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Abstract: Sheet cavitation inception can be influenced by laminar boundary layer flow separation
under Reynolds numbers regimes with transitional flow. The lack of accurate prediction of laminar
separation may lead to massive over-prediction of sheet cavitation under certain circumstances,
including model scale hydrofoils and marine propellers operating at relatively low Reynolds number.
For non-cavitating flows, the local correlation based transition model, γ− Reθ transition model, has
been found to provide predictions of laminar separation and resulting boundary layer transition. In
the present study, the predicted laminar separation using γ− Reθ transition model is bridged with a
cavitation mass transfer model to improve sheet cavitation predictions on hydrofoils and model scale
marine propellers. The bridged model is developed and applied to study laminar separation and
sheet cavitation predictions on the NACA16012 hydrofoil under different Reynolds numbers and
angles of attack. As a reference case, the open case of the PPTC VP1304 model scale marine propeller
tested on an inclined shaft is studied. Lastly as an application case, the predictions of cavitation on a
commercial marine propeller from Kongsberg is presented for model scale conditions. Simulations
using the bridged model and the standard unbridged approach with k−ω SST turbulence model
are performed using the open-source package OpenFOAM, both using the Schnerr–Sauer cavitation
mass transfer model, and the respective results are compared with available experimental results.
The predictions using the bridged model agree well compared to experimental measurements and
show significant improvements compared to the unbridged approach.

Keywords: RANS; γ− Reθ turbulence model; sheet cavitation inception; laminar–turbulent transi-
tion; laminar separation

1. Introduction

Cavitation is one of the common phenomenon that can be found on hydrofoils and
machineries operating in water with rotating blades. When local pressure drops below
saturation pressure, free-stream nuclei start to grow and develop to different forms of
cavitation, which can be classified as traveling bubble cavitation, attached sheet cavitation
and vortex cavitation [1]. Knowledge about the sheet cavitation inception mechanism is
still in development. Many experimental studies show that seemingly local boundary
layer separation is a pre-requisite for sheet cavitation inception, otherwise traveling bubble
cavitation will develop that will not stay attached to the wall surface [2–6]. In the study by
Franc and Michel [2], experiments were performed on a NACA16012 foil and an elliptical
cylinder, and the major observation is that the cavity detachment point is not the minimum
pressure point, but downstream of a laminar separation; cavitation is suppressed by
laminar boundary layer upstream the sheet cavitation inception location where pressure is
below saturation pressure. In [7], the same hydrofoil NACA16012 was studied, and the

J. Mar. Sci. Eng. 2021, 9, 1343. https://doi.org/10.3390/jmse9121343 https://www.mdpi.com/journal/jmse

https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-8208-0619
https://doi.org/10.3390/jmse9121343
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9121343
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse9121343?type=check_update&version=2


J. Mar. Sci. Eng. 2021, 9, 1343 2 of 27

same observation was reported regarding the relationship between laminar separation
and cavitation inception. Here, intense traveling bubbles were observed in regions where
the pressure was below saturation pressure upstream of the sheet cavitation inception
location; this indicates that the occurrence of traveling bubble cavitation may be related
with water quality. There are studies suggesting that the laminar separation plays the
role of concentrating free-stream nuclei, and by this process sheet cavitation can develop
locally and expand both upstream and downstream. There are, however, also studies
suggesting that the pressure fluctuations are very intense inside the laminar separation
zone and the pressure fluctuations might play an important role interacting with the nuclei
dynamics [8–10]. Besides, there are other studies, e.g., [11], showing that sheet cavitation
may start developing without flow separation, still sufficient adverse pressure gradient and
local thickening of boundary layer are deemed necessary for sheet cavitation inception [12].

Full scale marine propellers typically have a diameter of several meters and are
operating under very high Reynolds numbers with a turbulent boundary layer. However,
model scale propellers are usually tested inside medium-size cavitation tunnels with typical
blade Reynolds numbers within the range of 5× 105–2× 106, calculated based on blade
chord length at 0.7–0.8 radius. Then, the laminar and transitional boundary layer can be
found on the propeller blades. With a Reynolds number higher than 5× 105, the influence
of this on propeller propulsion characteristics is usually small, and avoiding laminar–
transitional flow requires a much higher Reynolds number [13]. When depressurizing the
cavitation tunnel for propeller cavitation tests, the existence of the laminar and transitional
boundary layer may lead to laminar suppression of sheet cavitation. To overcome this
issue, leading edge roughness can be applied to trigger turbulence. However, this approach
is more common for propellers tested in large depressurized wave basins required to run
under operating conditions following Froude’s scaling law with relatively lower blade
Reynolds number; in many tests in medium-size or large-size cavitation tunnels, there are
no special treatments.

This phenomena, sheet cavitation suppression by blade laminar flow, is not rare. An
example can be found for the propeller PPTC VP1304 used in the second international
workshop on cavitation and propeller performance (SMP’15) [14]: the model scale marine
propeller was operating mounted on an inclined shaft under both cavitating and non-
cavitating operating conditions. For cavitating conditions, rather massive traveling bubble
cavitation was found on a large region on the propeller blades with sheet cavitation formed
only at outer radii. Many participants reported numerical predictions of propeller perfor-
mance and cavitation patterns summarized in the workshop report; in certain operating
conditions, almost all the participants got massively over-prediction of sheet cavitation on
propeller blades, where intense traveling bubble cavitation exists in the experiments.

There are many numerical methods to predict cavitation and related side effects, in-
cluding cavitation induced pressure pulses, noise, erosion and performance changes. The
potential flow theory-based numerical methods are widely used for prediction of propeller
propulsion performance and cavitation pattern in very early design stage, but due to
its theoretical limitations, boundary layer and flow separation can hardly be predicted
and cavitation is kept attached to the blade surface. Viscous CFD codes are becoming
more widely used for more accurate predictions, usually with turbulence models based
on fully turbulent assumption and with cavitation mass transfer models to account for
the prediction of cavitation. However, in most of the cavitation mass transfer models,
mass transfer is determined by the sign of local pressure and water saturation pressure
(plocal − psaturation), which means that cavitation can start developing once the local pres-
sure drop below saturation pressure, regardless of whether the boundary layer is laminar
or turbulent, as this has little influence on the pressure. This leads to that in numerical
simulations, sheet cavitation can be predicted anywhere where the local pressure is below
saturation pressure, including regions with laminar or transitional boundary layers, while
in experiments, sheet cavitation may be suppressed and possibly only traveling bubble
cavitation can appear.
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In order to improve numerical predictions for the discussed problem, seemingly
at least the laminar and transitional boundary layer and laminar separation need to be
predicted. As the most widely used approach with a long history, Reynolds-Averaged
Navier–Stokes Equations (RANS) turbulence models are limited in accuracy for the predic-
tion of laminar and transitional boundary layers. Theoretically, DNS is the most accurate
approach that directly solves the N-S equation, and in [10], the laminar separation bubble
on the NACA66 hydrofoil with Reynolds number of 45,000 and angle of attack (AoA) = 4◦

was predicted. Well resolved Large Eddy Simulation (LES) can be used to predict laminar
separation as well and reported in several studies, including [15], in which LES predicted
laminar separation was compared with several different approaches. However, DNS
and resolved LES are too computationally expensive for most engineering approaches,
especially where the focus is on cases with Reynolds numbers around 1× 106 and com-
plex geometries. Thus, using RANS with the γ− Reθ transition model, based on Local
Correlation-based Transition Modelling (LCTM) [16,17], which links empirical transition
correlations and local determined flow quantities, appears to be a suitable engineering
choice. The transition sensitive turbulence model seems to be capable in predicting natural
transition, bypass transition and separation induced transition in the framework of a RANS
turbulence model. Especially, the prediction of separation induced transition is claimed to
be a ’major advantage’ of the model [18], and the locations of laminar separation are well
predicted compared with advanced approaches [15]. The fundamental correlation of the

transition model is the linking of scaled ratio of vorticity Reynolds number, Rev = ρy2

