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ABSTRACT  
Paper characterizes the hydrodynamic performance of a 
‘flat plate’ Kaplan type propeller in axial cylinder at two 
different pitch settings, over a wide range of variable 
advance coefficients and at different cavitation indexes 
where cavitation is significant. The predictions obtained 
with a numerical boundary element method developed at 
DINAV, in terms of dynamic characteristics as well as 
cavitation extension are compared with the measurements 
taken in the cavitation tunnel of the same department on a 
model of 200 mm diameter. Main characteristics of the 
numerical panel method valid for cavitating ducted 
propeller are also provided in the paper. 
Keywords 
Tunnel thrusters, ducted propellers, cavitation, panel 
methods.  
1 INTRODUCTION 
As a designer and producer of large tunnel thrusters (up 
to 3m of diameter), Fincantieri has recently manifested a 
new interest in numerical and experimental studies about 
the design of propellers in tunnel, focusing its attention 
on theoretical prediction and experimental validation of 
the performance of such propellers subjected to cavitation. 
There are few published references for experimental 
results on ducted propellers. Those made at the NSMB, 
Van Manen (1957), Van Manen and Superina (1959) and 
Van Manen (1962), are still nowadays one of the few 
public fundamental sources of experimental data for the 
validation of theoretical design and analysis methods. The 
other important study is that of Taniguchi et al. (1966) 
which addresses not only the effect of different blade 
geometrical parameters but also the influence of the 
tunnel layout in the ship.  Few data exist about cavitation 
patterns forming on the blades at different cavitation 
index and about the thrust and torque breakdown due to it. 
One example is for instance in Van Manen (1962), but for 
propellers having cambered profiles, i.e. not suitable for 
tunnel thrusters.  
In this context,  with the aim of characterizing the 
cavitation behavior of a typical CP propeller for tunnel 

thrusters, while testing the capability of the boundary 
element method developed by the Marine CFD Group in 
the special case of tunnel propellers, the authors have 
started a research program, whose first results are 
presented in the paper.  The following two sections 
briefly describe the experimental tests setup and the 
theoretical basis of the numerical method with its 
validation on standard series propellers. The comparison 
of experimental and numerical results presented in the 
end, though already satisfactory, provides a basis for 
further investigation and research. 

2 EXPERIMENTAL TESTS  

2.1 Experimental Facility 
The experiments have been carried out at the Cavitation 
Tunnel facility of the Department of Naval Architecture 
and Marine Engineering of the University of Genoa 
(DINAV), represented in figure 1. The facility is a Kempf 
& Remmers closed water circuit tunnel with a squared 
testing section of 0.57 m x 0.57 m, having a total length 
of 2 m. Optical access to the testing section is possible 
through large windows. 

Figure 1: DINAV Cavitation Tunnel 



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 8.15 m. Flow 
speed in the testing section is measured by means of a 
differential Venturi-meter with two pressure plugs 
immediately upstream and downstream of the converging 
part, or by Pitot tube (the latter normally adopted when 
surface piercing propellers are tested). A depressurization 
system allows obtaining an atmospheric pressure in the 
circuit near to vacuum, in order to simulate the correct 
cavitation index for the tests. Conventional propellers 
(Caponnetto et al. 1995a, 1995b), SPP propellers by 
means of an ad hoc modification (Ferrando and 
Scamardella 1999 and Ferrando et al. 2007) and profiles 
(Savio et al. 2008) have been tested in the tunnel. 
The tunnel is equipped with a H39 Kempf & Remmers 
dynamometer, capable of measuring thrust (± 980 N 
range) and torque (± 49 Nm range).  Additionally, the 
tunnel is equipped with LDV measuring system, 
hydrophones and pressure sensors for measurement of 
radiated noise and induced pressures, and cameras for 
cavitation visualization and measurement. 

2.2 Tunnel thruster model and test setup 
In the present experimental campaign, a controllable pitch 
propeller for a tunnel thruster, whose design has been 
provided by the Naval Vessel Business Unit of 
Fincantieri C.N.I., has been tested in different conditions, 
varying blades angle and cavitation index values. Main 
dimensions of the propeller are reported in table 1.  
Figures 2 and 3 show a view of the propeller and the 
lateral view at an intermediate pitch angle. 

