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Ducted propellers, in decelerating duct configuration, may represent a possible solution for the designer to reduce cavitation and
its side effects, that is, induced pressures and radiated noise; however, their design still presents challenges, due to the complex
evaluation of the decelerating duct effects and to the limited amount of available experimental information. In the present paper,
a hybrid design approach, adopting a coupled lifting line/panel method solver and a successive refinement with panel solver
and optimization techniques, is presented. In order to validate this procedure and provide information about these propulsors,
experimental results at towing tank and cavitation tunnel are compared with numerical predictions. Moreover, additional results
obtained by means of a commercial RANS solver, not directly adopted in the design loop, are also presented, allowing to stress the

relative merits and shortcomings of the different numerical approaches.

1. Introduction

Propeller design requirements are nowadays more and more
stringent, demanding not only to provide high efficiency
and to avoid cavitation, but including also requirements
in terms of low induced vibrations and radiated noise.
Ducted propellers may represent a possible solution for
this problem; despite the fact that their main applications
are devoted to the improvement of efficiency at very high
loading conditions (near or at bollard pull), with accelerating
ducts, decelerating duct application may result in improved
cavitation behavior. Concepts and design methods related
to these propulsors are well known since the early 70s
[1], and many different works have been presented during
years. Notwithstanding the rather long period of application
(and study) of these propulsors, their design still presents
many challenges, which need to be analyzed, including the
evaluation of the complex interaction between duct and
propeller, of the duct cavitation behavior, and of its side
effects, such as radiated noise and pressure pulses.

These problems are amplified when decelerating, rather
than accelerating, duct design is considered; one of the

reasons for these difficulties is the higher complexity of
the calculation of the duct decelerated flow, which makes
the application of conventional lifting line/lifting surface
design approaches less practicable or at least not sufficiently
accurate. Moreover, a further problem is represented by
the lack of experimental data for this type of nozzle
configuration with respect to the more conventional (and
widely studied) accelerating ones. In order to alleviate the
mentioned problems, in the present work, a hybrid design
approach is presented. As a first step, the initial estimation of
the blade geometry is performed, applying a fully numeric
coupled lifting line/panel method solver [2]. Traditional
approaches, based on Lerbs approximations [3], are in fact,
unable to treat complex geometries, including the effect
of the hub and, of course for these kind of propellers, of
the duct. A more robust approach is thus required at least
for their preliminary design, as well as improved analysis
tools, capable to assess the complex viscous interactions
that take place on the gap region between the propeller
tip and the duct inner surface. This first step geometry is
successively refined by means of a panel method coupled



with an optimization algorithm, adopting an approach
which already demonstrated successful results in the case
of conventional CP propellers [4-6] with multiple design
points. In the present case, the use of the panel code in
the second design phase (geometry optimization) allows a
more accurate evaluation of the cavity extension and of its
influence on the propeller performances, thus leading to a
better design. The theoretical basis of the design approach is
reported in Section 2, while in Section 3 an application to a
practical case is presented. Once the final geometry has been
obtained, a thorough analysis of the propulsor functioning in
correspondence of a wide range of operating conditions, cov-
ering design and off-design points (in terms both of load and
cavitation indices), is presented. This analysis was carried out
applying the same panel method adopted in the design loop
and a commercial RANS solver [7] in order to appreciate
the capability of the two approaches to correctly capture the
ducted propeller performances (mechanical characteristics
and cavity inception/extension). If an accurate geometrical
description of the duct (within the potential approaches
possible only with the employment of the panel method) is
fundamental to capture the accelerating/decelerating nature
of the nozzles, viscous effects at the duct trailing edge
and at the blade tip can have, with respect to the free
running propellers case, an even higher influence on the
propeller characteristics. The load generated by the duct and
the redistribution of load between the blade and the duct
itself are, in fact, strongly dependent by the flow regime
on the gap region. Sanchez-Caja et al. [8] and Abdel-
Maksoud and Heinke [9] successfully predicted the open
water characteristics of accelerating ducted propellers with
RANS solvers, providing valuable information (beyond the
potential codes capabilities) on the features of the flow
in the gap region; potential panel methods, in order to
simulate these complex phenomena, need the adoption
of empirical corrections (like the orifice equation, as in
[10]), which may also include the effect of boundary layer
on the wake pitch [11] or simplified approaches, like the
tip leakage vortex [12]. The accurate description of these
phenomena, also through reliable viscous computations,
could provide practical ideas for the design process in
order to improve the robustness of the approach and the
corrections to the potential flow computations. In order to
validate the numerical results, an experimental campaign at
the towing tank and at the cavitation tunnel was carried
out, as presented in Section 4. The comparison of numerical
and experimental results in correspondence to the various
operating conditions considered allows to stress the merits
and the shortcomings of the various approaches, as discussed
in Section 5.

2. Theoretical Background

2.1. Coupled Lifting Line/Panel Method Design Approach.
In the case of lightly and moderately loaded free running
propellers, operating in a nonuniform inflow, the fully
numerical design approach is based on the original idea
of Coney [2] for the definition, through a minimization
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problem, of the optimum radial circulation distribution.
Traditional lifting-line approaches are, in fact, mainly based
on the Betz criteria [3] for the minimum energy loss on the
flow downstream of the propeller, and the satisfaction of this
condition is realized by an optimum circulation distribution
that is generally defined as a sinus series over the blade
span. In the fully numerical design approach [2], instead,
this continuous radial distribution of vorticity I'(r) along
each lifting line that models each of the propeller blades
is discretized with a lattice of vortex elements of constant
strength. The continuous trailing vortex sheet that represents
the blade trailing wake is therefore replaced by a set of
M horseshoe vortexes, each of intensity I'(m) and each
composed by two helical trailing vortexes, aligned with the
hydrodynamic angle of attack and a bound vortex segment,
on the propeller lifting line, as in Figure 1.