µ S,
and momentum thickness Reynolds number, Reθ , with the boundary layer shape factor

H, as max(Rey)
2.193Reθ

∼ H. Separation induced transition is triggered by the parameter γsep,

which is calculated similarly as max(Rey)
3.235Reθ

, where a boundary layer shape factor H higher
than 3.5 is used as the correlated laminar separation criteria. The model has been widely
used for various applications including application on model scale marine propellers
with predictions of separation locations, laminar-transitional flow regions and propeller
propulsion characteristics. Nevertheless, for marine propellers in cavitating condition
predictions, directly using the transition sensitive model leads to only minor differences in
the predicted cavitation pattern compared to predictions using fully turbulent models, as
shown in [19]. The reason is that the cavitation mass transfer model still depends on the
sign of plocal − psaturation as the main mass transfer criterion, and the pressure distribution
on the propeller blades is not fundamentally changed using the transition sensitive turbu-
lence model, and there are no interactions between the predicted laminar-transitional flow
properties and the mass transfer model.

In the present study, the γ− Reθ transition model and the Schnerr–Sauer mass transfer
model [20] are bridged via a parameter SepInd, based on the correlation parameter γsep in
the transition model determined by local flow properties, which provides control of the
vaporization rate in the cavitation model, while the transition model and cavitation model
are kept intact. The numerical models and modifications are presented in Section 2. The
different cases used in the study are described in Section 3. Series of 2D and 3D simulations
are presented in Section 4 for the validation of the model on the NACA16012 hydrofoil with
different angles of attack. The cavitation pattern predictions agree surprisingly well with
experimental observations and are significantly improved compared to unbridged model
predictions. In Section 5, the studies on the PPTC VP1304 propeller mounted on an inclined
shaft, with operating condition corresponding to the condition 2.1 in the SMP’15 workshop
is presented. In Section 6, the application in model scale on a commercial marine propeller
design from Kongsberg is presented, including studies of the influence of free stream
turbulence intensity levels. The bridged model predict significantly improved cavitation
pattern predictions as well for these propeller cases. All the numerical simulations are
conducted using the open-source package OpenFOAM-v1912.
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2. Numerical Models
2.1. Cavitation Modeling

The single fluid homogeneous mixture approach is used to represent the two phases
of water and vapor as

ρm = αlρl + (1− αl)ρv, µm = αlµl + (1− αl)µv, αl + αv = 1, (1)

in which the subscripts l and v represent liquid phase and vapor phase quantities, re-
spectively, ρ represents density, µ represents dynamic viscosity and α represents volume
fraction of the phase. The transport equation of α with mass transfer source terms can be
written as

∂αl
∂t

+∇ · αlU =
ṁ
ρl

= (
1
ρl
− αl(

1
ρl
− 1

ρv
))ṁ + αl(

1
ρl
− 1

ρv
)ṁ. (2)

The cavitation mass transfer model by Schnerr and Sauer [20] is used. The mass
transfer term in Equation (2) is decomposed into two terms as

ṁ = αlṁav + (1− αl)ṁac, (3)

while the two terms ṁav and ṁac are derived based on uniformly distributed spherical
nuclei and simplified Rayleigh relations as

ṁac = Ccαl
3ρlρv

ρmR

√
2

3ρl

√
1

|p− pthrehold|
max(p− pthrehold, 0), (4)

ṁav = Cv(1 + αnuc − αl)
3ρlρv

ρmR

√
2

3ρl

√
1

|p− pthrehold|
min(p− pthrehold, 0), (5)

in which Cv and Cc represent the vaporization and condensation constants.

2.2. Governing Equations and Turbulence Modeling

For the RANS approach, the conservation equations of mass and momentum for the
homogeneously mixture fluid are

∂ρm

∂t
+∇ · (ρmU) = 0, (6)

∂ρmU
∂t

+∇ · (ρmUU) = ∇ · (τ − ρmu′u′)−∇p + Fs, (7)

and the Boussinesq hypothesis is used for Reynolds stress tensor ρmu′u′ modeling,

− ρmu′u′ = µt(∇U + (∇U)T)− 2
3

ρmkI, (8)

where U represents time averaged velocity, u′ the time-varying fluctuating component of
velocity, µt the turbulent viscosity, Fs body forces, ρm the mixture density, τ the averaged
stress tensor, and I the identity tensor. The vapor density ρv and water density ρl are as-
sumed to be constant, while the mixture density ρm is calculated based on volume fractions
αl and αv. Turbulent viscosity is modeled using the γ− Reθ coupled with the k−ω SST
turbulence model as µt = ρmkT, where T represents turbulent time scale and k represents
turbulent kinetic energy. The turbulent time scale is calculated as min(a∗/ω, a1/SF2),
in which a∗, a1 are model constants, F2 is a blending function, S is the absolute value of
the strain rate and ω represents specific dissipation rate. Both k and ω are modeled via
additional Reynolds transport equations. In OpenFOAM, the implementation is based on
Menter and Esch [21] with updated coefficients from Menter et al. [22].
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2.3. Transition Modeling

For the γ − Reθ transition model, another two transport equations are used: one
for the intermittency γ and the other for the transition momentum thickness Reynolds
number Reθt,

∂ρmγ

∂t
+∇ · (ρmUγ) = Pγ − Eγ +∇ · ((µm +

µt

σf
)∇γ), (9)

∂ρmReθt
∂t

+∇ · (ρmUReθt) = Pθt +∇ · (σθt(µm + µt)∇Reθt), (10)

in which Pγ and Eγ represent the production and destruction terms of γ, Pθt is the produc-
tion term in the Reθt equation and σf and σθt are model constants. For more details of the
transition model, we refer to [17,18], and here only the related part used in the present
study are discussed.