 
Figure 2: View of the tested propeller 

 

Figure 3: Lateral view of the propeller 

The mean surface of the CP blade is entirely planar, thus 
resulting in a linearly varying pitch distribution when the 
blade is moved to its operating angle. In addition non 
cambered profiles are used to guarantee a symmetric 
behavior in forward and backward pitch settings of the 
CP propeller. 

Table 1: Main dimensions of the propeller and tunnel 

Propeller 
Diameter,  D 
Blade type 
Max. Blade Pitch Angle,     
Max. Pitch ratio  
Hub diameter,   Rh/R 

200 mm 
“Flat plate” Kaplan 
30 degrees 
1.8  
0.35 

Tunnel 
Internal Diameter 
External Diameter 
Length 
Abscissa of prop. disc 
Gap @ prop. tip 

210 mm 
230 mm 
200 mm 
60 mm from inlet 
5 mm 

 
As reported in figure 4, propeller has been tested inside 
an axial cylinder, whose length is 200 mm and whose 
internal and external radii are 210 and 230 mm 
respectively, resulting in a gap between propeller tip and 
tunnel of 5% of propeller radius. Longitudinal position of 
propeller plane is 60 mm from tunnel inlet. In order to 
have a better appreciation of numerical code capability, 
some tests have been repeated without axial cylinder. 

 

Figure 4: Propeller inside the axial cylinder 

 
Figure 5: Testing set-up  



Cavitation phenomena visualization in the testing section 
has been 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. Figure 5 
presents the testing setup.  
2.3 Tested conditions 
Two different blade angles chosen to represent usual 
conditions in the operating range for this kind of propeller 
(named in the following as first and second intermediate 
pitch angles) have been tested. In correspondence to all 
conditions, a series of tests at different cavitation index 
values have been performed. Since the propeller is a 
tunnel thruster and rather low advance coefficient J 
values have been tested, following form of cavitation 
index has been considered.  
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where p0 is the pressure in correspondence to the 
appendage, considering atmospheric pressure and 
hydrostatic pressure, pv and ρ are water vapour  pressure 
and density, N and D are propeller turning rate and 
diameter respectively. 
In particular, cavitation index values tested range from 
the lowest practically possible in the cavitation tunnel to 
the zero speed condition, allowing to cover a wide range 
of possible operating conditions, in correspondence to 
which cavitation and thrust breakdown are likely to occur.  
All tests have been carried out adopting a constant 
propeller turning rate of 35 Hz, in order to have a 
sufficiently high Reynolds number (over 1x106 for all 
tests); flow speed has been varied in order to cover a 
variable range of advance coefficient. Unfortunately it is 
practically impossible to reproduce the bollard pull 
condition in a closed circuit cavitation tunnel. The lowest 
value has been chosen in order to have a sufficiently 
uniform flow. 
In all the tests, usual thrust and torque coefficients have 
been evaluated from measured values and cavitation 
phenomena and their extent in correspondence to 
different operating conditions have been recorded.  
3 THEORETICAL AND NUMERICAL FORMULATION 
The solution of the problem of a propeller inside an axial 
cylinder (and, more generally, inside a duct) is, in 
principle, not different from the more common problem 
of a propeller subjected to an open water inflow.  
In all cases, either with inviscid theories or with more 
robust viscous solver, an additional kinematic boundary 
condition has to be enforced on the cylinder surface. 
While the potential approach, that discard the effect of 
viscosity (and adopt, generally, empirical corrections to 
pressure forces) is quite accurate for open propeller in 
steady and unsteady inflow, the same approach is 
inherently insufficient to treat the steady problem of a 
propeller rotating inside a circular tunnel whose internal 
radius is sufficiently close to the propeller tip. In this 
small gap region, the viscosity and the strong tip leading 

edge vortex play  a very important role: the load on the 
propeller tip section, due to the viscous effects in the gap 
region, does not reach a zero value (as for open water 
propellers) but this value is lower than the loading of the 
propeller with a, theoretically, completely sealed gap. 
These small scale phenomena have an important 
influence on the overall performances of the ducted 
propeller and are out of the capabilities of a pure potential 
panel method. So, focusing our attention on the 
performances of a ducted propeller rather than on the 
description of the vortical structure in the gap region, an 
empirical model to describe the flow through the gap can 
be successfully adopted (Hughes 1993, Lee and Kinnas 
2006). 
3.1 Integral Formulation 
Consider a right handed ducted propeller rotating with 
constant angular velocity ω  in a axisymmetric incoming 
flow field. In the ( , , )p p px y z  coordinate system that 
rotates with the propeller, the total velocity vector V  on 
each point of the propeller can be written as the sum of 
the relative undisturbed inflow relV  (known in the 
propeller reference system)  and the perturbation potential 
velocity indq , due to the velocity influence of the 
propeller and the duct themselves on the velocity field: 