With this discrete model the influence of the hub can
be simply included by means of image vortexes [13], based
on the well-known principle that a pair of two-dimensional
vortexes of equal and opposite strength, located on the
same line, induce no net radial velocity on a circle of
radius r,. The same result approximately holds in the case
of three-dimensional helical vortexes, provided that their
pitch is sufficiently high. As a consequence, in the case of
propellers, the image helical vortexes representing the hub
lay on cylinders whose radiuses can be calculated as

2

Tih = —» (1)
n

where r is the radius of each vortex that models the blade,
rin is the radius of its hub images, and ry, is the mean radius
of the hub cylinder. This system of discrete vortex segments,
bound to the lifting line and trailed in the wake, induces axial
and tangential velocity components on each control point
of the lifting line, defined as the mean point of each bound
vortex segment, where boundary conditions are enforced.
These self-induced velocities are computed applying the
Biot-Savart law as the contribution, on each control point,
of all the horseshoe vortexes modeling each blade:

M+My,
ua(r;) = ua(i) = > AipI(m),
m=1

(2)

M+My

u(r)) = (i) = > TiuI(m),
m=1

where Aj, and Tj, are, as usual, the axial and tangential
velocity influence coefficients of a unit horseshoe vortex
placed at the m-radial position on the i-control point (i-
radial position) of the lifting line and M and M, are
the total number of horseshoe vortexes representing the
blades and their hub images. With this discrete model,
the hydrodynamic thrust and torque characteristics of the
propeller can be computed by adding the contribution of
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FiGure 1: Blade equivalent lifting line, reference system, and velocities convention.

each discrete vortex on the line. In fact, under the assumption
of pure potential and inviscid flow:

R
T= pZJ Viot(1) - cos Bi(r) - T(r)dr,
N (3)
Q- pZJ Viu(r) - sinfi(r) - 7 - T(r)dr,

where Viot(r) - cos fi(r) is simply the total tangential velocity
acting at the lifting line (relative inflow V; + w - r plus self-
induced tangential velocity u;), Viot(r) - sin3i(r) is the axial
velocity (inflow V, plus self-induced axial velocity u,), and
Bi is the hydrodynamic pitch angle. In discrete form (3) leads
to

Mz

T =pZ > [Vi(m)+u(m)+w-r]-Ar-T(m),

(4)
M
Q =pZ > [Va(m) + us(m)] - r(m) - Ar - T(m).

A variational approach [2] provides a general procedure
to identify the set of discrete circulation values I'(m) (i.e.,
the radial circulation distribution for each propeller blade
described as the superposition of the strength of its M
horseshoe vortexes) such that the propeller torque (as
computed in (4)) is minimized, keeping contemporarily to
a constant value (within a certain tolerance) the required
propeller thrust Tg, which is a constrain of the problem.
Introducing the additional unknown represented by the
Lagrange multiplier A, the problem can be solved in terms
of an auxiliary function H = Q — A - (T — Tg), requiring that
its partial derivatives are zeros:

oH

WZO, fOI'Wl:l"'M,
oH ®
a0

Carrying out the partial derivatives, (5) leads to a nonlinear
system of equations for the vortex strengths and for the

Lagrange multiplier, because self-induced velocities depend,
in turn, on the unknown vortexes strengths themselves. The
iterative solution of the nonlinear system is obtained by the
linearization proposed by Coney [2] in order to achieve the
optimal circulation distribution that minimizes torque with
the prescribed thrust.

This formulation can be further improved to design
moderately loaded propellers and to include viscous effects.
The initial horseshoe vortexes that represent the wake, frozen
during the solution of (5), can be aligned with the velocities
induced by the actual distribution of circulation and the
solution iterated until convergence of the wake shape (or of
the induced velocities themselves).

A viscous thrust reduction, as a force acting on the
direction parallel to the total velocity and thus as a function
of the self-induced velocities themselves, can be furthermore
added to the auxiliary function H, and a further iterative
procedure, each time the chord distribution of the propeller
has been determined, can be set. In total, for the design of a
single propeller, the devised procedure works with

(i) an inner iterative approach for the determination of
the optimal circulation distribution by the solution of
the linearized version of (5),

(ii) a second-level iterative approach to include the vis-
cous drag on the optimal circulation distribution, by
adding viscous contribution to the auxiliary function
H,

(iii) a third-level iterative approach to include the wake
alignment and the moderately loaded case.

This design procedure outlined for free running pro-
pellers can be easily extended to treat the case of ducted
propellers. As for the hub, the influence of the nozzle on
the performances of the propeller can be included in the
numerical lifting line model simply adding an appropriate
set of image vortexes in place of the duct itself, in order to
include its “wall” effect and the resulting loading of the blade
tip region. With a formulation equivalent to that of (1), it
is possible to define the radial location of the duct image



vortexes, replacing the hub cylinder mean radius r;, with the
duct cylinder mean radius r,.

