sectional
area of the experimental cavitation tunnel. The radius of
0.7 m in model scale was used for the computational do-
main for the TLP, which was larger in cross-sectional area
than in the experimental tank.

Figure 3: Perspective view of the computational domain
utilized in the calculations for the PPTC propeller. The pro-
peller, hub and shaft are coloured with black. The inlet face
is coloured with red. The cyclic boundaries are coloured
with blue, and the simpli�ed tunnel wall is coloured with
green.

Figure 4: Grid density on the suction sides of the PPTC
(top row) and TLP (bottom row) propeller blades. Coarse
(left), medium (middle), and �ne (right) model-scale grids
shown.

4. RESULTS

This section is organized as follows. We �rst compare
the numerical simulations to experimental values in terms
of the open-water characteristics, in Sec. 4.1.1, and the

model-scale cavitation observations in Sec. 4.1.2. A grid
dependency investigation is carried out in Sec. 4.1.3. Next,
we compare the observed propeller cavitation phenomena
with the different Reynolds numbers considered in Sec. 4.2.
The near-blade pressure distributions and �ow patterns are
compared in Sec. 4.3, and wake patterns of the model and
full-scale propellers are compared in Sec. 4.4.

4.1. VALIDATION

4.1.1 Global forces

The open-water characteristics in non-cavitating conditions
for the PPTC propeller are shown in Fig. 5, and for the TLP
propeller in Fig. 6.

We produced the open-water curves for the PPTC from
J = 0 :5: : : 1:6 and for the TLP fromJ = 0 :5: : : 1:2 with
the SSTk� ! turbulence model in model-scale (MS) condi-
tions. Selected points are also simulated with the EARSM
and
 � Re� models, as well as in full-scale (FS) conditions.
The SST and EARSM simulations in model scale capture
the propeller open water performance with good accuracy
for both propellers. EARSM predicts slightly lower torque
for the TLP propeller than the SST model. The transition
simulations predict 2-3% higher thrust coef�cient than the
SST in model scale for the propellers, at the investigated
points. The transition simulations, as well the full scale
simulations, yield a slightly lower torque coef�cient, and
consequently, a little higher ef�ciency for the propeller.

Figure 5: Open-water characteristics for the PPTC. Solid
lines: experimental results;� symbols denote correspond-
ing k � ! model-scale simulations;� symbols denote
EARSM model-scale simulations;4 symbols denote
 �
Re� model-scale simulations;� symbols denotek � ! full-
scale simulations.

In the cavitating conditions for the PPTC, the thrust coef-
�cient was determined in the experiments asK T = 0 :374.
The model scale SST simulations in cavitating conditions
predictK T = 0 :369with 1% difference to the experimen-
tal value, the transition model predictsK T = 0 :364 with



3% difference, and the EARSM predictsK T = 0 :367with
2% difference. The full scale SST simulations in cavitating
conditions predictK T = 0 :373with 0% difference to the
experimental value.

Figure 6: Open-water characteristics for the TLP. Solid
lines: experimental results;� symbols denote correspond-
ing k � ! model-scale simulations;� symbols denote
EARSM model-scale simulations;4 symbols denote
 �
Re� model-scale simulations;� symbols denotek � ! full-
scale simulations.

In the cavitating conditions for the TLP, the thrust coef�-
cient was determined in the experiments asK T = 0 :493.
The model scale SST simulations in cavitating conditions
predictK T = 0 :503with 2% difference to the experimen-
tal value, the transition model predictsK T = 0 :505 with
2% difference, and the EARSM predictsK T = 0 :501with
2% difference. The full scale SST simulations in cavitating
conditions predictK T = 0 :500with 1% difference to the
experimental value.

4.1.2 Model-scale cavitation observation

The model-scale cavitation patterns of the PPTC propeller
are compared in Figs. 7 and 8. The former �gure shows the

cavitation type near the blades, and the latter �gure shows
the cavitation structures in the propeller slipstream. The
experiments are compared to the results obtained with the
different turbulence models. The propeller has strong tip
vortex and hub vortex cavitation, which is visible in the
experiments and in the simulations. The mean shape and
extent of the root cavitation, as well as the tip and hub vor-
tex cavitation, are captured well. The tip and hub vortex
cavitation extending far behind the propeller is captured ex-
ceptionally well, as shown in Fig. 8. Also the modal shapes
of the cavitating tip vortex are qualitatively well captured.
Streak cavitation was observed in the experiments at sev-
eral radial locations near the leading edge of the blade,
while the simulation predicts sheet cavitation at the lead-
ing edge. The global cavitation is predicted similarly with
each of the utilized turbulence models, although the transi-
tion model yields a bit narrower hub cavitating hub vortex.