The fundamental idea of the transition model is to relate the scaled ratio of vorticity

Reynolds number Rev = ρy2

µ S and the momentum thickness Reynolds number Reθ to

the boundary layer shape factor H as max(Rev)
C·Reθ

∼ H. The constant C equals to 2.193 for
moderate pressure gradients (2.3 < H < 2.9) and to 3.235 for strong adverse pressure
gradients, especially near separation (H = 3.5). Most correlations are considered in the
Reθt equation and when the criteria are satisfied and transition starts, source terms in the γ
equation will be activated and γ will increase locally inside the boundary layer. Further,
the separation induced transition, γsep is calculated separately based on max(Rev)

C·Reθc
− 1 with

the constant C = 3.235 as

γsep = min(s1max[0, (
Rev

C · Reθc
)− 1]Freattach, 2.0)Fθt. (11)

Here, s1 is a model constant, the blending function Freattach controls the boundary
layer reattachment and the blending function Fθt is equal to 0 in the free stream and 1 in the
boundary layer, which is used to limiting the γsep inside the boundary layer. Finally, the
effective intermittency γe f f is calculated as γe f f = max(γ, γsep). When coupled with other
turbulence models, e.g., k−ω SST used in the present study, γe f f controls the production
term in the k equation to generate turbulence.

2.4. Model Bridging Formulation

To create a transition sensitive cavitation mass transfer model, a first approach could
be to modify the vaporization factor Cv with the laminar separation criterion as Cv · γsep.
However, directly using γsep results in a problem that predicted cavitation can never
attach to the wall surfaces leaving viscous sub-layer remaining non-cavitating. This is
because, using the transition model, the transition is always triggered at the middle of the
boundary layer. This is due to its fundamental formation of the criterion related to the

vorticity Reynolds number Rev = ρy2

µ S, which has its maximum values in the middle of
the boundary layer. Thus, the γsep needs to be modified to cover the region between the
predicted location around the middle of boundary layer, and the wall surfaces including
the viscous sub-layer. This can be done in many different ways; in the present study it
is achieved by using γsep and the cell valued wall normal direction n, thus using mesh
information relying on local properties and suitable for parallelized computations.

To explain the procedure used, note that γsep is a cell valued scalar with the lower
bound of 0 and the upper bound of 2, and when the local value is higher than 0 it ac-
tivates a source term in the k equation and start to generate turbulence locally turning
the laminar boundary into a turbulent one. From this, a parameter SepInd in the range
0–1 is formed that controls the mass transfer from liquid to vapor. The first step is to
set SepIndorg = 1.0 for γsep > 0 and SepIndorg = 0 otherwise, and set SepInd = SepIndorg.
Further, the limiting function Fθt in the original LCTM is changed to the explicit criterion
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Fθt > 0.95 for non-cavitating regions for robustness. Next step is to perform an ad hoc
transportation of SepInd. Here, the transportation is not based on velocity, instead for
the present purpose SepInd is transported by the normalized cell wall normal direction
defined as n, which is a unit vector pointing from the local cell center to the nearest wall
surface. The transportation is solved in an explicit way with special modifications. In order
to construct the normalized ’face flux’ of SepInd, the face value of n f is linearly interpo-
lated from n, and the corresponding face valued SepInd f can be set to 1.0 for a cell with
SepInd = 1.0 and SepInd f = 0 otherwise. Thus, the ’face flux’ Ff = n f · S f /|S f | · SepInd f ,
is calculated, where S f is the face area vector and |S f | is the face area magnitude. Clearly,
Ff has a maximum value of 1.0 for the perfectly parallel adjacent cells closer to the wall
and a minimum value of -1.0 for the cells further away from the wall surfaces. It can
be noted that the transportation is desired on the direction perpendicular to the wall
surfaces, and it is necessary to prevent the transportation on the direction parallel to the
wall surfaces. A limiter can be introduced, and in the present study Ff is limited to 0 for
|n f · S f | < 0.2, in which the scalar 0.2 corresponds to an angle of 78 degrees, between wall
normal direction and face normal direction. As the next step, the Gauss theorem can be
used to reconstruct new cell values of SepIndnew, as SepIndnew = 1 for div(Ff ) · V < 0.
Lastly, SepInd can be updated to SepInd + SepIndnew, and the process is repeated. If we
consider the global summation inside the domain gsum(SepInd) represents the number of
cells with SepInd = 1.0, gsum(SepInd) will monotonically increase till a converged value
to gsum(SepInd f inal). SepInd f inal is used to feed to the cavitation mass transfer model by
replacing the vaporization constant Cv with SepInd f inal · Cv. An example of the effect of
this transportation can be found in Section 4.

The model was firstly developed in [23]. In [24], adjusted modification with similar
principles is used with improved sheet cavitation predictions and validated with several
detailed experiments.

3. Simulation Design
3.1. NACA16012 Hydrofoil

The NACA16012 hydrofoil is the first studied case in the present paper for model
development and validation. The experiments were performed at Grenoble University and
experimental results have been published in detail by Franc and Michel [2]. The hydrofoil
was tested in a free-surface channel with different angles of attack, cavitation numbers
and Reynolds numbers to study the relationship between laminar separation and sheet
cavitation inception, which serve as good cases for the present study. Besides, the transition
process and predictions using γ− Reθ are highly dependent on the free-stream turbulence
levels, and in the experiments the turbulence rates, Tu = (u′2)0.5/U, were measured using
a hot-film anemometer.

The hydrofoil was mounted inside the test section with main dimensions of
1.6 m × 0.12 m × 0.4 m (L ×W × H) with a submersion depth of 0.2 m. The foil chord
length c is 0.1 m and its maximum thickness at the relative abscissa 0.5 is 1.2 cm. Colored
water was injected close to the leading edge to visualize the boundary layer separation.
Under different test conditions, the velocity varies from 3–12 m/s, and the turbulence rate
Tu varies from 0.12–0.16%. For the present numerical study, the simulation is focused on
the conditions with AoA of 0◦ and 5◦ for both cavitating and non-cavitating conditions, as
shown in Table 1.
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Table 1. Studied conditions of the NACA 16012 foil.

Angle of Attack (AOA) Reynolds Number Cavitation Number σ Turbulence Rate Tu

0◦ 300,000 Non-cavitating Tu = 0.12%
0◦ 1,000,000 σ = 0.045 Tu = 0.15%
5◦ 300,000 Non-cavitating Tu = 0.12%
5◦ 1,000,000 σ = 0.045 Tu = 0.15%

The computational mesh is shown in Figure 1 and generated using Pointwise. A
circular region close to the foil is meshed with structured grids and connected with an
outer region with unstructured grids. The first cell height on the foil was calculated based
on y+ ∼ 1 with inlet velocity of 10.04 m/s, and 60 prism layers with constant growth ratio
of 1.05 was generated to fulfill the requirements by the transition model. The 2D mesh
consists of 0.174 million cells in total. For the 3D simulations, the 2D mesh was uniformly
extruded by 30 layers in the span-wise direction to a total width of 5 cm (half compared
to the experimental span length), resulting in 4.86 million cells. The top free-surface was
substituted with a slip wall condition and the wall effects of the test section are neglected
using a slip boundary condition as well.

Figure 1. Simulation domain (left) and closer view of computational grids (right).

The water density ρl and kinematic viscosity νl are chosen to be 998.0 kg/m3 and
1.004 × 10−6 m2/s, with ρv = 0.01208 kg/m3 and νv = 7.92 × 10−4 m2/s for vapor. The
inlet velocities U with Reynolds numbers of 300,000 and 1,000,000 can be calculated to
be 3.012 m/s and 10.04 m/s, respectively, and fixed at the velocity inlet. The kinetic
energy k, turbulent dissipation rate ω and turbulent viscosity νt at the inlet boundary are
estimated via,

Tu = 100
√

2k/3
U

, RT =
ρk
µω

, (12)

with fixed viscosity ratio RT = 10. It can be noted that the RT = 10 is arbitrary and it
controls the decay of free-stream Tu from the inlet to the simulated body. In the simulations,
turbulence decay control is used, thus the choice of RT is not expected to influence the
numerical predictions. The used values of k and ω at the inlet boundary under different
conditions are summarized in Table 2.

