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ABSTRACT

Numerical results submitted to the workshop on cavitation
and propeller performance organised by the Second Inter-
national Symposium on Marine Propulsors (SMP’11) are
presented. Computational analysis is performed by us-
ing the INSEAN-PFC propeller flow code developed by
CNR-INSEAN. Workshop test cases include open water
performance, evaluation of velocity field in the propeller
wake and prediction of cavitation in uniform flow con-
ditions. Test cases are proposed as blind tests to work-
shop participants. A review of the theoretical and com-
putational methodology is given and numerical results are
commented. Limitations deriving by the application of a
potential-flow methodology are addressed and the expected
accuracy of computational results is discussed.
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1 INTRODUCTION

This paper presents the results of a computational study of
marine propeller performance in uniform flow conditions.
Results are submitted to a workshop on cavitation and pro-
peller performance organised in the framework of the Sec-
ond International Symposium on Marine Propulsors.

Propeller hydrodynamics studies are performed by using
the INSEAN-PFC code. This software is based on a
Boundary Element Methodology (BEM) for the analysis
of inviscid flows around bodies in arbitrary motions with
respect to a fluid at rest. The computational model devel-
oped at CNR-INSEAN has been extensively applied during
the last years to the analysis of marine propulsors in open
water and in behind-wake conditions, under non-cavitating
or cavitating flow regimes. Description of the theoretical
and computational methodology and examples of valida-
tion studies are given in Salvatore et al (2003), Pereira et al
(2004), Greco et al (2004), Salvatore et al (2006).

According to workshop specifications in Heinke and Lübke
(2011), the computational model is applied to the analysis
of a five-bladed controllable pitch right-handed propeller.
Three dimensional views of the model propeller are shown
in Fig. 1, whereas main geometry parameters are given in
Table 1. A high pitch ratio (Pmean/D = 1.5675) is cho-
sen as the reference case for workshop calculations. Re-

Figure 1: Test case propeller geometry, Heinke and Lübke (2011).

Blades number, Z 5, CPP
Propeller diameter, D 250.0 mm
Pitch ratio at r/R = 0.7, P/Dr07 1.635

Expanded area ratio, EAR 0.779

Skew 19.12◦

Hub/Propeller diameter ratio 0.15

Table 1: Model propeller geometry parameters.

quested calculations include propeller open water perfor-
mance (Test case 2.1), evaluation of velocity field down-
stream the propeller (Test case 2.2), and prediction of cav-
itation under different propeller loading and freestream
pressure conditions (Test case 2.3). All cases are pro-
posed as blind tests, that is experimental data exist but
are not made available to workshop participants on before-
hand. Propeller operating conditions describing the three
test cases proposed are summarised in Table 2. Test case
2.1 reflects standard open water tests performed at the SVA
Potsdam towing tank. Test cases 2.2 and 2.3 address test-
ing conditions at the SVA Potsdam cavitation tunnel. A
complete description of model propeller geometry avail-
able both in CAD format and by means of datasheets and
of testing conditions is given by Heinke and Lübke (2011).

2 THEORETICAL AND COMPUTATIONAL MODEL

The INSEAN-PFC code is based on a Boundary Element
Method (BEM) for the analysis of inviscid flows around
lifting bodies in arbitrary motion with respect to a fluid
at rest. Assuming the onset flow is incompressible, invis-
cid and irrotational, the perturbation velocity induced by
the moving body may be described by a scalar potential



VA [m/s] n [rps] Ren J σn (KT )SV A
Case 2.1 - open water 2.25 to 5.25 15.0 0.876 106 0.6 to 1.4 – –
Case 2.2 - velocity field 7.204 23.0 1.592 106 1.253 – 0.250

6.365 24.99 1.672 106 1.019 2.024 0.387
Case 2.3 - cavitation 7.927 24.99 1.672 106 1.269 1.424 0.233