The presence of the duct, however, influences the pro-
peller performances not only in terms of additional load
at the tip. The shape of the nozzle (for accelerating or
decelerating configurations) induces very different inflow
distributions on the propeller plane, which cannot be taken
into account by means of the simple addition of the
image vortexes that model the “wall” condition. The main
responsibles of the modified inflow at the propeller plane
are, in fact, the effective shape and the thickness of the
nozzle that are neglected by the vortical approach. Moreover
the nozzle contributes to the total propulsive thrust, and,
therefore, the design of a ducted propeller has to include
this additional term. To overcome the limitation of the
original approach based only on a distribution of vortexes,
an iterative methodology has been devised, in order to
couple the numerical lifting line design approach (for the
determination of the optimal circulation distribution and
of the resulting propeller geometry) with a panel method,
suited for a more accurate computation of the inflow velocity
distribution on the propeller plane and for the evaluation of
the duct thrust force. The coupling strategy between the two
codes is schematically presented in Figure 2. With respect to
the procedure outlined in the case of free running propellers,
the coupling with the panel method modifies the inner
and the outer iterative loops. The interaction between the
propeller lifting line and the duct is, in fact, achieved through
induced velocities. Every time a new circulation distribution
has to be computed, the panel method provides the input
inflow velocity distribution V, and V; necessary in (4) and
the definition of the hydrodynamic pitch angle f3; needed
for the determination of the trailing vortexes shape on the
propeller wake. The duct (without the propeller), operating
on the mean inflow generated by the set of lifting line
vortexes computed at the previous design iteration, is solved
by the panel method, and the mean axial and tangential
velocities induced on the propeller plane are used as the
input inflow for the next design step. Furthermore, once a
propeller geometry has been defined, not only the frictional
forces are computed and the propeller thrust is updated but
also the duct thrust/resistance is calculated (by the panel
method applied to the entire propeller/duct problem) and
the required propeller thrust is adjusted in order to achieve
the total (propeller plus duct) propulsive thrust.

After the blade circulation and hydrodynamic pitch dis-
tribution have been defined, the design procedure proceeds
to determine the blade geometry in terms of chord length,
thickness, pitch, and camber distributions which ensure the
requested sectional lift coefficient satisfying, at the same
time, cavitation and strength constraints. For the calculation
of blade stresses the method proposed by Connolly [14]
has been preferred, while cavitation issues are solved in
accordance with the approach developed by Grossi [15], in
turn based upon an earlier work by Castagneto and Maioli
[16] where minimum pressure coefficients on a given blade
section with standard NACA shapes are semiempirically
derived. A more detailed description of the design procedure
may be found in Gaggero et al. [17, 18].
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2.2. Design by Optimization. The design of ducted propellers
via lifting line approaches remains, however, problematic.
Despite the lifting surface corrections that can be adopted
for the definition of the blade geometry (through the
empirical corrections proposed by VanOossanen [19] or
by a dedicated lifting surface code), the influence of the
blade and of the duct thickness, the nonlinearities linked
with the cavitation, and the effects of the flow in the gap
between the blade tip and the inner duct surface strongly
affect the optimal propeller geometry. An alternative and
successful way to improve the propeller performances is
represented by optimization [4-6]. The design of the ducted
propeller can be improved, in fact, adopting an optimization
strategy, namely, testing thousands of different geometries,
automatically generated by a parametric definition of the
main geometrical characteristics of the propeller (eventually
also of the duct), and selecting only those able to improve
the performances of the initial configuration (e.g., in terms of
efficiency and cavity extension) together with the satisfaction
of defined design constraints (thrust identity, first of all).

Panel methods, with their extremely high computational
efficiency (at a sufficient level of accuracy with respect to
RANS solvers), are the natural choice for the analysis of
thousands of geometries: with respect to lifting line/lifting
surface models, panel methods allow to directly compute the
influence of the hub and, especially, of the duct, both in terms
of the additional load on the blade tip region and in terms
of the velocity disturbance on the whole propeller, avoiding
the simplified representation of the duct only by vortex rings
and sources. Also cavitation (at least sheet cavitation both
on the back and on the face blade sides) can be directly
taken into account, by means of a better computation of the
pressure distribution instead than by semiempirically derived
minimum pressure coefficients on standard blade sections.

For the improvement of the ducted propeller perfor-
mances a panel method developed at the University of Genoa
[20, 21] and specifically customized for the solution of
cavitating ducted propellers with the inclusion of the tip
gap flow corrections [10] has been adopted. Potential solvers
are based on the solution of the Laplace equation for the
perturbation potential ¢ [22], which is the counterpart of
the continuity equation if the hypotheses of irrotationality,
incompressibility, and absence of viscosity are assumed for
the flow:

V2 = 0. (6)

Green’s second identity allows to solve the three-
dimensional problem of (6) as a simpler integral problem
involving only the surfaces that bound the computational
domain. The solution is found as the intensity of a series
of mathematical singularities (sources and dipoles) whose
superposition models the inviscid, cavitating flow on and
around the propeller. Boundary conditions (dynamic and
kinematic both on the wetted and the cavitating surfaces,
Kutta condition at the trailing edge, and cavity bubble closure
at bubble trailing edge) close the solution of the linearized
system of equations obtained from the discretization of
the differential problem represented by (6) on a set of
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FIGURE 3: Panel representation of the ducted propeller. Tip gap
region in red.

hyperboloidal panels representing the boundary surfaces
(Figure 3) of the hub, the blade, the duct, and the relative
trailing wakes. An inner iterative scheme solves the nonlin-
earities connected with the Kutta boundary condition while
an outer cycle solves the nonlinearities due to the unknown
cavity bubble extension. As usual forces are computed by
integration of the pressure field, evaluated by the Bernoulli
theorem, over the propeller surfaces, while the effect of
viscosity is taken into account with a standard frictional
line correction. With respect to the free running propeller
case, the solution of the potential problem, when a ducted
propeller is addressed, requires a special treatment of the
flow on the gap region that could strongly influence the
propeller tip loading and the distribution of load between
the propeller and the duct itself. In present case a gap
model with transpiration velocity (similar to that proposed
by Hughes [10]) and the orifice equation are adopted. At
first an additional strip of panels along the blade tip is
introduced to close the gap between the propeller and the
duct. Moreover, a wake strip of panels is added, for which
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FIGURE 4: B-Spline representation of radial distributions of chord and pitch.