Table 2. Inlet boundary conditions of the NACA 16012 foil.

Reynolds Number U k ω νt Reθt

300,000 3.012 1.96× 10−5 1.952 1.004× 10−5 1118
1,000,000 10.04 0.00034 33.885 1.004× 10−5 1094.8

3.2. PPTC VP1304 High-Skew Propeller, Mounted on Inclined Shaft

The second studied case is the VP1304 propeller, which was studied at the first and
second workshops on cavitation and propeller performance, held on the second and fourth
International Symposium on Marine Propulsors [14].
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During the second workshop, the propeller was mounted on an inclined shaft with an
inclination angle of 12◦. The propulsion characteristics, cavitation behavior and pressure
pulses of the propeller operating in oblique flow were measured and studied by various
research groups using various numerical methods, including BEM, RANS and ILES with
different cavitation mass transfer models. In the present study, focus is put on the task
2.1 in the original workshop, which is a cavitating case with advance ratio J = 1.019
and cavitation number σ = 2.024. This can be considered a representative configuration
for marine propeller cavitation experiments, i.e., with the propeller mounted on inclined
shaft to create propeller inflow variations and thus cavitation dynamics. In the original
workshop, the majority of participants reported similar cavitation patterns with massive
over-prediction on certain blade locations compared with experimental recordings, with
different approaches, mesh resolutions and mesh types, flow solvers, turbulence models
and cavitation mass transfer models. Thus, the case can be an interesting validation case.

The main particulars of VP1304 are summarized in Table 3, with the numerical config-
uration shown in Figure 2.

Table 3. Main characteristics of propeller VP1304.

Diameter Pitch Chord Length (0.7 R) Pitch Ratio (0.7 R) Skew No. of Blades

250 mm 408.75 mm 104.167 mm 1.635 18.8◦ 5

Figure 2. Simulation domain and boundary conditions.

The computational mesh was generated using Pointwise. The blade surfaces were
meshed using structured surface mesh, with a hyperbolic extrusion method for generating
the conformal prism layer grids. The first layer cell height is 1.5 × 10−6 m with target
y+ = 1, and 44 layers of prism cells were generated, growing from the blade surface with
constant growth ratio of 1.15, and on top of that, another 13 layer prism cells with constant
height were generated, resulting in 57 layers of prism cells in total with the height of about
14 mm. Tetrahedral cells were used to fill the rest of the simulation space. A general view
of surface and volume mesh is shown in Figure 3 including a close-up view close to the
leading edge at the blade tip. There are 27 million cells in the propeller rotation region and
2 million cells for the test section. The cell counts are summarized in Table 4.

Figure 3. Close-up view at the blade surface mesh and tip volume grids.
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Table 4. Cell counts for case PPTC VP1304.

Region Tets Pyramids Prisms Hexes Total

Inner 11.2 Mio 0.3 Mio 0.06 Mio 15.7 Mio 27.3 Mio
Outer 1.8 Mio 0.06 Mio 0.01 Mio 0.5 Mio 2.4 Mio
Total 13.0 Mio 0.36 Mio 0.31 Mio 16.2 Mio 29.7 Mio

The simulation conditions are summarized in Table 5, which is the same as the studied
condition case 2.1 in the original workshop.

Table 5. Studied operating condition of VP1304.

Advance Ratio J Cavitation Number σ Rotation Speed

1.019 2.024 1200 rpm

Water Density ρl Water Kinematic Viscosity νl Saturation Pressure

997.78 kg/m3 9.567 × 10−7 m2/s 2643 Pa

3.3. Kongsberg High-Skew Propeller Mounted on Inclined Shaft

As an application example, the last presented case is a commercial high-skew pro-
pelled design from Kongsberg tested in model scale, denoted here as propeller A. It was
tested in a cavitation tunnel at Kongsberg Hydrodynamic Research Centre. The propeller
was mounted on an inclined shaft with about 10 degrees inclination. The cavitation pattern
was recorded using high speed video for a propeller operating under different advance
ratios J and cavitation numbers σ. The Reynolds numbers calculated based on blade chord
length at 0.75 R ranged between 1,000,000 to 1,200,000. In the present study, simulations
were performed for an operating condition with J = 0.85 and σ = 2.0. The computational
mesh was generated using Pointwise with two regions: one is the inner propeller rotation
region, and one is the outer tunnel region. Mesh refinements were applied at each blade
tip vortex region. The target y+ was 1 and 36 layers of prism cells were extruded from the
structured blade surface mesh using hyperbolic extrusion method. The first 15 prism layers
had the constant growth ratio of 1.1 to generate suitable boundary layer cells required by
the transition model. Tetrahedral cells were used to fill out the rest space. The simulation
configuration can be found in Figure 4 with surface and volume grid shown in Figure 5.
The summary of the computational grids can be found in Table 6.

Figure 4. Simulation configuration for propeller A tested in the cavitation tunnel.
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Figure 5. Closer view of surface and volume mesh close to the propeller blades.

Table 6. Cell counts for case Kongsberg propeller A.

Region Tets Pyramids Prisms Hexes Total

Inner 11.7 Mio 0.4 Mio 0.2 Mio 10.1 Mio 22.4 Mio
Outer 2.1 Mio 0.1 Mio 0.1 Mio 1.6 Mio 3.9 Mio
Total 13.8 Mio 0.5 Mio 0.3 Mio 11.7 Mio 26.3 Mio

3.4. Numerical Settings

The Schnerr–Sauer cavitation mass transfer model is used for all the conducted simu-
lations. The cavitation model requires inputs of assumed uniform distributed water nuclei,
including the total number per unit water volume nnuclei and their diameters dnuclei, which
are fixed to be 1012 and 1× 10−6 in all of the presented simulations. The vaporization and
condensation constants Cv and Cc are set to 1.