8.795 25.01 1.686 106 1.408 2.000 0.161

Table 2: Test case 2. Operating conditions. Thrust coefficient measurements (KT )SV A from Heinke and Lübke (2011).

as v = ∇ϕ. Following classical potential fields theory,
this yields that mass and momentum equations are dramat-
ically simplified. In particular, mass conservation is recast
as the Laplace equation for the perturbation velocity poten-
tial, ∇2ϕ = 0, whereas the momentum equation takes the
form of the Bernoulli Equation
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where p is the pressure, t is time, v
I

is the velocity distri-
bution incoming to the propeller disk, q = ∇ϕ+ v

I
is the

total velocity and gz0 is the hydrostatic head term.

The Laplace equation is solved via a boundary integral for-
mulation, see e.g., Morino (1993) for details. This implies
that problem unknowns are distributed only on the solid
surface of the propeller and over the wake. In the frame-
work of potential flow models for lifting bodies, the wake
denotes a zero-thickness layer where vorticity generated by
lifting surfaces is shed into the downstream flow. In the
BEM context, the wake is described as a surface departing
at the trailing edge of lifting surfaces. Through a classical
derivation (Morino, 1993) the following boundary integral
representation for ϕ is obtained
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where S
B

denotes the body surface (i.e., a hubbed pro-
peller), S

W
is the trailing wake and n is the unit normal.

The symbol ∆ denotes discontinuity of ϕ across the wake
surface, and G, ∂G/∂n are unit source and dipoles in the
unbounded three-dimensional space. Under non-cavitating
flow conditions, impermeability is enforced on solid sur-
faces, whereas the wake is described as a pressure-free sur-
face. A linear Kutta condition is also applied to impose that
no pressure jump exist at blade trailing edge.

Once Equation (2) is solved, the pressure can be evaluated
using the Bernoulli Eq. (1). Propeller thrust T and torque
Q are then obtained by integration of normal and tangential
stress over the surface of propeller blades S

P
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where τt denotes the tangential stress vector and subscript
x denote the component along the axial direction.

Dealing with inviscid-flow models, viscous friction τ is not
part of the solution and dedicated modelling is required.
Following a common approach, the distribution of τ on
the blade surface is estimated by using expressions valid
for a flat plate at equivalent Reynolds number, see e.g.,
Carlton (1994). Different expressions are used for lami-
nar and turbulent boundary layers and transition from lam-
inar to turbulent flow is imposed where local Reynolds
number is higher than a prescribed value. A further cor-
rection to take into account viscosity effects on propeller
loads is applied when blade sections operate at high an-
gle of attack. Under such conditions the boundary layer
is separated and viscous-flow corrections based on the flat-
plate analogy above are typically underestimated. Here, a
semi-empirical expression of additional torque induced by
boundary-layer separation on a blade strip at radius r is
used, dQsep(r) =

∑
i Ci(α−αsep)βi , where α is the local

effective angle of attack and αsep is a reference angle of
attack denoting incipient separation. Quantities Ci, βi and
αsep are determined by fitting available experimental data
for propellers having similar geometrical characteristics.

2.1 Wake alignment technique

In order to evaluate the induced velocity field and describe
the vorticity convection mechanism downstream the pro-
peller disc, the determination of a physically consistent
wake shape is a crucial issue. In this section, brief outlines
of the trailing wake alignment technique are described,
whereas details on the theoretical approach and on valida-
tion analyses can be found in Greco et al (2004).