rel ind= +V V q  (2) 
where the relative velocity relV , in the propeller reference 
system, can be written as: 

rel ∞= − ×ωV V r  (3) 
With the assumption of an inviscid, irrotational and 
incompressible fluid, the perturbation velocity can be 
written in terms of a scalar function, the perturbation 
potential, that satisfies the Laplace equation: 

2 0
ind φ
φ

= ∇
∇ =
q

 (4) 

By applying Green’s second identity for the perturbation 
potential, the differential problem (4) can be written in 
integral form with respect to the potential pφ  at every 
point p laying onto the geometry boundaries. The 
perturbation potential iφ  represents the internal pertur-
bation potential, that must be set equal to zero (Morino 
1974) in order to simulate fluid at rest inside the 
boundaries of all the bodies subject to the external inflow 
(blades, hub, duct...). 
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The subscript q corresponds to the variable point in the 
integration, n is the unit normal to the boundary surfaces 
pointing through the fluid and rpq is the distance between 
points p and q. Equation (5) expresses the potential on the 
body surfaces as a superposition of the potential induced 



by a continuous distribution of sources on the blade, hub 
and duct surfaces and a continuous distribution of dipoles 
on the blade, hub, duct and wake surfaces that can be 
calculated, directly, via  boundary conditions, or, 
indirectly, inverting equation (5). 

 
Figure 6: Surface boundaries representation 

3.2 Boundary Conditions 
For the solution of equation (5) a certain number of 
boundary conditions must be applied. On the wetted part 
of the body (the blades plus the hub and the duct) the 
kinematic boundary condition holds (the flow must be 
tangent to the body surface) and allows to define the 
source strengths in terms of the known inflow velocity 
relative to the propeller reference system or relative to the 
duct reference system: 

q
q
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= − ⋅
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At the blade trailing edge the Kutta condition states that 
the flow must leave with a finite velocity or that the 
pressure jump at the blade trailing edge must be zero. In a 
steady problem, the Kutta condition allows to write the 
dipole intensities, constant along each streamlines 
(equivalent to each chordwise strip in the discretized 
formulation), on the wake, first, applying the “linear” 
Morino Kutta condition (Morino 1974):  

. . . . . . . .
U L

T E T E T E rel T Eφ φ φΔ = − + ⋅V r  (7) 

where the superscripts U and L stand for the upper and 
the lower face of the trailing edge. After, the zero 
pressure jump can be achieved via an iterative scheme. In 
fact the pressure difference at trailing edge (or the 
pressure coefficient difference) at each m streamlines (or 
at each m blade strip for the discretized problem) is a non 
linear function of dipole intensities on the blade so, an 
iterative scheme, based on a Newton – Raphson 
algorithm, is required to force a zero pressure jump, 
working on dipoles strength on the blade (and, 
consequently, on potential jump on the wake).  
Analogous (kinematic and dynamic) boundary conditions 
have to be forced on the body cavitating surfaces, in order 
to solve for the singularities (sources and dipoles) 

distributed there (Caponnetto and Brizzolara 1995a, Fine 
1992). 
On the cavity surface SCAV  the pressure must be constant 
and equal to the vapour pressure or the modulus of the 
velocity, obtained via Bernoulli’s equation, must be equal 
to the total velocity VapV  on the cavity surface:  

( ) 2 22 2Vap Vap shaftp p gy
ρ ∞ ∞= − + + × −V V rω  (8) 

This dynamic boundary condition can be written as a 
Dirichlet boundary condition for the perturbation 
potential. In order to obtain a Dirichlet boundary 
condition from the dynamic boundary condition it is 
necessary, first, following Brizzolara and Caponnetto 
(1995) and Gaggero and Brizzolara (2008a), to define the 
controvariant components V α  and the covariant 
components Vβ of the velocity vector V : 
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where αe  are the unit vector of the local non orthogonal  
reference system and ,α β  are equal to 1, 2 and 3. 
Defining the square matrix gαβ α β= ⋅e e  and its inverse 
gαβ , the covariant component can be written as: 
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Combining equations (9) with equations (10) the velocity 
vector  V can be expressed in terms of the covariant 
components: 

g Vαβ
α β=V e  (11) 