The second order Backward scheme is used accounting for time advancing; for the
convection of velocity and turbulence properties, including k, ω, γ, Reθ , the linearUpwind
scheme is used, which blends between the linear interpolation and upwind interpolation
based on gradient calculations, for the propeller simulations, while the less diffusive TVD
(Total Variation Diminishing) scheme limitedLinear is used for the hydrofoil simulations.
The convection of α is discretized using first-order upwind scheme, as the Schnerr–Sauer
mass transfer model assumes uniformly distributed nuclei and a simplified Rayleigh–
Plesset equation and it is recommended in the original publication [20] for the model. For
gradient calculations, the Gauss theorem with linear interpolation is used. For pressure-
velocity coupling, the PIMPLE-C algorithm is used for non-cavitating conditions and
PIMPLE algorithm is used for cavitating conditions. For the NACA16012 hydrofoil, the
SepInd is predicted in the way discussed in Section 2, but for the two marine propellers ad-
ditional modification is needed, mainly due to mesh reason. For the two marine propellers,
the blade prism layers are meshed using structured grid, but pyramids and tetrahedron
are used in the outer space. The grid transformation from hexahedron to pyramids or
tetrahedron may lead to spurious local strain rate S prediction, which can lead to spurious
prediction of Rev = ρ

ν (y
2S). Thus, the SepIndorg was limited for non-cavitating regions

within blade wall distance within 2 mm for the PPTC VP1304 case and within 1 mm for the
Kongsberg propeller A for regions with νt > 0.5νl .
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4. NACA 16012 Hydrofoil
4.1. Non-Cavitating Condition
4.1.1. Re = 300,000

In the experiments, boundary layer separation was visualized by a thin thread of water
colored with fluorescein injected close to the foil leading edge. The location of laminar
separation is very clearly visible and experimental photographs are reported in the original
publication by Franc and Michel [2] for non-cavitating flow with Reynolds number of
300,000 with varying AoA including 0◦, 3◦, 4◦, and 5◦.

Two-dimensional simulations are performed to check the accuracy for the prediction
of separation location. The locations of numerically predicted separation are reported
based on the cell center location where the γsep > 0 is satisfied, which is also the same
location where SepInd = 1 is satisfied. The measured and predicted location of laminar
separation is summarized in Table 7, in which the experimental locations are reported
based on the photographs in the original paper [2].

At 3◦ AoA, the laminar separation can be predicted on the suction side of the foil close
to the rear part, located at about 70∼80% chord length. This position is quite accurately
predicted by the γ− Reθ transition model. Besides, the laminar separation is also predicted
at the rear part on the foil pressure side. With increasing AoA, the location of laminar
separation moves upstream. At 5◦, flow circulation at the laminar separation is clearly
visible, and its location is at about 3∼5% chord length. This location is also predicted
accurately using the transition model. The foremost location of SepInd can be found at
3.2% chord length and flow instabilities can be found generated locally and transported
downstream inside the boundary layer. Some prediction discrepancies can be found at
4◦, but it can be noted that the transition location is very sensitive between AoA of 3◦ and
5◦, where laminar separation occurs on foil mid chord. A detailed view can be found in
Figure 6, including the flow circulation near the leading edge and the predicted SepInd
marked in black.

Table 7. Predicted laminar separation location and comparison to experiments, Re = 300,000.

AoA Laminar Separation Location (EXP) Laminar Separation Location (CFD)

0◦ 74 ∼ 80% c 80% c
3◦ 73 ∼ 77% c 74% c
4◦ 40 ∼ 60% c 67% c
5◦ 3 ∼ 5% c 3 ∼ 6% c

The predicted pressure coefficients (Cp) along the foil surfaces using k − ω SST
turbulence model and γ − Reθ transition model with AoA of 0◦ and 5◦ are shown in
Figure 7. The predicted existence of a large region of laminar-transitional boundary layer
changes the pressure distribution on the foil compared to the prediction by the fully
turbulent turbulence model. This is especially clear at 5–10% c at 5◦ AoA, where local flow
circulation is appearing. The separation also induces a series of weak pressure fluctuations
downstream, which are predicted, but since the simulation is made in the RANS framework
with a correlation based transition model, these fluctuations will not be discussed.
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Figure 6. Visualization of laminar transition for NACA16012, AoA = 5◦, Re = 300,000. From top
to bottom: experimental photograph; predicted SepIndorg; predicted SepInd; predicted velocity in
flow direction.

4.1.2. Re = 1,000,000

With an increased Reynolds number to 1,000,000, the predicted Cp is shown in Figure 8
and the predicted SepInd and velocity on flow direction is shown in Figure 9. Compared
to the predictions with Re = 300,000, the location of laminar separation is not much influ-
enced, but the boundary layer thickness is comparatively thinner. The separation induced
pressure fluctuations also become relatively stronger with a series of local thickening of the
boundary layer, as can be seen in Figure 9 based on 2D simulations and Figure 10 based on
3D simulations.
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Figure 7. Predicted pressure coefficients at AoA of 0◦ and 5◦, Re = 300,000.

Figure 8. Predicted pressure coefficients at AoA of 0◦ and 5◦, Re = 1,000,000.
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Figure 9. Predicted non-cavitating SepInd (marked in black) and streamwise velocity at Reynolds
number of 1,000,000, 2D simulation.

Figure 10. Predicted non-cavitating SepInd (marked in black) and pressure on foil surface at Reynolds
number of 1,000,000, 3D simulation.

4.2. Cavitating Conditions

The experimental cavitation patterns are shown in Figure 11 for the two angles of at-
tack 0◦ and 5◦. The numerical predictions using the bridged model, the standard k−ω SST
turbulence model without transition model and with the unbridged γ− Reθ transition
model, together with the Schnerr–Sauer mass transfer model (SS), displaying both 2D and
3D simulations below the experimental photographs.

At 0◦ AoA, using the standard k−ω SST turbulence model with the Schnerr–Sauer
mass transfer cavitation model, rather massive over-prediction of sheet cavitation is pre-
dicted with cavitation inception located about 11% chord length, while in the experiments
this inception location is at about 60% chord length. Almost the same predictions are
achieved incorporating the unbridged γ− Reθ + SS transition model, since the pressure
field prediction is not much changed and the mass transfer is determined by local pressure.
The bridged model predicts cavitation patterns that agree very well compared with the
observations of the experiments, where cavitation inception stars at 61% chord length
based on the 2D simulation and 59% based on the 3D simulation.
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Figure 11. Cavitation patterns on NACA 16012 at AoA of 3◦ (left column) and 5◦ (right column) with Re = 1,000,000;
σ = 0.045. From top to bottom: (a,b) experimental photos; (c,d) bridged model, 3D; (e,f) k−ω SST + SS, 3D; (g,h) bridged
model, 2D; (i,j) k−ω SST + SS, 2D; (k,l) γ− Reθ + SS, 2D.
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At 5◦ AoA, the sheet cavitation starts in the experiments at around 6∼7% chord length
with a clearly span-wise wavy inception line. At this angle of attack, low pressure regions
are created starting from the very leading edge and using the k−ω SST turbulence model
with or without the γ−Reθ transition model the predicted cavity starts from the foil leading
edge and covers the whole suction side. The bridged model, on the other hand, predicts
the inception location very close to the experimental observation, which is 8.7% chord
length based on the 2D simulation and 5∼8% chord length based on the 3D simulation
with a wavy inception line. It can be noted that this wavy inception line predicted in 3D
simulation is rather stable and can be related with the flow structures inside the boundary
layer close to the leading edge.

Cavitation prediction differences can be found not only on the suction side, but also
on the pressure side close to the foil rear part, but the cavitation inception on the pressure
side was not studied and reported in detail in the original experiments. A summary of
sheet cavitation inception locations on the foil suction side can be found in Table 8, in
which predictions using 2D simulations for 3◦ and 4◦ AoA are also reported.

Table 8. Summary of sheet cavitation inception locations.