The location of the wake surface S
W

in Eq. (2) is here de-
termined as a part of the flowfield solution by imposing
that that wake points must be aligned to the local flowfield.
The wake alignment procedure is nonlinear and is achieved
in two phases. First, the perturbation velocity field in the
wake region is computed using a boundary integral repre-
sentation for the velocity potential. This is obtained by tak-
ing the gradient of Eq. (2), to obtain∇ϕ at any point on the
wake surface. Next, wake points x

W
are moved parallel to

the local velocity field by using a Lagrangian scheme
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Equation (4) requires a careful evaluation of wake–induced
velocity. In particular, wake dipoles induction at points x

W

is evaluated by the Biot–Savart law. Predicted induced ve-
locity tends to infinity as the distance from the dipole goes
to zero. This would determine stability problems in the



wake alignment numerical procedure. Furthermore, infi-
nite velocity is unphysical in that viscosity limits the veloc-
ity magnitude inside the vortex core. In order to overcome
unphysical trends and to reduce numerical instabilities, the
finite vortex core concept introduced by Suciu and Morino
(1978) is used. Denoting by rε the vortex core radius, the
velocity vn induced by a vortex line Γ is evaluated as

vn =


1

4π

∫
Γ

r× dy
r3

, r ≥ rε

r/rε vnε , r < rε

(5)

where vnε is evaluated by the Biot–Savart law for r = rε.
Wake alignment stability is enhanced by imposing rε =
rε0

√
1 + ∆rεξ where rε0 is the vortex core radius at the

blade trailing edge, ξ is the arc length in the streamwise
direction and ∆rε is a growth factor.

Once a converged wake shape is determined, the boundary
integral representation for the velocity potential is used to
evaluate the perturbed flow field around the propeller.

2.2 Cavitating flow model

Recalling that in boundary integral formulations like BEM
flowfield unknowns are distributed over the body surface
and over the wake, only cavitation attached to these sur-
faces can be described through direct manipulations of
potential-flow equations and boundary conditions. As
a consequence, two-phase flow phenomena as tip-vortex
cavitation, cloud and bubbly cavitation are typically be-
yond the range of boundary integral-based propeller-flow
methodologies. In the present study, cavitating flow analy-
sis is limited to attached sheet cavitation.

Specifically, a surface tracking model is implemented into
the INSEAN-PFC code. The cavity is considered as a ho-
mogeneous layer attached to the body surface and charac-
terized by a constant pressure condition p = pv , where
pv denotes vapour pressure. The Bernoulli equation (1) is
used to recast p = pv as a boundary condition for the ve-
locity potential. Next, assuming the cavity is bounded by
an interface impermeable to the fluid, a partial differential
equation for the cavity thickness hc is derived as
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I
· n and gradient ∇

S
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body surface. Starting with an initial guess of the cavitat-
ing surface, Eq. (6) is solved stripwise along blade span to
determine if a cavity with finite length and thickness exists
under local flow pressure and velocity conditions derived
from solution of Eq. (2). Here, Eq. (6) is solved assum-
ing that the cavity detachment point is at the blade leading
edge. Cavity trailing edge is set by a zero-thickness condi-
tion and by imposing that pressure has a smooth recovery
from cavitating to non-cavitating flow regions.

The combined cavitation model and the boundary integral
formulation for the velocity potential yields a non-linear
problem that is solved through an iterative procedure. See
Salvatore et al (2003) and Pereira et al (2004) for details on
the cavitation model used in the present study.

3 NUMERICAL RESULTS

3.1 Case 2.1: open water performance

Numerical predictions of propeller open water performance
by using the INSEAN-PFC code are illustrated in Fig. 2.
Thrust coefficient data from model test performed at the
SVA cavitation tunnel (Heinke and Lübke, 2011) are plot-
ted for reference. In fact, numerical results refer to open
water conditions (unbounded flow) at n and VA values
given for Case 2.1, whereas SVA data refer to model tests
performed in confined flow (cavitation tunnel) at higher
speeds n, VA and Reynolds number, see Table 2. It is not
known whether KT values reported by SVA include cor-
rections to minimise tunnel flow confinement effects.

Figure 2: Case 2.1. Propeller open water predictions.

For completeness, numerical predictions of KT by using
different grids are compared to SVA data in Table 3. Com-
putational grids are referred to the number of discretization
elements in chordwise direction M and in spanwise direc-
tion N on each blade surface side. Discretization of hub
and wake surfaces are adapted to grid refinement on the
blade surface. Results in Fig. 2 are obtained by using a
M ×N = 36×36 grid, whereas results for test cases 2.2
and 2.3 (see below) are obtained by a 24×36 grid.