FIGURE 5: Polyhedral mesh arrangements for the ducted propeller—
open water computations.

the dipole strength is determined again from the Kutta
condition. The existence of a transpiration velocity through
the gap is obtained with a modification of the kinematic
boundary conditions (d¢/0n = —V, - n for fully wetted
panels) applied to the panels on the gap strip:

9¢

on %

Vo 1+ |Vl - CovVACp - 11 - 1,

where 7. is the unit normal vector to the mean camber line at
the gap strip on the same chordwise position of the panel, 7 is
the unit normal of each panel on the gap strip, V. is the total,
local velocity vector, Cq is an empirical discharge coefficient
(set equal to 0.85) to take into account the losses on the gap
region, and ACp is the unknown pressure difference between
the face and back side of the gap region. A further iterative

scheme is, thus, required to force the boundary condition of
(7) on the gap panels: as a first step, the problem is solved as
if the gap was completely closed (Cq = 0), and the initial
pressure difference is computed; in following steps, (7) is
updated with the current value of pressure difference, and the
potential problem is solved again until a certain convergence
of the gap flow characteristics is achieved.

For the application of the panel method (mainly an
analysis, not a direct design code) into a design procedure
through optimization, a robust parametric representation of
the propeller geometry [4-6, 20, 21] is needed. The classical
design table is, inherently, a parametric description of the
geometry itself. All the main dimensions that define pro-
peller geometry, like pitch, camber, and chord distribution
along the radius, represent main parameters that can easily be
fitted with B-Spline parametric curves, whose control points
turn into the free variables of the optimization procedure,
as in Figure4. As regards the profile shape, instead of
adopting standard NACA or Eppler types, with the same
parametric approach it is possible to describe with only few
control points thickness and camber distribution along the
chord for a certain number of radial sections (or, more
consistently, to adopt a B-Surface representation of the mean
nondimensional propeller surface) and include also profiles
in the optimization routine.

The adopted optimization algorithm is of genetic type:
from an initial population (whose each member is randomly
created from the original geometry, altering the parameter
values within prescribed ranges), successive generations are
created via crossover and mutation. The members of the new
generations arise from the best members of the previous one
that satisfy all the imposed constraints (e.g., thrust identity)
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and grant better values for the objectives. To improve
the convergence of the algorithm and speed up the entire
procedure, a certain tolerance (within few percent points)
has been allowed for the constraints, letting the inclusion
of some more different geometries in the optimization loop.
In particular, in the specific case presented in Section 3,
thrust coefficient variations of +2% have been accepted.
Each member of the initial population is analyzed via the
potential code. Results, in terms of thrust, torque, efficiency,
and cavity area, are collected together with the values
of the parameters that describe that given geometry. The
optimization algorithm, through these data, identifies the
“direction” to be followed in order to satisfy the constraints
and improve the objectives until convergence is achieved (or
Pareto convergence in the case that more than one objective
are addressed).

2.3. Analysis Tools. Panel methods can accurately take
into account the thickness effect, the nonlinearities due
to cavitation, and, even if in an approximate way, the
interaction between the propeller and the nozzle, in terms
both of increase of loading at the tip and inflow velocity
distribution. For these reasons the optimization has been
carried out performing all the calculations with a panel
method customized for the solution of the ducted propeller
problem. On the other hand the accuracy and the efficiency
of RANS solvers has increased significantly in the last
years (see, e.g., [17, 18] and, for the ducted propellers,
(8, 9]), making RANS solutions, in many engineering cases,
a reliable alternative to the experimental measurements and
an excellent tool to understand and visualize, for instance,
the complex flow phenomena on the gap region. In addition
to the panel method, hence, also a commerecial finite volume
RANS solver, namely, StarCCM+ [7] has been adopted
to evaluate the performances and the characterizing flow
features (tip vortexes and cavitation) of ducted propellers
and, thereby, to have a further set of results to be compared
with the experimental measures. For the noncavitating
computations, as usual continuity and momentum equations
for an incompressible fluid are expressed as

V-V =0, ()
pV ==Vp+uV2V+V - Tre +Su

in which V is the averaged velocity vector, p is the
averaged pressure field, y is the dynamic viscosity, Sy is
the momentum sources vector, and Ty, is the tensor of
Reynolds stresses, computed in agreement with the two-layer
realizable k-¢ turbulence model. In the case of cavitating flow
an additional transport equation for the fraction a of liquid is
needed: continuity and momentum equations are solved for
a mixed fluid whose proprieties are a weighted mean between
the fraction « of liquid and the fraction 1 — « of vapor. In
turn also continuity equation is modified, in order to take
into account the effect of cavitation through a source term,
modeled by the Sauer and Schnerr [23] approach.

The numerical solutions have been computed on appro-
priate meshes (e.g., Figures 3 and 5), whose reliability has
been verified similarly to Bertetta et al. [4—6].