AoA Exp Bridged Model k − ω SST + SS

0◦ (2D) 60% c 61% c 11% c
0◦ (3D) 60% c 59% c 11% c
3◦ (2D) 29–45% c 32% c 0.1% c
4◦ (2D) 13–23% c 20.5% c 0.1% c
5◦ (2D) 6–7% c 8.7% c 0.1% c
5◦ (3D) 6–7% c 5–8% c 0.1% c

The sheet cavitation development history at 3◦ AoA is shown in Figure 12. Cavitating
simulations start based on well-developed non-cavitating simulations. At T = 0.001 s, the
sheet cavitation starts developing at the same position as the predicted laminar separation
close to the rear part. After that, the sheet cavitation front line can be found moving
upstream steadily with wavy cavitation interface, and finally the sheet cavitation front line
stopped at about 30% c at about T = 0.05 s.

With 3◦ AoA in the experiments, cavitation inception line varies from about 29% c
from foil center to 45% c at the foil ends, possibly influenced by test section side walls.
The bridged model predicted cavitation inception starts at 32% c. At 4◦ AoA as shown in
Figure 13, the bridged model predicted inception starts at 20% c while in the experiments
the inception line varies between 13∼23% chord length. For these conditions, the unbridged
model predict cavitation inception starts at the very leading edge of about 0.1% c. For
detailed comparison with experimental photographs, we refer to the original publication
[2].

The predicted pressure distributions are plotted in Figure 14. The predictions of pres-
sure distributions Cp along the foil surfaces using k−ω SST turbulence model with and
without the unbridged γ− Reθ transition model are almost identical, and the minimum
value is exactly −0.045 under the cavitation number σ = 0.045. The bridged model, which
predicted much improved cavitation patterns, predicts large regions where pressure is
below saturation pressure. For these regions below saturation pressure, sheet cavitation can
not be formed and traveling bubble cavitation may appear, according to the experiments
performed on the same geometry in [7] with traveling bubble cavitation. There it was
concluded that the NACA16012 hydrofoil with AoA of 3◦ clearly displays a relationship
between laminar separation and sheet cavitation inception. There are no available experi-
mental data regarding the lift or drag forces of the cavitating foil under these conditions,
but from the pressure coefficients shown here in Figure 14, the unbridged approaches may
lead to inaccurate force predictions.



J. Mar. Sci. Eng. 2021, 9, 1343 17 of 27

Figure 12. Sheet cavitation development history of NACA16012, AoA = 3◦, Re = 1,000,000, σ = 0.045. (a–c) bridged model at
T = 0.001 s, 0.1 s and 0.3 s. (d) unbridged k−ω SST + SS at T = 0.3 s.

Figure 13. Sheet cavitation prediction of NACA16012, AoA = 4◦, Re = 1,000,000, σ = 0.045. (a) bridged model; (b) unbridged
k−ω SST + SS.

Figure 14. Predicted pressure coefficients under cavitating condition for AoA = 3◦ (left) and
AoA = 5◦ (right).

5. The PPTC VP1304 Propeller
5.1. Non-Cavitating Conditions

The predictions are shown in Figure 15 using the γ− Reθ transition model and the
k−ω SST turbulence model in Figure 16. The SepInd is computed as in the bridged model,
albeit it does not influence predictions in these non-cavitating conditions. The Q-criterion
with iso-surface of 3× 105 is shown colored by pressure, and the pressure legend lower
limit is set to saturation pressure. Besides, the skin friction is also shown on the propeller
blades with wall limiting stream lines, with predicted SepInd shown in black regions on
the blade surfaces.
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(a) (b)

Figure 15. PPTC VP1304 mounted on 12◦ inclined shaft, J = 1.019, non-cavitating condition predictions using γ− Reθ model
with calculated SepInd. (a) Q = 3× 105 colored by pressure; (b) SepInd with wall limiting streamlines and contours of C f .

(a) (b)

Figure 16. PPTC VP1304 mounted on 12◦ inclined shaft, J = 1.019, non-cavitating condition predictions using k−ω SST
model. (a) Q = 3× 105 colored by pressure; (b) wall limiting streamlines and contours of C f .

The existence of laminar and transitional flow can be noticed based on the skin friction
contours and the direction of wall limiting streamlines. Comparing to a turbulent boundary
layer flow, regions with laminar and transitional flow have smaller values of skin friction
and the wall limiting stream lines tend towards the outer radii. If define the upper-most
blade position as blade position 1, and the other four blade positions to position 2, 3, 4, and
5 in the blade rotation direction (anti-clockwise in the figures), it can be found that for blade
position 1, the blade is almost covered with laminar-transitional flow, and the turbulent
boundary layer region starts to increase for blade position 2, 3, 4 to finally decrease on
blade position 5.

Looking at the pressure predictions, it can be found that for blade positions 1, 2,
and 3, the whole leading edge is predicted to be below saturation pressure. Further, the
difference of pressure prediction between the transition sensitive model and the fully
turbulent model is small. This indicates that for cavitating conditions with cavitation mass
transfer determined by p− psat, cavitation is expected to start developing from almost the
whole leading edge.

The predicted Q-criterion shows differences between using the γ − Reθ transition
model and only the standard k−ω SST turbulence model. Both models predict the leading
edge vortex at the outer radii, while strips of flow structures with higher values of skin
friction can be found close to the blade tip using the γ− Reθ transition model. The blade
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leading edge vortex and the predicted strips can be related to the prediction of SepInd. An
interesting observation is that on the blade positions 2 and 3, a strip of high Q can be found
at around 0.6 R, which also triggered the prediction of SepInd.

The predicted propulsion characteristics are summarized in Table 9. The predictions
using the fully turbulent model agree well compared to experimental measurements with
very close value of KT and under-prediction of KQ with about 2%. Using the γ − Reθ

transition model, higher KT is predicted with about 4.1% compared to the experimental
measurement. It can be noted that under the studied high advance ratio, transition model
predictions are commonly found predicting higher KT , possibly because of the lack of
cross-flow correlations, which is not considered in the present study.

Table 9. Predicted non-cavitating propulsion characteristics.

J = 1.019 Cavitation Number σ KT 10KQ

EXP non-cavitating 0.392 1.010
γ− Reθ non-cavitating 0.408 1.010

k−ω SST non-cavitating 0.393 0.990

5.2. Cavitating Conditions

The predicted cavitation patterns using the bridged model are shown in the upper
frames in Figure 17 and predictions using unbridged approach k−ω SST + SS are shown
in the lower frames. The unbridged predictions are very similar with most predictions by
different institutes that participated in the SMP propeller workshop using different viscous
approaches [14]. Starting from blade position 1, almost the whole leading edge is cavitating,
and the sheet cavity develops massively to, at blade positions 2 and 3, cover almost the
whole blade. At blade position 2, there is a small area on the leading edge at about 0.3 R
close to the blade root that is not cavitating, which is also predicted similarly with the
majorities in the workshop. Comparing to the experimental observations, it is clear that
the sheet cavitation is massively over-predicted, especially for blade positions 1, 2 and 3,
while, in the experiment, at these blade positions rather intense traveling bubble cavitation
is observed. Besides, strip-like cavitation structures are quite often found developed in the
experimental observations, starting from 0.7 R close to the leading edge. Cavitation can
also be found at 0.6 R at mid-chord for blade positions 2 and 4.