The model-scale cavitation extent of the TLP propeller is
compared in Fig. 9 for cavitation patterns near the blades,
and in Fig. 10 for overall cavitation extent of the propeller.
We show the experimental results together with those ob-
tained with the different turbulence models. The propeller
has sheet cavitation at around 0.9R which incepts at the
leading edge. The simulations predict this, although the
sheet starts at a slightly lower radius than in the experi-
ments. The sheet cavitation covers almost the entire chord
of the blade, and turns cloudy close to the trailing edge. No
root cavitation is observed in the experiments or in the sim-
ulations. Bubble cavitation appears at the centre of chord
at the top dead centre position. Upper part of the sheet cav-
ity transforms into a cavitating tip vortex as it departs the
blade. The cavitating tip vortex is relatively �ne, and vis-
ible both in the experiments as well as in the simulations.
As we see in Fig. 10, the cavitating tip vortex extends far in
the propeller wake, and this behaviour is also captured well
with the numerical simulations. Also the secondary �ne
tip vortex cavitation due to the end plate is captured in the
CFD simulations, although it quickly diminishes after de-
parting the blade. Again, the global cavitation is predicted
similarly with each of the utilized turbulence models.

(a) EFD. (b) CFD:k � ! model. (c) CFD: EARSM. (d) CFD:
 � Re� model.

Figure 7: Comparison of near-blade cavitation patterns for the PPTC. The EFD result is given by Viitanenet al. (2017).



(a) EFD. (b) CFD: SSTk � ! model.

(c) CFD: EARSM. (d) CFD:
 � Re� model.

Figure 8: Comparison of model-scale cavitation patterns for the PPTC. The photograph from experiments is given by
Heinke (2011).

(a) EFD, tdc. (b) EFD, bdc.

(c) CFD: SSTk � !
model.

(d) CFD: EARSM. (e) CFD:
 � Re�
model.

Figure 9: Comparison of near-blade cavitation patterns for the TLP. The top row shows the experimental cavitation
sketches at top dead centre (tdc) and bottom dead centre (bdc).

(a) EFD. (b) CFD: SSTk � ! model. (c) CFD: EARSM. (d) CFD:
 � Re� model.

Figure 10: Comparison of model-scale cavitation patterns for the TLP.



4.1.3 A grid sensitivity study

Next, we carry out a grid sensitivity investigation for the
PPTC propeller. We consider the model scale simulations
at three different numerical grid densities. The �ne grid
simulations predictK T = 0 :369 with 1% difference to
the experimental value, the medium grid simulations yield
K T = 0 :352with 6% difference, and the coarse grid sim-

ulations giveK T = 0 :343 with 9% difference to the ex-
periments. Fig. 11 displays the near-blade cavitation re-
sults and Fig. 12 shows the overall cavitation extent ob-
tained with different numerical grid densities. Further-
more, we compare the pressure in the wake in Fig. 13
with the three grids. We evaluated the pressure coef�cient,
Cp = 2( p � p1 )=(� 1 n2D 2), in the wake at the track of
the tip vortex, similarly as is done in Fig. 20(a) in Sec. 4.4.

(a) Coarse grid. (b) Medium grid. (c) Fine grid.

Figure 11: Comparison of near-blade cavitation results with different grid densities. Model-scale simulations.

(a) Coarse grid.

(b) Medium grid.

(c) Fine grid.

Figure 12: Comparison of cavitation patterns for the PPTC
propeller with different grid densities. Model scale simula-
tions.

The cavitation near the propeller blades is similar with the
different utilized grids. All grids predict sheet cavitation at
the leading edge, which then transforms to the tip vortex
cavitation. The root cavitation grows in extent as the grid
is re�ned, but otherwise the near-blade cavitation is simi-

lar between the different grid densities. We observe greater
differences in the results between the different grids in the
propeller wake. The coarse grid simulations yield a very
limited vortex cavitation, as the tip vortex cavitation seizes
just after the blade trailing edge, and the hub vortex cavi-
tation being �ne and limited in length. The medium grid
simulations give the hub vortex cavitation that match better
the �ne grid results, and the experiments, but the tip vor-
tex cavitation extents less than one diameter in the axial
direction. The modal shapes are also absent in the medium
grid solution. Fig. 13 shows the dissipation in the pressure
is notably greater for the coarse and medium grids as the
axial distance from the propeller increases. The pressure
coef�cient in the �rst vortex core for the coarse grid is sig-
ni�cantly less than the vapour pressure, and hence the tip
vortex cavitation terminates just after the blades. For the
medium grid, the �rst tip vortex core on the curve main-
tains a lowCp level, and we observed a cavitating vortex in
Fig. 12(b). Beyond this, dissipation decreases the pressure
coef�cient, and the tip vortex cavitation disappears.