After some manipulation, the velocity vector is given by: 
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in which Vl, Vm and Vn are the velocity components along 
the l, m, n unit vectors of the local non orthogonal 
reference system, obtained connecting the surface panel 
centroid with the mid points of two consecutive panel 
edges. Neglecting the normal component of the velocity 
(in general it deteriorates the robustness of the solution 
and hardly influences the cavity extent as demonstrated 
by Fine, (1992)), the modulus of the velocity becomes:  

( )2 2 2
2
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Considering l approximately aligned with the local 
surface flow, it is possible to solve equation (13) with 
respect to lφ∂ ∂  obtaining: 
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Equation (14) can be integrated once to finally achieve a 
Dirichlet boundary condition for the perturbation 
potential, equivalent to the dynamic boundary condition. 
On the cavitating surface, where Vap=V V , equation (14),  
after integration between bubble leading edge and bubble 
trailing edge, yields to: 
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where the only unknowns are the values of the 
perturbation potential at the bubble leading edge 0 ( )mφ . 
The kinematic boundary condition on the cavity surface, 
in steady flow, requires the flow to be tangent to the 
cavity surface itself. With respect to the local non 
orthogonal coordinate reference system, the cavity 
surface SC  (in terms of its thickness t) is defined as: 

( , ) ( , ) 0t - t= → =n l m n l m  (16) 

and the tangency condition, by applying the covariant and 
the controvariant representation of velocity vectors and 
gradient defined above, can be written as: 
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Equation (17) yields to a differential equation for cavity 
thickness over the blade, with respect to the local 
reference system: 
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To solve for the cavity planform shape, another condition 
is required on the cavitating surface: the cavity height at 
its trailing edge must be zero (cavity closure condition). 
This determines the necessity of an iterative solution to 
satisfy this, further, condition because the cavity height, 
computed via equation (18) is a non linear function of the 
solution (the perturbation potential φ ) and of the extent 
of the cavity surface (via the dynamic boundary 
condition):  

. .( ) 0T Et l =  (19) 

3.3 The Gap Model 
In order to treat the flow inside the gap between the blade 
tip and the inner duct surface, the two dimension orifice 
equation model (as an application of Bernoulli’s 
obstruction theory) , as proposed by Kerwin et al. (1987) 
and Hughes (1993), has been implemented in the 
proposed potential panel method, in order to solve the 
flow around the propeller inside the axial cylinder. 

 
Figure 7: 2D GAP model 

Following the work by Hughes (1993), it is possible to 
define an empirical coefficient representing the 
relationship between the flow rate Q and the pressure 
jump ∆p along the gap h because of viscous effects:  

2Q
QC
h p

ρ
=

Δ
 (20) 

which is useful in order to obtain an expression for the 
mean velocity through the gap: 

gap Q PV C C= ΔV  (21) 
able  to take into account the effect of viscosity (via the 
CQ coefficient) in that region. Combining equation (21) 
with the kinematic boundary condition, it is possible to 
write the sources strength in the gap region as:  

q
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q

n C C
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φ∂

= − ⋅ + Δ ⋅ ⋅
∂

V V n n  (22) 

where ncamber represents the normal to the mean camber 
surface of the gap region and ∆CP is the corresponding 
pressure coefficient jump between the pressure and the 
suction side. An iterative approach is, consequently,  
required to capture the pressure effect known only as a 
part of the solution. 
3.4 Numerical Formulation 
Equation (5) is a second kind Fredholm’s integral 
equation for the perturbation potential φ . Numerically it 
can be solved approximating boundary surfaces with 
quadrilateral panels, substituting integrals with discrete 
sums and imposing appropriate boundary conditions. The 
panel arrangement selected for this problem is the same 
adopted for the steady and the unsteady propeller panel 
method (Gaggero & Brizzolara 2008a, 2008b, 2008c) 
and, in discrete form, equation (4) takes the form of 
equation (23), where, as in figure 6, NB is the number of 
panels on the key blade and its hub in the case of the open 
water propeller, ND is the number of panels on the duct, 
NGAP is the number of panels in the gap zones, NW and 
NWD the number of panels of the propeller and of the duct 
wakes, Z is the number of blades and Aij, Bij, Wiml are the 
influence coefficients of the dipoles (unknowns) and the 
sources (knows from the kinematic boundary condition) 