The bridged model predicts significantly improved cavitation patterns. At blade
position 1, the predicted cavitation starts at around 0.95 R, which agree well with experimental
observation. At blade position 2, the predicted sheet cavitation starting location is about 0.91 R,
while in the experimental observation the starting location on the leading edge is located at
about 0.88 R. At blade position 3, the predicted cavitation pattern agrees with experimental
observation as well, but the shape of sheet cavitation closure line differs somewhat. For
blade positions 4 and 5, the predictions are almost the same as with the unbridged model
predictions; both in decent agreement with experimental observations as discussed below.

The quantity SepInd are shown on the propeller blades in Figure 17 as well. It can
be found that at 0.6–0.7 R at around mid-chord, a strip of non-zero SepInd is reported. In
the experimental observation, strip-like cavitation can be found at blade position 2 and
position 4, and on blade position 2 this strip like cavitation is predicted by the bridged
model as well at similar locations, see the blade positions of 12◦, 24◦ and 36◦ frames in
Figure 17. This cavitation structure is also visible at 0◦ if looking at the iso-surface of
αv = 0.1 (the figure shows αv = 0.5). For blade position 4, at 0.6 R mid-chord, SepInd
can be found predicted without cavitation showing up. Discrepancies can be found for
the blade at position 4 between numerical prediction and experimental observation: in
numerical simulations using both bridged and unbridged models, the sheet cavitation
starts at about 0.96 R with quite limited extents, and most numerical predictions shown in
the workshop reported very similar limited cavitation pattern locally. In the experimental
observations, the cavitation pattern on blade position 4 starts already at 0.92 R and covers
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a larger region. This may suggest there are configuration differences between experimental
and numerical settings.

Figure 17. Predicted cavitation pattern (αv = 0.5) using the bridged model (upper frames (a–c,g,h)) and k−ω SST + SS
without transition model (lower frames (d–f,j,k)) compared to the experimental sketch (i) and photo snapshot (l). (a,d) blade
phase = 12◦; (b,e): blade phase = 24◦; (c,f) blade phase = 36◦; (g,j) blade phase = 60◦; (h,k) blade phase = 0◦.
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The predicted propulsion characteristics KT and KQ for the cavitating conditions are
shown in Table 10. The thrust breakdown, denoted ∆KT , is reported as well, accounting
for the difference between non-cavitating and cavitating thrust coefficients. The bridged
model predicted rather high KT compared to the experimental measurement, partly due to
the inherited over-predictions under non-cavitating conditions, while if looking at ∆KT ,
the thrust breakdown is 0.016, still significantly lower than the experimental measurement,
which is 0.029. Using the unbridged model with k − ω SST + SS, higher prediction of
KT and lower ∆KT are predicted as well; the predicted ∆KT is 0.018 and smaller than the
experimental thrust breakdown, but with an over-prediction of cavitation pattern. Using
the bridged model, the massive sheet cavitation prediction is avoided and the low pressure
region on the blade suction side remains non-cavitating, thus it is logical to predict less
thrust breakdown comparing to predictions with massive over-prediction of cavitation.
In the original workshop, for the participants with similar over-prediction of cavitation
patterns, many under-predicted the thrust breakdown and over-predicted the cavitating
KT , while the predictions are spreading and seemingly KT is also sensitive to the choice of
used mass transfer models. Besides, the traveling bubble cavitation on the blades in the
experiments is very intense, especially on blade positions 2 and 3; this is different from the
observations for the NACA16012 hydrofoil shown earlier or the following propeller case.
This intense traveling bubble cavitation is suspected to be related with water quality and
may also have an impact on the force predictions, but is not captured in the bridged model
and predicted as sheet cavitation using the unbridged approach. Besides, there might also
exist some discrepancies between numerical setting and experimental configuration, as the
pre-mentioned cavitation discrepancies on blade position 4.

Table 10. Predicted cavitating propulsion characteristics.

J = 1.019 Cavitation Number σ KT 10KQ ∆KT

EXP 2.024 0.363 0.960 0.029
Bridged model 2.024 0.392 0.982 0.016

Standard k−ω SST + SS 2.024 0.375 0.973 0.018

6. Application on Kongsberg Propeller A

As an application, the bridged model is used to predict cavitation patterns on a com-
mercial high-skew propeller design of Kongsberg, referred to as propeller A. The propeller
was mounted on an inclined shaft and based on experimental high speed videos, similar
phenomena of sheet cavitation suppression were observed as for the PPTC discussed above.

6.1. Non-Cavitating Condition

The γ − Reθ transition model is sensitive to the free-stream Tu, whose value also
directly influences the model correlations, including the determination of the major pa-
rameters γe f f and SepInd used in the present study. However, Tu are usually not reported
in the experimental reports, thus non-cavitating simulations with several free-stream Tu
were performed first. The relative differences of propulsion characteristics using k−ω SST
turbulence model and γ− Reθ transition model with different free-stream Tu are summa-
rized in Table 11. With a very high Tu = 3%, the predicted KT and KQ are similar with
predictions using the k−ωSST turbulence model, while with lower Tu values, higher KT
and KQ are predicted. This trend can be expected since with a lower Tu value, a larger
laminar-transitional region will be predicted on the propeller blades, and with higher Tu, a
larger region with a turbulent boundary layer will be predicted and lead to the predictions
similar to the standard k−ω SST fully turbulent model.
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Table 11. Predicted relative differences of force coefficients for propeller A, J = 0.85, non-
cavitating condition.

J = 0.85 Tu rdKT rdKQ Turbulence Model

0.1% 2.3% −0.29% γ− Reθ

0.5% 2.5 % 0.36% γ− Reθ

1.0% 2.0% 0.39% γ− Reθ

3.0% −2.3% 0.21% γ− Reθ

0.5% −2.6% 0.24% k−ω SST

In Figure 18, the predictions with Tu = 0.5% using the γ− Reθ model are shown in the
upper row and predictions using k−ω SST are shown in the lower row for comparison.
The iso-surface of Q = 3× 105 are shown in the left column, colored by pressure with lower
legend limit set to saturation pressure, thus the region with pressure lower than saturation
pressure are shown in dark blue. In the right side column, wall limiting streamlines are
shown on each propeller blade that in turn are colored by skin friction C f . In addition, the
predicted SepInd are colored black predicted using the bridged model.

(a) (b)

(c) (d)

Figure 18. Non-cavitating condition predictions. (a,c): iso-surface of Q = 3× 105 colored by pressure; (b,d): predicted SepInd
with wall limiting streamlines colored by C f ; with γ− Reθ (upper row) and k−ω SST (lower row) turbulence model.