J 12x12 24x24 36x36 48x48 SVA
1.019 0.3668 0.3737 0.3741 0.3736 0.387
1.269 0.2398 0.2439 0.2457 0.2467 0.245
1.408 0.1659 0.1669 0.1704 0.1725 0.167

Table 3: Case 2.1. Grid refinement effect on predicted KT .

3.2 Case 2.2: velocity field

Predictions of the velocity distribution in the propeller slip-
stream are requested on two transverse planes at axial dis-
tances x1/D = 0.1 and x2/D = 0.2 from propeller plane,
see Table 2. Calculations have been performed by using the
trailing wake alignment procedure described above.



Figure 3: Case 2.2. Trailing wake surface sections along transverse planes at increasing x distance from propeller plane (J = 1.253).

Figure 3 depicts intersections of the wake surface with five
planes normal to the propeller axis x at increasing distance
from the propeller plane. The typical roll-up of the vorti-
cal surface about the tip vortex is apparent. Figure 4 shows
a three-dimensional view of the trailing wake shed by one
of the propeller blades. In the present calculations, wake
alignment procedure is extended up to 1.5 propeller diam-
eters downstream the propeller plane.

Figure 4: Case 2.2. Three-dimensional view of propeller and
flow-aligned trailing wake (J = 1.253, non cavitating). For clar-
ity, the wake shed by only one blade is depicted.

Calculated velocity field distributions in the propeller slip-
stream are shown through contour maps in Fig. 5. Ax-
ial velocity is plotted as (Vx − V0)/V0, where V0 = VA,
Vx = VA+∂ϕ/∂x. Similarly, tangential velocity is plotted
as Vt/V0 where Vt = ∂ϕ/∂t and radial velocity is plotted
as Vr/V0 where Vr = ∂ϕ/∂r . Symbols t, r denote tangen-
tial and radial coordinates on x = const planes. According
to workshop specifications, Vx is positive in flow direction,
Vt is positive in direction of rotation and Vr is positive for
increasing radius.

In the present results, a finite dimension of the vortex core
at blade trailing edge of 0.02 D is used to overcome un-
physical velocity trends. A fully potential-flow prediction
of the velocity field downstream the propeller would re-
quire a zero dimension of the vortex core. However, in
order to reduce numerical instabilities, the minimum value
ensuring convergence of the iterative wake alignment pro-
cedure is chosen here. This leads to a velocity smoothing
effect around wake doublets.

Present velocity field calculations are performed in open
water conditions. Previous authors’ experience on the com-

parison between O.W. numerical predictions and experi-
mental measurements inside a cavitation tunnel has high-
lighted two relevant aspects. First, a weak blockage effect
due to flow confinement inside the tunnel test section is ex-
pected and this can affect numerical/experimental compar-
isons unless suitable correction of measured data is applied.
Next, typically the BEM code overpredicts wake contrac-
tion ratio up to x/D = 1.0, whereas a good agreement with
experimental data is achieved at higher distance. This can
be explained considering the rolling up of the wake sheet
and the non univocal definition of the numerical tip vortex.
In the experiments, the tip vortex is identified by turbulence
level peaks in the flowfield, whereas in BEM calculations
its position is identified with the outmost streamwise wake
node line.

3.3 Case 2.3: cavitation

Numerical predictions of the cavitation pattern around the
propeller at different loading and ambient pressure condi-
tions are requested in test case no. 2.3, see Table 2.

