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ABSTRACT

In this paper, a comparison between results of a panel
method and a RANS solver is made for a ducted propeller
system in open-water. The panel method calculations were
made at IST with the panel code PROPAN. Different wake
models are used in the inviscid computations: rigid wake
model with prescribed wake geometry and a vortex pitch
wake alignment model without and with a duct boundary
layer correction. For the flow in the gap region a closed
gap width and a gap flow model with transpiration velocity are considered. The RANS calculations were carried
out at MARIN with the RANS code ReFRESCO. A comparison of the blade and duct pressure distributions, wake
geometry and thrust and torque coefficients is presented. In
general, good agreement of the pressure distributions, wake
geometries and force coefficients between the two codes
is achieved. A reasonable agreement between the inviscid
blade wake position and the blade wake viscous vorticity
field is obtained when using the wake alignment model.
It is seen that the correlation improves when introducing
the duct boundary layer correction. The force coefficients
are also compared with experimental data available from
open-water tests. A reasonable to good agreement is seen
for the thrust and torque coefficients over the entire openwater range.
Keywords
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1

INTRODUCTION

In the last decade substantial progress is being made
in the computation of the flow around ducted propeller
systems with RANS (Reynolds-Averaged Navier-Stokes)
equations, (Sanchez-Caja et al., 2000; Abdel-Maksoud and
Heinke, 2003; Sanchez-Caja et al., 2008). The computational effort is still reasonably high due to the need of
good numerical resolution in small flow regions dominated
by strong viscous effects such as in the gap between the
propeller blade tip and duct. This requirement poses considerable demands in the number of grid cells needed for
accurate computations with associated long computational
times, which still makes the method less useful for routine

design studies. On the other hand, in the past a number of
methods based on inviscid potential flow theory have been
proposed for the analysis of ducted propellers. Kerwin
et al. (1987) combined a panel method for the duct with a
vortex lattice method for the propeller. Hughes (1997) used
a complete panel method for propeller and duct. More recently, Lee and Kinnas (2006) described a panel method for
the unsteady flow analysis of ducted propeller with blade
sheet cavitation. These methods are nowadays very efficient from the computational point of view which makes
them particularly suited for design studies. However, these
methods have met serious limitations in their practical applications related to their inability to adequately model viscous effects occurring in the gap regions and in the duct
boundary layers leading to separation phenomena.
The calculation of the flow around a ducted propeller system in open-water with a panel code has been the subject
of investigation by IST and MARIN, see Baltazar et al.
(2011). In this study a low-order panel method has been
used to predict the thrust and torque of propeller Ka4-70
tested without and in the duct 19A modified, a modification to duct 19A but with a sharp trailing edge, (Bosschers
and van der Veeken, 2008). Calculations were carried out
with a closed gap model and a gap model with transpiration velocity based on the gap flow models implemented
by Hughes (1997) and Moon et al. (2002). The influence
of the rigid wake model and the iterative wake alignment
model for the blade wake pitch was studied. The loading
predictions of the ducted propeller system were found to
be critically dependent on the blade wake pitch, especially
at the tip. A most locally applied reduction of the vortex
pitch at the propeller tip was necessary to correctly predict
the open-water characteristics of the ducted propeller. As
the propeller tip is immersed in the duct boundary layer
and is likely to strongly interact with such boundary layer
flow, a plausible physical mechanism for the vortex pitch
reduction at the tip was suggested to be the decrease in the
axial onset velocity caused by the duct boundary layer and
a simple model was proposed to account for such an effect,
(Baltazar et al., 2011). This mechanism was not studied
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The undisturbed onset velocity in the rotating frame is
~ ∞ = U~ex + Ωr~eθ .
U
2.2

(2)

Panel Code PROPAN

PROPAN is a IST in-house panel code which implements a
low-order potential-based panel method for the calculation
of the incompressible potential flow around marine propellers. The code is able to calculate the three-dimensional
wetted potential flow around ducted propellers, (Baltazar
and Falcão de Campos, 2009) and (Baltazar et al., 2011).