Figure 13: Pressure coef�cient in the track of the tip vortex
with different grid densities for the PPTC propeller.



4.2. MODEL- AND FULL-SCALE CAVITATION PAT-
TERNS

Next, we compare the cavitation patterns in model and full
scale for the PPTC. Cavitation close to the blades and the
overall cavitation patterns are visualized in Fig. 14. In both
cases, the results with the SST model are shown. Cavitation
patterns are very similar between the different simulations.
The tip and hub vortex shape and extent were well repro-
duced also in full-scale conditions, although the extent of
the tip vortex cavitation is slightly less in the full scale. The
root cavitation area appears as larger in the full-scale con-
ditions, extending past the trailing edge of the blades.

(a) Model scale. (b) Full scale.

(c) Model scale.

(d) Full scale.

Figure 14: Comparison of the predicted cavitation patterns
for the PPTC in model- and full-scale conditions. Both re-
sults are from SSTk � ! simulations. The black circles on
the blades show the reference radii.

We compare the cavitation patterns of the TLP propeller
in the model- and full-scale conditions. Fig. 15 shows the
cavitation close to the blades and the overall cavitation pat-
terns. The results obtained with the SST model are shown.
The cavitation patterns on the blades mostly resemble each
other in model- and full-scale conditions. The tip vortex
shape and extent in the full-scale conditions were similar
to the model scale observations, although the extent of the

tip vortex cavitation was less in the full scale. The model-
scale cavitation detaches from the blade before the trailing
edge, and the sheet cavitation covers the entire blade sur-
face in full scale. In the full scale conditions, this cavity
detachment is different, as it remains attached to the blade
until the trailing edge. The sheet cavitation transforms into
vortex cavitation before the tip of the blade in both cases.
Cavitation of the secondary tip vortex due to the endplate
is visible in both simulations, although the very �ne vortex
cavitation does not extend very far in either case.

(a) Model scale. (b) Full scale.

(c) Model scale.

(d) Full scale.

Figure 15: Comparison of the predicted cavitation patterns
for the TLP in model- and full-scale conditions. Both re-
sults are from SSTk � ! simulations. The black circles on
the blades show the reference radii.

Next, we investigate the rate of evaporation within the cav-
ity volume in Fig. 16 for the PPTC propeller. Here, the
rate of evaporation is visualized at various cuts in the cav-
ity volume in the axial direction. Also the surface-restricted
streamlines on the blades are shown. The �gure shows both
the model- and full-scale results for the propeller, and the
model-scale results are those obtained with the SST and the



transition models. The boundary layer �ow is further dis-
cussed in Sec. 4.3. The rate of evaporation in model scale
is strong at the core of the tip vortex, whereas condensation
occurs at the outer edge of the cavitating vortex. Similar
trends are also present in the full scale, although the rate
is less. A more complex interplay of the evaporation and
condensation takes place on the sheet cavities close to the
blades. The sheet cavity closure line near the leading edge,
and corresponding transition between the evaporation and
condensation, shifts toward a greater chord length from the
leading edge in full-scale conditions. This is evidenced
also by the orientation of the blade surface �ow, where the
streamlines on the surface are more straight in the full-scale
until the location of the re-entrant jet. The �ow within the
sheet cavitation near the leading edge is more complex in
model scale. The model scale simulations with the SST and
transition model yield relatively similar results.

We investigate the rate of evaporation within the cavity vol-
ume for the TLP propeller in Fig. 17. Similarly as above,
the rate of evaporation is visualized at various cuts in the
cavity volume in the axial direction. Also the surface-

restricted streamlines on the blades are shown. The �gure
shows both the model- and full-scale results for the pro-
peller, and the model-scale results are those obtained with
the SST and the transition models. The boundary layer �ow
is further discussed in Sec. 4.3.