Figure 6: Wall Y© on propeller and duct—open water computa-
tions at the design condition.

As it is well known, the quality of the mesh is a decisive
factor for the overall reliability of the computed solution.
From this point of view, automatic unstructured meshes, as
those adopted in the present case, may pose some additional
issues with respect to the more user adjustable structured
ones. To limit the numerical errors and to grant smooth
variations of the geometrical characteristics of the cells,
where local refinements (adopted to increase the accuracy
where the most peculiar phenomena of these kind of
propellers are expected) have been adopted, special attention
has been dedicated to define the appropriate growing factors
that drive the transition of the cells dimensions and of
the prism layers arrangement. For instance, depending on
whether the computation is for the open water or for the
cavitating condition, different modellings of the prism layer
have been adopted, in the light of the local Reynolds number
(i.e., turbulent layer thickness) of the model propeller tested
(diameter of 230 mm) at the cavitation tunnel and of an
estimated (panel method) sheet cavity thickness. The main
parameters for both the computations are summarized in
Table 1. The adopted mesh, as usual, is a compromise
between accuracy and available computational time. In
any case all the parameters that define the quality of
the mesh fall within the thresholds (e.g., volume change
greater than 1-107° and maximum skewness angle lower
than 85°) suggested for reliable solutions on unstructured
polyhedral meshes [7]. The dimensionless wall distance, as
also presented in Figure 6 for the noncavitating propeller at
the design point, is overall adequate for the application of the
selected two-layer realizable k-¢ turbulence model.

Moving reference frames (for RANS computations) and
key blade approaches (in the framework of the potential
approach, as in Hsin [24]) have been finally adopted to
exploit the axial symmetry of the problem and reduce the
computational domain.

3. Design Activity

The coupled lifting line/panel method design methodology
and the design via optimization outlined in the previous
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TaBLE 1: Main discretization parameters.
Open water Cavitating flow
Panel method
Number of panels About 3200 About 3200
Time step(s) Steady computation Steady computation
RANS

Number of cells

Number of prism layers

Prism layer thickness (mm)

Y™ (average on blade)

Y* (average on duct)

Y* (max at blade trailing edge)
Y* (max at duct trailing edge)
Max. skewness angle

Min. volume change

Time step(s)

About 2.7 millions

Steady computations

About 3.3 millions

5 10
0.8 1.5
Abt. 35 Abt. 35
Abt. 25 Abt. 25
73 95
47 59
Abt. 73 Abt. 83
4-107* 3.6-107%

5-107°

FIGURE 7: Predicted cavity extension for the preliminary propeller geometry at the design advance coefficient. (a) Panel method computations
at 90% of the design cavitation index. (b) RANS computations at the design cavitation index.

sections have been employed for the definition of an
optimal four-blade decelerating ducted propeller operating
in moderately loaded conditions. The duct is shaped as an
NACA profile, and its geometry, given for the preliminary
design through the lifting line/panel method procedure, has
been maintained unaltered also for the optimization. The
complete details of nozzle geometry may not be provided for
industrial reasons. A prescribed total (propeller plus duct)
thrust coefficient, to be satisfied at an advance coefficient
close to 1 and at a cavitation index (based on the number
of revolutions) of about 1.5, has been assumed for the design
of the propeller.

The resulting preliminary geometry (having a pitch over
diameter ratio at 0.7 radial section of about 1.33) from
the coupled lifting line/panel method design procedure is
presented in Figure 7, in which both the panel method and
the RANS results in terms of predicted cavity extension

are shown. The agreement between the numerical results
from both the approaches is satisfactory, showing simi-
lar cavitation extents. In terms of predicted thrust, the
effectiveness of the design is confirmed by the numerical
computations. The value predicted by the RANS is very
close (about 2% lower) to the required total thrust assumed
for the design; this discrepancy was deemed acceptable.
The numerical predictions of the thrust and of the torque
obtained with the panel method for the same preliminary
geometry show, instead, some differences with respect to
the RANS computations: panel method results tend to be
a bit more overpredicted, with respect to the required total
thrust and, as a consequence, with respect to the RANS
calculations. For the optimization it has been assumed that
these differences, ascribed to the numerical approach, remain
the same also for the newly designed propellers, and the
numerical predictions by the panel method obtained for
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FIGURE 8: Pareto designs with preliminary (red) and final (blue)
propellers numerical performances.

the preliminary propeller designed with the coupled lifting
line approach have been taken as the reference point of the
optimization procedure.

Starting from this preliminary geometry, the optimiza-
tion of the propeller has been carried out in order to obtain
a new geometry able to maximize efficiency and to reduce
back cavitation at the design cavitation index with the same
numerical delivered thrust (within a range of +2% to speed
up the convergence) computed for the preliminary design.