on the body and of the dipoles (knows from the Kutta 
condition) on the wakes. 
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Equation (23) represents a linear algebraic system valid 
for the wetted problem without taking into account the 
gap model: in the cavitating case, the kinematic boundary 
condition (equation (6)) holds only on the wetted part of 
the surface while, on the gap zones, it is necessary to 
apply the corrected boundary conditions (equation (22)) 
and, from the dynamical boundary condition, on the 
cavitating surface the dipoles intensity (except for the 
dipoles intensity at bubble detachment) is known 
(equation (15)). Thus linear system (23) has to be 
rewritten taking into account the boundary conditions on 
the cavitating surfaces and on the gap region. 

 
Figure 8: Blade numbering arrangement 
From the dynamic boundary condition (15), numerically 
solved via a quadrature technique, the dipoles intensity on 
each cavitating i panel of the j cavitating strip can be 
written as:  
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in which 0 jφ  is the perturbation potential, unknown, at 
the cavitation bubble leading edge for the j strip and ijF  
is the numerical values of the integral in equation (15). 
With respect to figure 8, linear system (23) for the key 
blade (all the other blades, in the steady solution, are 
taken into account only via influence coefficients) in 
which NNCAV is the total number (blades, plus hub, plus 
duct) of panels not subjected to cavitation, NCAV is the 
number of panels subjected to cavitation and jξ  is a 
cavitation index (if the j section is subjected to cavitation 

jξ  is equal to 1, otherwise jξ  is equal to 0) becomes:  
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Using extrapolation to obtain the potential strengths at the 
cavity bubble leading edge an iterative algorithm drives 
the solution to a cavity shape that satisfy the cavity 
closure condition. First, linear system (25) is solved with 
a  guessed cavity planform and the gap sources calculated 
as the gap were completely sealed, and all the unknowns 
(dipoles, sources, cavity thickness) are computed with the 
current configuration of cavitating and non cavitating 
panels. With this first guessed cavity shape nor the 
closure condition neither the convergence on the gap 
region, normally, are satisfied. Hence, the shape is 
iteratively changed, adding (if the cavity thickness is still 
positive) or subtracting (if the cavity thickness is already 
negative), at the trailing edge of each cavitating section, a 
panel and solving again the problem, with this new 
configuration of cavitating and non cavitating panels and 
with the new pressure jump in the gap, until the cavity 
thickness at the bubble trailing edge is below a fixed 
threshold and, simultaneously, the derivative of cavity 
thickness at the same point with respect to the chordwise 
coordinate is negative (in order to select the stable 
solution).  
3.4 Numerical Code Validation 
In order to validate the developed numerical code, a 
systematic analysis of standard Ka ducted propeller has 
been carried out to identify the application limits of the 
current method and its accuracy. The Ka-455 propeller 
(as in figure 6) operating in an axial cylinder (for which 
Van Manen (1962) provided an extensive experimental 
analysis) has been assumed as test case. In figures 9 and 
10 the corresponding computed thrust and torque 
coefficients, as functions of the advance coefficient and 
of the face pitch, are compared with the experimental 
ones. 

P/D = 0.8

P/D = 1.0

P/D = 1.2

P/D = 1.4

Figure 9: Thrust coefficient for Ka-455 propeller (dots = exp. 
results) 

The agreement between experimental values (dotted) and 
the numerical predictions (solid line) seems to be 
satisfactory, for a quite wide advance coefficient range 
around the design point. For lower values of advance 
coefficient the discrepancies could be attributed to 
viscous effects (to which also the tunnel is strongly 
subjected). 
 