Figure 1: Propeller coordinate system.
before using panel methods.
The purpose of the present work is to make a first comparison between results obtained by panel code PROPAN (Baltazar et al., 2011) with RANS code ReFRESCO (Vaz et al.,
2009) in order to obtain a better insight on the viscous effects of a ducted propeller system and on the limitations of
the inviscid flow model. The comparison is carried out for
a preliminary ducted propeller design in open-water conditions. The RANS calculations were carried out at MARIN
by Rijpkema and Vaz (2011). The paper is organised as
follows: a description of the numerical methods is given
in Section 2; the influence of the gap model in the inviscid
computations and the comparison with the RANS code ReFRESCO and experimental data is presented in Section 3;
in Section 4 the main conclusions are drawn.
2 NUMERICAL METHODS
2.1 Choice of Coordinate System

Consider a propeller of radius R rotating with constant angular velocity Ω inside a duct and advancing with constant
axial speed U along its axis. The propeller is made of Z
blades symmetrically distributed around an axisymmetric
hub. The duct is also considered to be axisymmetric of inner radius at the propeller plane Rd ≥ R which defines
a gap height h = Rd − R. The flow is steady in a reference frame rotating with the propeller blades around its
axis. Figure 1 shows the coordinate system used to describe the propeller geometry and the fluid flow around the
ducted propeller for both computational codes: PROPAN
and ReFRESCO.
We introduce a Cartesian coordinate system (x, y, z) rotating with the propeller blades, with the positive x-axis direction opposite to the propeller axial motion, the y-axis coincident with the propeller reference line, passing through the
reference point of the root section of the reference blade,
and the z-axis completing the right-hand-system. We use a
cylindrical coordinate system (x, r, θ) related to the Cartesian system by the transformation
y = r cos θ, z = r sin θ.

(1)

Applying Green’s second identity, assuming for the interior region to the blade surface SB , duct surface SD and
hub surface SH , φ̄ = 0, we obtain the integral representation of the perturbation potential at a point p on the body
surface,


ZZ
∂G
∂φ
2πφ (p) =
G
− φ (q)
dS
∂nq
∂nq
SB ∪SD ∪SH
ZZ
(3)
∂G
∆φ (q)
dS, p ∈ SB ∪ SD ∪ SH
−
∂nq
SW

where G (p, q) = −1/R (p, q), R (p, q) is the distance between the field point p and the point q on the boundary
SB ∪ SD ∪ SH ∪ SW . With the ∂φ/∂nq on the surfaces SB ,
SD and SH known from the Neumann boundary condition
on the body surface,
∂φ
~ ∞ on SB ∪ SD ∪ SH ,
≡ ~n · ∇φ = −~n · U
∂n

(4)

the Equation (3) is a Fredholm integral equation of the second kind in the dipole distribution µ(q) = −φ(q) on the
surfaces SB , SD and SH . The Kutta condition yields the
additional relationship between the dipole strength ∆φ(q)
in the wake surfaces SW and the surface dipole strength
at the blade and duct trailing edges. An iterative pressure Kutta condition, which imposes equal pressure on both
sides of the body surface at the trailing-edge is used.
For the numerical solution of Equation (3), we discretise
the blade surfaces SB , the duct surface SD , the hub surface
SH and the wake surfaces SW in bi-linear quadrilateral elements which are defined by four points on the surface. The
integral equation, Equation (3), is solved by the collocation
method with the element centre point as collocation point.
We assume a constant strength of the dipole and source distributions on each element. The influence coefficients are
determined analytically using the formulations of Morino
and Kuo (1974). To reduce the computation time, far field
formulas are also used in the calculation of the influence
coefficients.
Two wake models are considered: a rigid wake model
where the geometry of the wake surfaces are specified empirically, and a wake alignment model (WAM) for the blade
wake where the pitch of the vortex lines is aligned with the
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local fluid velocity, while the radial position of the vortex
lines is fully prescribed. In addition, a simple model for the
interaction between the blade wake and the boundary layer
on the duct inner side is used in combination with the wake
alignment model. For the gap flow, a closed gap model and
a gap model with transpiration velocity to allow a partial
flow between the blade tip and the duct inner side are used.
The description of the wake and gap models can be found
in Baltazar et al. (2011).
2.3