Also in terms of cavity extension, some limitations of
the panel approach can be highlighted. Previous experiences
at the cavitation tunnel with similar decelerating ducted
propellers (and also the viscous computations on the pre-
liminary geometry as presented in Figure 7) showed that
tip leakage vortex, whose prediction is, of course, beyond
the capabilities of the cavitating panel method, is one of
the dominating cavitating phenomena. If for the RANS the
prediction of cavitating vortexes can be considered reliable,
for the panel method it is clear that only an artificial sheet
cavity bubble is computed on the outermost strip of panels
at tip. This sheet cavitation, that has been numerically
evidenced at the blade tip could be, however, correlated (this
assumption will be partially confirmed by the experimental
campaign) with the occurrence of the tip cavitating vortex,
and its extension (to be, as a consequence, minimized) could
be considered a measure of the risk (or strength) of this
kind of cavitation. The risk of midchord bubbles at tip is,
moreover, evidenced by both methods: the RANS vapor
isosurface (fraction of vapor equal to 0.5) covers the blade
at its trailing edge just below the tip while; by the panel
method, again a sheet cavity bubble is predicted at midchord
near the same position. In order to numerically amplify
the sheet cavity bubble at the blade tip, include a certain
margin for the occurrence of bubble cavitation and let the

optimization work at a more convenient point (for which
the cavity extension is not constrained by the dimension
of the few panels at the blade leading edge); the design of
the new propeller via optimization has been carried out at
a slightly lower cavitation index with respect to the design
point (90%), as mentioned also in Figure 7.

The optimization activity for the design of the new
propeller has been carried out investigating only global
parameters, that is, maintaining the profile shape adopted for
preliminary design. In particular chord, maximum camber
and pitch distributions along the radius have been considered
in the optimization, taking control points of the related
curves as free variables. Maximum thickness has been
constrained to the chord distribution in order to achieve the
same blade strength of the initial propeller.

About 20 thousands different geometries have been
generated and analyzed by the panel method; results of the
optimization are reported in the Pareto diagram of Figure 8.
Feasible geometries are those that satisfy all the prescribed
constraints (thrust identity for instance) while unfeasible
points represent the performances, in terms of efficiency and
cavity extension, of the geometries that do not satisfy the
constraints.

One of the most powerful aspects of the optimization
is the availability, at the end of the design process, of an
entire set of geometries, all satisfying the design criteria
(within the limits of the adopted flow solvers) with different
compromises regarding the design objectives. Among the
Pareto frontiers, thereby, it is possible to select a new
geometry, as a balance between increase of efficiency and
reduction of cavity extension also in the light of the designer
experience. The new optimal geometry (having a pitch
over diameter ratio at 0.7 radial section of about 1.32),
as highlighted in Figure 8, grants a numerical reduction
of the cavity extension of about 40% and an increase in
efficiency slightly greater than 2% at the same working
point of the preliminary geometry, and, as expected, the
total thrust computed by the panel method is within the
prescribed numerical tolerance of +2%. Also for the optimal
geometry a more accurate RANS computation has been
carried out, whose results, in terms of predicted cavity
extension, are reported in Figure 9. As wished, RANS results
confirm the effectiveness of the optimization approach: the
total propeller thrust of the optimized propeller is, as well as
the total thrust of the preliminary design, 2% lower than the
requested design thrust, with an efficiency 1.8% greater than
that computed by the RANS in the case of the preliminary
design. The predicted RANS cavity extension is itself in
agreement with the panel method analysis (with the limits
already underlined by the analysis of the cavity prediction
of the preliminary design), and, at least qualitatively, it is
possible to evidence a nonnegligible reduction with respect
to the same kind of numerical analysis presented in Figure 7
for the preliminary geometry.
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(b)

FIGURE 9: Predicted cavity extension for the optimized propeller geometry at the design advance coefficient. (a) Panel method computations
at 90% of the design cavitation index. (b) RANS computations at the design cavitation index.

F1GURE 10: Ducted propeller model.

4. Experimental Campaign

Once the final geometry has been chosen, a series of model
tests (open water tests and cavitation tunnel tests) has been
performed in order to validate the numerical results. The
model used throughout the tests (having a diameter of
230 mm) is reported in Figure 10.

In particular, open water tests have been carried out
at SVA towing tank, using a Kempf & Remmers propeller
dynamometer H39 and a R35X balance for the measurement
of duct thrust. A constant propeller rate of revolution (15 Hz)
was adopted during tests.

Cavitation tunnel tests have been carried out, instead,
at the University of Genoa cavitation tunnel. The facility,
represented in Figure 11, is again a Kempf & Remmers
closed water circuit tunnel with a squared testing section
of 0.57m X 0.57m, having a total length of 2m, in which
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F1GURE 11: University of Genoa Cavitation Tunnel.

conventional propeller cavitating behaviour [25] and SPP
propellers characteristics [26] are usually tested.

The nozzle contraction ratio is 4.6 : 1, and the maximum
flow speed in the testing section is 8.5 m/s. Vertical distance
between horizontal ducts is 4.54 m, while horizontal distance
between vertical ducts is 8.15m. Flow speed in the testing
section is measured by means of a differential venturimeter
with two pressure plugs immediately upstream and down-
stream of the converging part. A depressurization system
allows obtaining an atmospheric pressure in the circuit near
to vacuum, in order to simulate the correct cavitation index
for propellers and profiles. The tunnel is equipped with
a Kempf & Remmers H39 dynamometer, which measures
the propeller thrust, the torque, and the rate of revolution.
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Figure 13: Non-dimensional open water propeller characteristics.

As usual, a mobile stroboscopic system allows to visualize
cavitation phenomena on the propeller blades. Moreover,
cavitation phenomena visualization in the testing section
is also made with two Allied Vision Tech Marlin F145B2
Firewire Cameras, with a resolution of 1392 x 1040 pixels
and a frame rate up to 10 fps. As regards the duct forces,
an in-house developed measuring device has been adopted.
In particular, a cavitation tunnel window was modified
to hold an aluminium alloy plate coupled by welding to
an aluminium alloy hollow bar [27]. Force measurement
is performed by means of strain gauges directly applied
on the hollow bar. This instrumentation was successfully
tested against towing tank results, as reported in Bertetta et
al. [4-6], where further details about its development and
calibration may be also found.