P/D = 0.8

P/D = 1.0

P/D = 1.2

P/D = 1.4

Figure 10: Torque coefficient for Ka-455 propeller (dots = exp. 
results) 

No GAP model

Figure 11: Effect of the GAP correction on the propeller 
circulation 

The effect of the gap model is demonstrated in the 
calculation example of figure 11. that shows the 
circulation shed on the wake by the “Kaplan like” 
propeller (table 1) simulated in steady non cavitating 
condition. The blue solid line represents the circulation in 
the first iteration (corresponding to the completely sealed 
gap), the dotted green and red ones represent the 
circulations relatives to the second iteration and to the 
third to sixth iterations of the iterative process necessary 
to satisfy equation (22) while the light green dotted line 
represents the circulation due to the propeller without any 
gap correction. In completely sealed condition the 
circulation has its maximum near the inner axial cylinder 
surface (r/R = 1), because of the greatest angles of attack 
and the maximum value of the chord near the tip. The 
circulation without a gap model is not affected by the 
viscous phenomena in the gap region and its value near 
the blade tip is strongly lower with respect to the previous 
configuration. With the gap model, in few iteration, it is 
possible to reach convergence to an intermediate value of 
circulation that, more realistically, loads the blade near 
the tip and represents, in an approximate way, the global 
effects of viscosity and tip vortex on the performances of 
the propeller. 
4 EXPERIMENTAL AND NUMERICAL RESULTS 
Prior to fit the propeller in the axial cylinder, a series of 
tests was planned to assess the predictions of the 
numerical method for the isolated (i.e. without tunnel) 
propeller over all range of operating conditions and 

different pitch setting (the maximum and two 
intermediate pitch angle). As an example, the results 
obtained for CP blades oriented with the first intermediate 
pitch angle are presented in figure 12. The investigated 
range of advance ratio is quite ample with the aim to 
assess the prediction of the numerical method from 
almost the bollard pull condition to zero speed 
operational conditions. The experimental curves show a 
certain thrust breakdown in the lower range of advance 
ratios that is not adequately captured by the numerical 
method. The pitch of the vortical wake shed by propeller 
blades was related to the average between the advance 
and the geometrical angle at each section, as proposed 
and used with success by Pereira et al. (2004). 

 
Figure 12: Numerical and Experimental Kt, Kq for the isolated 
propeller (first intermediate pitch setting), non cavitating 
conditions 

A free flow-adapted wake model can give good results in 
a limited (however rather ample) range of advance ratio 
around the design one, as demonstrated in case of free 
propellers (Gaggero & Brizzolara, 2007), having the 
advantage to solve more consistently the indetermination 
of the wake shape. Its adaptation in case of these 
propeller working mainly at low advance ratio poses 
some utility concerns. 

Figure 13: Numerical-Experimental results for isolated 
propeller, first intermediate pitch setting, constant J=0.45 

By varying the static pressure head inside the cavitation 
tunnel, keeping the advance ratio, a new series of 
measurements was taken with cavitation index ranging 
from the atmospheric pressure to the lowest practically 



possible. Thrust and torque breakdown occur at these 
lowest cavitation indexes (depending on the fixed J) and 
usually feature a large blade portion interested mainly by 
sheet cavitation detaching from blade leading edge, in 
some cases evolving into cloud cavitation at mid chord. 
Cavitation of the separation vortex detaching from the 
rather sharp leading edge at tip appears as prior 
phenomena, before to sheet cavitation on the blade, but 
inducing non-significant loss of performance. 

Figure 14: Numerical and Experimental results for isolated 
propeller, first intermediate pitch setting, constant J=0.35 

In general, as in the example of figure 13 relative to the 
open propeller with first intermediate pitch setting, the 
numerical predictions obtained with the cavitating version 
of the code evidence an underestimation of thrust and 
torque reduction due to cavitation, but still a good trend 
and capture of the thrust breakdown point. The latter is a 
typical problem often noted with the experimental thrust 
and torque measurement made at DINAV cavitation 
tunnel (Gaggero & Brizzolara, 2008a and Gaggero & 
Brizzolara, 2008b), particularly enhanced in case of this 
propeller, in spite of the good correlation between 
cavitation patterns, as will be shown later on. The 
discrepancy can be due to viscous effects, such as 
boundary layer thickness effect or separation for blade 
profiles at tip, not adequately modeled by the potential 
flow panel method.  The same numerical method, in fact, 
does not always show this discrepancies in case of other 
propellers and other cavitation tunnels. It is believed that 
the correct representation into the potential method of the 
viscous separation at the  leading edge of blade profiles at 
tip (r/R=0.9-1.0) can be crucial for this kind of propellers. 
The KT and KQ curves of the propeller working into the 
axial cylinder in non cavitating conditions (atmospheric 
pressure in the tunnel and non cavitating numerical code) 
are presented in figures 15 and figure 16, for two pitch 
setting respectively. In both cases the numerical model 
correlate rather well with the measurement over a wide 
range of advance ratios. Main percentage differences are 
localized at highest J, close to the zero thrust point and 
noticeable mainly on torque measurements. Perhaps, a 
viscous drag correction for root profiles subjected to face 
separation and a modification to the simplified model of 
tip gap losses should be considered in this range. 