First, pressure distributions over the propeller blades are
evaluated under non cavitating flow conditions. Numerical
results are illustrated in Figs. 6 where nondimensional pres-
sure Cpn = (p − p0)/0.5ρ(nD)2 is plotted. This prelim-
inary analysis allows to identify blade regions where cav-
itation is likely to occur for the three different operating
conditions proposed: J = 1.019, 1.269, 1.408. According
to test case descriptions in Heinke and Lübke (2011), pro-
peller design point is close to J = 1.269. Numerical results
in Figs. 6 highlight that at lower advance ratio (J = 1.019)
the propeller is moderately loaded, (KT )SV A = 0.387,
and a negative pressure peak develops on the blade suc-
tion side at the leading edge at outer radii. In particular,
Cminpn ≤ −2.0 is evaluated at r/R ≥ 0.55 circa. Over
most of blade suction side surface a rather flat pressure dis-
tribution is observed with Cpn values in the range −1.5 to
−1.2. Positive Cpn values are observed on blade pressure
side except for a very narrow region at blade tip. Pressure
distribution is favorable for the formation of a tip vortex.
In view of the blade shape it is likely that a leading edge
vortex is formed at outer radii and this vortex merges with
the tip vortex.

Considering cavitating flow conditions at σn = 2.024 and
J = 1.019, the analysis above yields that sheet cavitation
is expected to develop at blade leading edge on the suc-
tion side and a cavitating leading-edge/tip vortex is shed.
Numerical results under cavitating flow conditions con-



Figure 5: Case 2.2. Predicted velocity field downstream the propeller at planes x/D = 1.0 (left) and x/D = 2.0 (right). From top to
bottom: axial, tangential and radial velocity fractions in stationary frame of reference.

firm the existence of sheet cavitation, as shown in Figs. 7
and 8. In particular, colors in Fig. 8 are used to distin-
guish cavity regions with different thickness hc. Specifi-
cally, green is used to mark regions with hc = 0.2href ,
where href is the maximum thickness of the cavity ob-
tained on the blade surface at r/R ≤ 0.98 (href = 0.002D
in this case). Next, red coloured areas denotes regions
with hc = 0.5href whereas blue denotes regions with
hc = 0.8href . Such a contour-plot setting is chosen to bet-

ter compare present data with results from two-phase flow
models where the cavity is determined through vapor den-
sity αv values. Specifications in Heinke and Lübke (2011)
are that green, red, blue colors should mark regions with
αv ≥ 0.2, 0.5, 0.8 respectively.

As mentioned above, the cavitation model implemented
in the INSEAN-PFC code does not allow to describe vor-
tex cavitation. Nevertheless, it is worth noting that in the



Figure 6: Case 2.3. Distribution of nondimensional pressure
Cpn = (p− p0)/0.5ρ(nD)2 on blade suction (left) and pressure
(right) sides, non-cavitating flow conditions. From top to bottom:
J = 1.019, J = 1.269, J = 1.408.

present calculation, a thick and short sheet cavity profile is
predicted at r/R ≥ 0.98 − 0.99, see Fig. 7 where a three-
dimensional view of the cavity and of the trailing wake de-
parting from blades is shown. This behaviour of the solu-
tion may reveal two-phase flow phenomenologies with va-
porised region detaching from the blade surface and evolv-
ing as tip-vortex and cloud cavitation.

Figure 7: Case 2.3. Three-dimensional view of the cavity and
of the trailing wake departing from blade trailing edge. (cavity
thickness magnified by a factor 5 for clarity).

Next, flow conditions in cases 2.3.2 and 2.3.3 are ad-
dressed. The analysis of these two cases is made com-
plex because blade pressure distribution is favourable to
the occurrence of face cavitation and mid-chord cavitation
that are not described by the cavitation model implemented
in the current version of the INSEAN-PFC code. In fact,
non-cavitating flow analysis of blade pressure distribution
in Figs. 6 shows that as J is increased from J = 1.019,
propeller loading is redistributed between suction and pres-
sure sides. In particular, the negative pressure coefficient
peak moves from suction side (J = 1.019) to pressure
side (J = 1.408), and a region with relatively low pres-
sure is formed at inner radii on the suction side (center and
bottom left pictures in Fig. 6). In terms of cavitating flow
behaviour, such pressure distributions yield that when the
advance coefficient increases from J = 1.019 to higher
values up to J = 1.408, leading edge sheet cavitation on
blade suction side tends to disappear and risk of face cavita-
tion exists. Similarly, risk of vaporization on blade suction
side at inner radii is observed under pressure conditions
corresponding to σn = 1.424 (case 2.3.2) and σn = 2.0
(case 2.3.2). Blade regions where Cpn < −σn is deter-
mined from non-cavitating flow calculations of cases 2.3.2
and 2.3.3 are plotted in green in Figs. 9. Pressure Cp distri-
butions at radial sections r/R = 0.7, 0.9, 0.95 are plotted
in Figs. 10. Non-cavitating and cavitating flow conditions
for case 2.3.1 are compared.