In order to avoid vortex shedding from the hollow bar in
the tunnel flow, which can affect bar integrity and decrease
dramatically its fatigue life, a screening foil was adopted.
The foil shape was selected in order to postpone cavitation,
thus limiting, as far as possible, the additional noise due to
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the presence of the measuring device. In Figure 12 the final
measurement setup at cavitation tunnel is shown.

All tests were carried out without axis longitudinal
inclination and in an uniform wake, consistently with
the design assumptions previously described. A constant
propeller rate of revolution (25 Hz) was adopted.

5. Comparison of Numerical and
Experimental Results

5.1. Open Water. Model scale open water computations,
compared with measures carried out at SVA towing tank, are
shown in Figure 13. Results are reported in nondimensional
form, with the normalization carried out with respect to the
towing tank values at the design point.

Measures substantially confirm the design procedure.
The optimized propeller, at the design point, has a slightly
lower (about 3%) thrust with respect to that required during
the design. The RANS computations, which were assumed
as a validation of the preliminary and the optimized designs
(predicting values of total thrust 2% lower than that assumed
for the design, as in the previous section), are very close to
the experimental point, with a discrepancy (overestimation)
in terms of the total thrust less than 1%.

Since calculations have been carried out in correspon-
dence to a rather large range of advance coefficient values,
not limiting to the design point, it is worth discussing them,
examining in particular the existing discrepancies.

Considering thrust coefficients, RANS computations can
be considered, also in off-design, sufficiently reliable. Par-
ticularly at lower values of advance the agreement between
the measured and the computed total (propeller plus nozzle)
thrust is good, even if it has to be remarked that the
propeller thrust is slightly overestimated while the nozzle
one is slightly underpredicted, with their sum very close
to the experiments as a counterbalance of two diverging
errors. Only for higher values of advance, thrust predictions
are significantly different from the measures, confirming the
very complex nature of flow inside highly loaded decelerating
nozzles. This difference may be mainly due to a progres-
sively increasing error in the prediction of the propeller
thrust alone, probably due to a noncompletely satisfactory
modelling of the mutual interaction between duct and
propeller. Discrepancies in torque prediction (and, in turn,
in efficiency) are, instead, more evident. At the design point
the numerical overestimation is about 10%, but the torque
curve is almost constantly vertically shifted with respect to
the experimental measures. Unfortunately, panel method
predictions amplify the discrepancies already highlighted for
the RANS. Even if at lower advance coefficients total thrust
values (as a counterbalance of propeller and nozzle thrust
predictions) are deemed acceptable, with a 7% difference
at the design point; at higher advances the differences with
the measures increase, confirming the limitations of the
adopted panel method when applied to solve the complex
flow phenomena that occur, for instance, on the gap region.
Discrepancy in the torque coefficient is comparable to those
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obtained with RANS at design point, with differences in off-
design conditions which are in line with thrust coefficient
behaviour.

As already mentioned, the discrepancies between numer-
ical results and measurements may be due to the noncorrect
capturing of the flow in the decelerating duct. Previous
calculations with RANS and panel method on a propeller
with accelerating duct, in fact, provided lower discrepancies
(similar to those found in [9, 11]) in correspondence to the
functioning points at lower values of advance coefficient,
where an accelerating effect exists, while higher discrepancies
were found when duct functioning is reversed, that is, when
a decelerating effect is present. Unfortunately, decelerating
duct configurations are scarcely considered in literature,
especially for what regards numerical calculations, limiting
the possibility of comparisons.

Notwithstanding this problem, the quality of present
results, despite presenting considerable discrepancies espe-
cially in terms of torque coefficient, is deemed acceptable
in the context of the proposed design procedure, since it
showed to be able to rank different propellers. In particular,
three different geometries with same decelerating duct were
numerically and experimentally tested in a parallel activity.
The relative trends, in terms of efficiency, were correctly cap-
tured by both panel and RANS methods, which succeeded
in ranking correctly the three different propellers, with
panel methods slightly amplifying the differences found with
experiments and RANS slightly smoothing them. Complete
results may not be included for industrial reasons. Currently,
in the context of the propeller design activity, the presented
calculations parameters were therefore considered a correct
compromise between calculations accuracy and required
computational time.

In order to have a better insight into the problem, a
first analysis with RANS has been carried out considering
the possible influence of turbulence models. In particular,
k-w and RST turbulence closure equations were adopted,
keeping constant mesh parameters. The results did not
present significant modifications and are therefore omitted.
Possible further analyses, which will be carried out in future
activities, will consider the influence of the adoption of more
refined meshes and of structured grids, with the aim of better
capturing flow features in the small gap region.

Regarding panel method, a possible future improvement
can be represented by the introduction of a better trailing
wake model, as proposed by Baltazar et al. [11].

5.2. Cavitating Conditions. The cavity extension observed
at the cavitation tunnel of the University of Genoa has
been compared with the numerical computations carried
out with the panel method and the RANS solver. Four
different functioning points, in addition to the design one,
have been considered. Two of the four points have the same
design thrust coefficient and different cavitation indexes
while the other two have the same cavitation index but
increased and decreased value of the thrust coefficient.
All the comparison have been carried out at the same
(experimental and numerical) thrust coefficient in order to
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minimize the discrepancies between measures and numerical
computations highlighted for the open water case. As a
first step, cavitation extension at design point is considered.
Results are shown in Figure 14: cavitating tip leakage vortex is
the only noticeable phenomenon, which extends on the duct.