The numerical/experimental comparison of the sheet 
cavitation extent on the blades is rather satisfactory, as 
presented in the examples of figure 18 and 19, in case of 
the blade having the first intermediate pitch setting and in 
figures 21 and 22 for second intermediate pitch at two 
different cavitation indexes and at given advance ratio. In 
these figures, the colored part of the blade represents the 
surface portion interested by sheet cavitation; colors, 
instead, differentiate the cavity thickness. 
Obviously cavitation occurs at higher cavitation indexes 
for the highest pitch and in all cases it interests a blade 
portion close to the tip, where the pitch is higher, due to 
the particular pitch distribution of the ‘flat plate’ Kaplan 
propeller.  
The sheet cavity always detaches from the leading edge 
on this type of propeller, whose profiles have no 
curvature and produce lift only for their angle of attack. 
The cavitating tip vortex, clearly visible as first 
phenomenon, can become rather big and mix with the 
sheet and bubble cavitation on the blade at lowest σN is 
not currently modeled in the panel method loosing a part 
of the physic phenomena. 

 

Figure 15: Numerical and Experimental KT, KQ for the 
propeller in tunnel, first intermediate pitch setting, non 
cavitating conditions. 

 

Figure 16: Numerical and Experimental KT, KQ for the 
propeller in tunnel, second intermediate pitch setting, non 
cavitating conditions. 

The point of thrust breakdown is, generally, sufficiently 
well predicted by the panel method, with the exception of  



      

Figure 17: Numerical and Experimental results for propeller in tunnel, first intermediate pitch setting, J=0.35(left), J=0.25 (right) 

 

 

Figure 18: Cavitation Pattern for propeller in tunnel, first intermediate pitch setting, J=0.35, σN=1.5 

 

 

Figure 19: Cavitation Pattern for propeller in tunnel, first intermediate pitch setting, J=0.35, σN=4.5 



      

Figure 20: Numerical and Experimental results for propeller in tunnel, second intermediate pitch setting, J=0.6 (left), J=0.3 (right) 

 

 

Figure 21: Cavitation Pattern for propeller in tunnel, second intermediate pitch setting, J=0.3, σN=4.5 

 

 

Figure 22: Cavitation Pattern for propeller in tunnel, second intermediate pitch setting, J=0.3, σN=2.5 



some cases at the lowest J, where the simulations 
underestimate thrust losses. This is the case of the 
propeller with the second intermediate pitch angle at 
J=0.3 (figure 20, right). At higher J=0.6 (figure 20, left) 
the same method is much better correlated with the 
experiments.  
5 CONCLUSIONS 
Paper presents main results of experiments in cavitation 
tunnel for a flat plate Kaplan propeller, suitable for CP 
tunnel thruster, with and without an axial cylinder at two 
different pitch settings in a complete range of cavitation 
index. The type of cavitation observed is sheet cavity 
detaching from leading edge of the blade sections of the 
upper radii and tip vortex cavitation which can become 
rather intense at lower cavitation indexes. 
In parallel the numerical results of a surface panel method 
for sheet cavitating propeller in nozzle, under 
development at DINAV, are presented. 
Numerical thrust and torque predictions correlate 
generally well with the experiments in no cavitating 
condition, over a wide range of advance ratio, showing a 
significant difference only close to bollard pull conditions 
(J=0.15-0.25) and close to the zero thrust point. This 
difference can be due to the simplified modeling of the 
vortical wake shape, to a non adequate viscous 
corrections applied ‘a posteriori’ and to a simplified 
theoretical model of the tip gap losses. 
Plans of further experimental research include: testing of 
different flat plate propeller shapes with forward 
backward skew; measurement of cavitation volume; 
possibly fine measurement of velocity in the gap.  
Future development of the panel method will include 
devise of a wake adaptation model valid for propellers in 
tunnel; addition of boundary layer effects through a weak 
coupling method; extension of the validation on ducted 
propellers; adaptation of the non-stationary version of the 
panel method (Gaggero & Brizzolara, 2008c) to tunneled 
or ducted propellers. 
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