CONCLUSIONS

Results of the computational study of propeller in open
water flow conditions submitted to the SMP’11 workshop
on cavitation and propeller performance have been pre-
sented. Calculations are performed by using the INSEAN-
PFC code based on an inviscid-flow BEM model.

The proposed test case considering a highly pitched pro-
peller represents a challenging benchmark for inviscid flow
models. The reliability of numerical predictions can be es-
timated on the basis of findings from a limited set of vali-
dation studies on similar applications.

The propeller is characterised by very high loading at low
advance ratio indicating that blade sections operate at high
angle of attack. The prediction of open water thrust and ex-
pecially torque by inviscid-flow models can be affected by
significant errors related to inaccurate prediction of viscos-
ity induced flow separation. Accuracy of results depends
on the tuning of semi-empirical corrections used.

Blade shape and loading distribution of the proposed pro-
peller is favourable to the detachment of tip vortex at lead-
ing edge before the actual blade tip. This flow feature may
determine an increased thrust at low advance ratio that is
not captured by the present computational model where tip
vortex detachment at the geometrical blade tip is imposed.

Inaccurate predictions of the tip vortex detachment point
can also determine a non correct evaluation of the angular
location of trailing vortices just downstream the propeller
disc. Moreover, wake contraction may be overestimated at
small distance from the propeller plane although reliable
predictions are usually achieved further downstream.



Figure 8: Case 2.3.1, J = 1.019, σn = 2.024. Predicted cavity pattern on blade surface. Front and side view of blade suction side.

Figure 9: Blade surface regions with p ≤ pv predicted by non-cavitating flow calculations. Top: front and side view of blade suction
side, J = 1.269, σn = 1.424 (case 2.3.2). Bottom: front and side view of blade pressure side, J = 1.408, σn = 2.000 (case 2.3.3).

A cavitation model limited to detect sheet cavities forming
at the blade leading edge provides only a limited insight of
two-phase flow phenomena occurring on propellers of the
type addressed here. Existing literature on the subject of
cavitation modelling by BEM highlights that face and mid-
chord cavitation can be described through suitable adapta-
tions of the model used in the present work. This is not the

case with vortex cavitation and complex sheet cavitation
structures like intermittent cloud detachment whose mod-
elling require the capability to describe the interplay be-
tween density gradients, velocity, vorticity inside the flow.

A final remark is that some weakness in the capability to
correctly describe complex flow structures is alleviated by
the very limited computational effort typical of BEM calcu-



Figure 10: Case 2.3. Pressure distribution at radial sections r/R = 0.7, 0.9, 0.95 calculated under non-cavitating and cavitating flow
conditions. Top: J = 1.019, σn = 2.024. Center: J = 1.269 (non cavitating). Bottom: J = 1.408 (non cavitating).

lations. Grid generation is easily fully automated and one
non-cavitating open water flow calculation with prescribed
wake shape takes few CPU seconds on a single-processor
computer. A comparable effort is needed to compute single
iterations of non-linear procedures for trailing wake align-
ment and cavitating flow. Few iterations are sufficient to
achieve convergence of the cavitation model, whereas the
wake alignment procedure can require up to hundreds of
steps depending on grid and run parameters setting.
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