A satisfactory agreement is found between the exper-
imentally observed phenomena and the RANS numerical
calculation, which show that the propeller is cavitation-
free, except for the tip leakage vortex, whose existence is
captured. Moreover, numerical tip vortex shows also a pitch
very similar to the observed one, which is considerably lower
than it would be expected in case of a conventional propeller.
This feature is probably due to the local effect of the duct
wake and of the flow in the gap region. Nevertheless, the
numerically predicted extension of the cavity area appears
larger than the experimental one, which develops only from
about midchord. It is important to underline that the vortex
appeared considerably unstable during the experiments,
with a variable extension (the photograph presented may
be considered as a mean value). This instability, which is
strongly influenced by local characteristics of the propeller
(including tip geometry and tip gap), was particularly
evident in correspondence to the design point, while it
decreased at lower and higher loadings of the propeller. Panel
method results are also satisfactory, showing no cavitation
on propeller blade apart from a very limited number of
panels at the tip, which may be considered as an indication
of the existence of the tip leakage vortex, which may not be
captured by the method by its nature. As a whole, therefore,
the results confirm the reliability of the adopted design
procedure, which allowed to obtain an almost completely
cavitation-free propeller, apart from the tip leakage vortex.
It has to be noted however that, as well known, the cavitating
tip vortex may be problematic, especially if the aim of the
designer is the reduction of noise level. Future analyses
will be carried out in order to compare the peculiar tip
leakage vortex effect with typical conventional propeller
noise levels and to analyze factors (propeller geometry at
tip, propeller/duct clearance, effective flow) linked to the
generation and behavior of this phenomenon. Off-design
comparisons are shown in Figures 15 and 16, obtained from
varying the cavitation number at the same design thrust
coefficient, and in Figures 17 and 18, obtained from different
loadings at the same design cavitation number.

Again, having in mind the intrinsic limitations of the
numerical approaches, a satisfactory agreement with experi-
ments can be evidenced. In particular, panel method allows
to rank, by means of the number of cavitating panels at
the tip, the strength of the tip leakage vortex. A very good
correlation exists, in fact, between the evaluated cavitation
extension and the dimension of the tip leakage vortex; the
unique functioning condition in which no cavitating panel
is present is the one with lower loading, where the tip
leakage vortex is effectively very weak. This consideration
allows to state that panel method, at least to some extent,
may be adopted, beyond its usual application, also as a
tool to reduce (coupled with optimization techniques) the
tip leakage vortex. However, this consideration has to be
further investigated, since it is likely that, once differences
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F1GURE 15: Observed and predicted (RANS and panel method) cavity extension. Design thrust coefficient at 135% of design cavitation index.

at tip reduce to small details, panel methods would fail
in rank different solutions. Calculations with RANS, which
show again a very good general agreement with experimental
observations, might be a more reliable alternative if interest
is posed on the tip leakage vortex development, even if
again a general overestimation of the phenomenon is visible.
Considering other phenomena, it can be observed that they
are very limited even if the analysis has covered a rather
wide range of functioning points, confirming the satisfactory
result of the design process. Tip back cavitation bubbles,
observed at design loading and lower cavitation number and
at higher loading condition, are correctly predicted only with
the RANS method, which allows to capture satisfactorily also
their extension. In the case of the panel method, midchord
cavitation starts for slightly lower values of the cavitation
index, thus underlining a lower accuracy of the method
from this point of view, as it could be expected. Sheet
cavitation at tip (as an extension of the tip leakage vortex)
is particularly evident at highest loading condition. In this
case, both methods appear to correctly capture it. Finally,
root back bubbles were observed in correspondence to the
lowest cavitation number, while they are not present in both
the numerical calculations. This phenomenon, however, may

be at least partially ascribed to the local manufacturing of the
propeller model, which presents a not completely satisfactory
finishing at leading edge, which probably tends to anticipate
cavitation. Moreover, the propeller geometry adopted in
both calculations does not consider the effective hub/blade
root fillet, resulting in a lower local profile thickness at root,
which may tend to postpone this phenomenon.

6. Conclusions

In the present paper, a hybrid approach for ducted propellers
design has been presented. An application of the method for
the design of a propeller in a decelerating duct is reported,
together with the results of an experimental campaign at the
towing tank and at the cavitation tunnel, carried out in order
to validate the procedure. The comparison of the numerical
results and the measurements confirms the validity of the
approach, which allows to obtain a propeller that, in addition
to satisfy the required mechanical characteristics, is almost
completely cavitation-free, apart from the presence of the tip
leakage vortex. Considering also off-design points, cavitating
phenomena and their extensions are satisfactorily predicted
by the adopted methods within their limitations, with RANS
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F1GURE 17: Observed and predicted (RANS and panel method) cavity extension. 70% of the design thrust coefficient at the design cavitation
index.

solver being able to correctly capture also bubble cavitation
and tip leakage vortex, even if slightly overestimating the
latter: a correct capturing of the local phenomena at tip is
of particular importance for a propeller in decelerating duct,
whose main aim is to reduce cavitation phenomena, since
it may represent an undesired source of noise. The nature
of this phenomenon has to be further investigated, both
numerically and experimentally, evaluating the influence of
local geometrical characteristics. From this point of view, a
combined application of RANS solvers, with their ability to
capture the complex flow characteristics including also vis-
cous effects, and panel methods, whose low computational
requirements allow to test a very high number of solutions
within reasonable time, seems to represent a very promising
and convenient approach.
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