Using the transition model, a large region of laminar-transitional flow is predicted with
a set of high Q strips close to the trailing edge and blade tip, leading to strip-like patterns
of high skin friction. The wall-limiting streamlines are also tending outwards in radial
direction compared to the predictions by k−ωSST turbulence model, due to the relatively
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smaller skin friction in the laminar-transition region. There is no major difference in
pressure prediction between the two approaches. If we number the up-straight positioned
blade as blade 1 and continue in the anti-clockwise direction for the rest of the blades, for
blades 1 and 5, almost the whole leading edge have pressure below saturation pressure.
Consequently, if introducing a mass transfer model determined by p − psat these two
blades are expected to be largely covered by vapor. Studying the predicted SepInd, it can
in general be found to be correlated with skin friction contours and strips of high Q and
develops together with several interesting flow features: at the leading edge around 0.93 R,
it appears together with the leading edge vortex; at the region close to blade tip between
0.7 R and 0.9 R, it develops on the border between the laminar-transition and turbulent
regions; on the blade trailing edge, it is triggered where separation is expected due to the
local blade geometry. It can be mentioned these strip-like Q structures and wall shear stress
can be widely found in studies using the γ− Reθ transition model for marine propellers.

The predicted SepInd when using different Tu are shown in Figure 19, together with
the skin friction. With Tu = 0.1% and Tu = 0.5%, the predictions are rather similar with
slight differences at the leading edge close to the blade tip and some strips. With increasing
Tu, larger regions of SepInd are predicted and especially with Tu = 3% the blade is almost
covered with turbulent boundary layer and massively predicted SepInd. With Tu = 1%,
the whole leading edges of blades 1 and 5 are covered by SepInd. This indicates that with a
free-stream Tu higher than 1%, the predicted cavitation pattern using the bridged model can
likely be similar to the predictions using unbridged models or no transition model at all.

(a) (b)

(c) (d)

Figure 19. Predicted SepInd, wall limiting streamlines and C f with different Tu levels. (a) Tu = 0.1%; (b) Tu = 0.5%;
(c) Tu = 1%; (d) Tu = 3%.
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6.2. Cavitating Condition

The studied operating condition here is J = 0.85 and σ = 2.0 with assumed free-
stream intensity level Tu = 0.5%. Three typical snapshots taken by the high speed video
in the experiments are shown in Figure 20. The camera’s shooting angle is limited, but
still detailed information of cavitation formation is provided. The cavitation pattern was
varying between blade revolutions, but no significant differences were found between
the blades, thus the variation is not expected to be dependent on blade manufacture
deficiencies nor pitch setting inaccuracies, but on water quality. Traveling bubble cavitation
can be found on the propeller blades in the second and third frame, indicating that the
local pressure is below saturation pressure. These traveling bubbles can not attach to the
blade surface, but are transported downstream by the flow, with possible violent growth
and collapse shown in the third frame as an example. The sheet cavitation typically starts
developing from the leading edge at around 0.95 R, with some strip cavities starting from
0.9 R mid-chord and develops to about 0.8 R at the trailing edge. Tip vortex cavitation and
limited root cavitation and root traveling bubble cavitation can be found for the present
condition as well.

Figure 20. Typical cavitation patterns recorded in the experiments, J = 0.85, σ = 2.0. Left frame: typical cavitation pattern;
middle frame: strip like cavitation on upper blade with traveling bubble on the lower blade; right frame: typical cavitation
pattern with collapsing bubble.

The predicted cavitation patterns using the k−ω SST + SS unbridged model is shown
in the left frame in Figure 21. It can be seen clearly that the sheet cavitation is massively
over-predicted, especially on blade 5 more than half of the blade is covered with sheet
cavitation. The predictions using the bridged model agrees very well with the observations
with sheet cavitation starting at about 0.95 R on the leading edge. On the upper blade 1, the
overall cavitation pattern also agrees with experimental observation, and it can be found
that the cavitation consists of two major structures: one generated from the leading edge
(0.95 R) and transported downstream; the other one originating from strip-like cavitation
at around 0.85 R at mid-chord, while the shape of the latter varies a bit. On the lower blade
4, strip-like cavitation is also predicted, but in the experimental videos, these structures
are very intermittently observed. As noted above, such strip-like cavitation structures
are not rare for model scale marine propellers. One further example is the high speed
video snapshots in [25], where series of strip-like cavitation structures close to the blade tip
are formed.
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Figure 21. Predicted cavitation patterns αv = 0.5, J = 0.85, σ = 2.0. Left frame: unbridged k− ω SST + SS; right frame:
bridged model.

It can be noticed that the tip vortex cavitation is predicted using the unbridged model,
but in the present model, the γ− Reθ and the corresponding bridging is only effective
inside the boundary layer without predicting tip vortex cavitation. Further development is
needed to make the laminar cavitation suppression active only in the boundary layer and
allow for cavitation to appear elsewhere.

7. Summary

In the present study, the local correlation based transition model γ− Reθ is bridged
with the Schnerr–Sauer cavitation mass transfer model via the laminar separation cor-
relation in the former. This bridging is used to modify the vaporization rate thereby
suppressing cavitation inception in laminar boundary layers. Apart from adjusting the
vaporization constant, the transition and mass transfer models are kept intact.

The bridged model is first developed and applied on the NACA16012 hydrofoil with
different angles of attack and predictions are compared to published experimental data.
Very satisfying predictions of cavitation pattern are achieved for several tested angles
of attack while the unbridged approach predicts rather massive sheet cavitation. The
prediction of laminar separation location agreed well with experimental data with reported
free-stream turbulence intensity level Tu for non-cavitating conditions.

Then, the bridged model is used for predicting the cavitation patterns on model scale
propellers mounted on inclined shafts. The first propeller test case is the PPTC VP1304
model scale marine propeller, used in the second international workshop on cavitation
and propeller performance [14]. The used test condition is referred to as case 2.1 in the
workshop. Under this condition, most workshop participants reported massive sheet cavi-
tation predictions where the experimental observations showed bubble cavitation. Using
the unbridged approach, similar over-prediction of sheet cavitation was found covering
large part of the propeller blades. The bridged model gave predictions of sheet cavitation
pattern, including cavitation strips at blade mid-chord and mid-radius, as observed in
the experiments. The second studied case is a commercial high-skew propeller design of
Kongsberg. For non-cavitating conditions, simulations with varying Tu were performed
and the influences on propeller blades was studied. For the cavitation conditions, the
predictions are compared to experimental high speed video snapshots. The cavitation pat-
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terns predicted using the bridged model agreed very well with experimental observations,
significantly improved compared to the unbridged approach that again predicted massive
sheet cavitation on the blades.

Regarding the bridging, it relies on the local correlations in the original γ − Reθ

transition model which triggers the separation induced transition. The correlation in
essence depends on the free-stream turbulence level Tu, local pressure gradient, and local
vorticity Reynolds number Rev and is related to the local boundary layer shape factor
H. The predicted laminar separation locations have been reported to be satisfying in the
literature. The use of this parameter for sheet cavitation inception prediction is inline with
existing knowledge regarding the mechanisms of sheet cavitation inception. This includes
experimental observations that laminar separation is a prerequisite for sheet cavitation
inception, or the more recent findings suggesting the existence of adverse pressure gradient
and local thickening of boundary layer is sufficient. However, it is also necessary to remark
that the bridging thus relies on the prescribed local correlations, which have a physical
meanings, but are not fully physically formulated. Besides, the transition correlations are
based on single fluid experimental series and the knowledge about multiphase turbulent
and transitional flow is limited. Still, the prediction results using the bridged model are
very satisfying, awaiting advanced approaches.
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