The rate of evaporation in model scale is stronger for the
TLP at the core of the tip vortex, when compared to the
PPTC case. The TLP propeller has a little lowerJ value,
and the cavitating tip vortex is �ner. Condensation occurs
at the outer edge of the cavitating vortex. These trends are
also present in the full scale, and again the rate of evapora-
tion is less. The sheet cavity on the blade surface is quite
thick. Evaporation seems to dominate closer to the lead-
ing edge, whereas more condensation is seen closer to the
mid-chord position. The surface-restricted streamlines are
more straight in full scale, also underneath the sheet cavity.
The �ow within the sheet cavitation is more complex in the
model scale, which is visible in both the SST and transition
simulations. The model scale simulations with the SST and
transition model yield, again, similar results.

(a) Model scale; SST model. (b) Model scale; Transition model. (c) Full scale; SST model.

Figure 16: Rate of evaporation (in [kg=m3s]) within the cavity volume in model and full scale for the PPTC propeller. Per-
spective views near one blade. Cavitation is shown as the grey transparent surface, and the surface-restricted streamlines
on the blades as the black curves.

(a) Model scale; SST model. (b) Model scale; Transition model. (c) Full scale; SST model.

Figure 17: Rate of evaporation (in [kg=m3s]) within the cavity volume in model and full scale for the TLP propeller. Per-
spective views near one blade. Cavitation is shown as the grey transparent surface, and the surface-restricted streamlines
on the blades as the black curves.



4.3. NEAR-BLADE FLOW AND PRESSURE DISTRIBU-
TIONS IN MODEL- AND FULL-SCALE

The surface-restricted streamlines, together with the pres-
sure coef�cient are shown on the PPTC propeller blade in
Fig. 18. Here, we compare the mode-scale SST and
 � Re�

transition model simulations, and the full-scale SST simu-
lations. For reference, the same radii as before are shown
as the black circles drawn on the blades. The pressure dis-
tributions are similar in the model scale SST and transition
simulations. A slightly lower pressure is seen at the middle
of the blade in full scale. Also, a higher surface pressure in
the tip area, below the cavitation zone, is seen for the full
scale conditions. The boundary layer �ow was mostly cir-
cumferentially directed along the blade for the model and
full scale SST simulations. In fact, the SST model predicts
fully turbulent �ow also in the model scale, and little dif-
ference in the surface streamlines is seen between the two
SST simulations.

A clear difference in the surface streamlines for the PPTC
in Figs. 16 and 18 is seen in the areas covered by the sheet
cavitation. The model scale simulations using the SST and
transition models show a main �ow direction under the
sheet cavity before the cavity closure line that is more wavy
and radially directed, whereas the surface streamlines are
more organized and circumferentially oriented in full scale.
The transition model predicts a laminar �ow region below
0.7R, as sketched by the dashed black curve in Fig. 18(b)
The effect of cavitation on the surface restricted stream-

lines is signi�cant. The re-entrant jets in both model and
full scale simulations are directed towards the cavitating tip
vortex at the closure line of the sheet cavitation as observed
before in model scale conditions (Sipilä, 2012; Viitanen &
Siikonen, 2017). The location of the cavity closure line and
corresponding increase in the surface pressure are similar
in the model and full scale simulations.

The surface-restricted streamlines and the pressure coef�-
cient are shown on the TLP propeller blade in Fig. 19. We
compare the model-scale SST and transition model simula-
tions, and the full-scale SST simulations. The same refer-
ence radii as before are shown as the black circles drawn on
the blades. The pressure distributions are mainly very sim-
ilar between the model scale and full scale simulation. The
pressure is slightly less in full scale near the detachment of
the sheet cavity, and then grows to larger values near the
trailing edge.

Also for the TLP propeller, a clear difference in the surface
streamlines is seen in the areas covered by the sheet cav-
itation in Figs. 17 and 19. The �ow underneath the sheet
cavity is more regular and circumferentially oriented in full
scale than in the model scale conditions, although this has
little effect in the pressure distributions which are limited
by the vapour pressure. The SST model again predicts fully
turbulent �ow also in the model scale, and little difference
in the surface streamlines is seen between the two SST sim-
ulations, except for the area covered by the sheet cavitation.
The transition model predicts a laminar �ow region below
0.5R, and this is sketched by the dashed black curve.

(a) Model scale; SST model. (b) Model scale; transition model. (c) Full scale; SST model.

Figure 18: Surface-restricted streamlines (in green) and the surface pressure distributions for the PPTC propeller. Cavita-
tion is shown as the grey transparent surface.

(a) Model scale; SST model. (b) Model scale; transition model. (c) Full scale; SST model.

Figure 19: Surface-restricted streamlines (in green) and the surface pressure distributions for the TLP propeller. Cavitation
is shown as the grey transparent surface.
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