RANS Code ReFRESCO

ReFRESCO is a MARIN in-house viscous flow CFD code
(Vaz et al., 2009). It solves the multiphase unsteady incompressible RANS equations, complemented with turbulence models and volume fraction transport equations for
different phases. The equations are discretised using a
finite-volume approach with cell-centered collocation variables. The implementation is face-based, which permits
grids with elements consisting of an arbitrary number of
faces (hexahedrals, tetrahedrals, prisms, pyramids, etc.),
and h-refinement (hanging nodes). The code is parallelised
using MPI and sub-domain decomposition, and runs on
Linux workstations. The code is targeted and optimised
for hydrodynamic applications.
For a propeller in open-water the equations can be solved
using a so-called absolute formulation. This means that the
~ is defined in the absolute or inertial earthvelocity vector V
fixed reference frame, with the equations being solved in
the body-fixed reference frame which is rotating with ve~ × ~x. This allows to perform steady simulations for
locity Ω
this type of application. For all the calculations presented
in this paper, the flow is considered turbulent, where the
κ − ω SST 2-equation model by Menter (1994) is used. A
higher-order convection scheme (QUICK) is used for the
momentum equations. A fine boundary layer resolution is
applied and no wall functions are used (y + ∼ 1).
3
3.1

RESULTS

Figure 2: Overview of the surface grids used for the inviscid calculations with PROPAN (top) and RANS calculations with ReFRESCO (bottom).

General

Results are presented for a ducted propeller in open-water
conditions. The gap between the duct inner surface and
the blade tip is uniform and equal to 0.8% of the propeller radius. Figure 2 shows the surface grids used for
the calculations with panel code PROPAN and RANS code
ReFRESCO. The discretisations of the PROPAN grid are:
50×25 on each blade, 150×200 on the duct and 67×140
on the hub. A rigid wake model and a wake alignment
model were considered in the inviscid computations. In
the rigid wake model, the pitch of the blade wake is assumed constant along the axial direction and equal to the
blade pitch. For the duct, the wake leaves the trailing edge
at the bisector. In the wake alignment model, the wake geometries were obtained after 5 iterations using Nθ = 90
time steps per revolution, which leads to an angular step
of 4 degrees. A transpiration velocity gap model with a

discharge coefficient equal to CQ = 0.84 (Hughes, 1997)
and a closed gap model were considered. A specified
tolerance of |δ(∆Cp )| < 10−2 on the gap strip control
points was applied as convergence criterion, corresponding
to approximately 20 iterations for the transpiration velocity.
An iterative pressure Kutta condition was applied which,
in general, converged after 5 iterations to a precision of
|∆Cp | ≤ 10−3 . For the duct boundary layer correction, the
thickness of the duct boundary layer is assumed to be 4%
of the propeller radius. A power law velocity profile with
exponent equal to 7 is assumed, see Baltazar et al. (2011).
The viscous calculations were also carried out for the
ducted propeller with RANS code ReFRESCO using three
geometrically similar structured grids. The results are published in Rijpkema and Vaz (2011). The calculations pre-
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and D = 2R is the propeller diameter, n = Ω/2π the
rate of revolution and ν the fluid kinematic viscosity. Other
~ and the pressure
used quantities are the vorticity ω
~ = ∇×V
coefficient:
p − p∞
Cp = 1 2 ,
(6)
2 ρU∞
~ is the fluid velocity vector, p is the pressure, p∞
where V
the undisturbed pressure, ρ the fluid density and U∞ =
~ ∞ |. The propeller operation conditions are defined by
|U
the advance coefficient J = U/nD. The non-dimensional
thrust and torque of the ducted propeller system are given
by the propeller thrust coefficient KTP , the duct thrust coefficient KTD and the torque coefficient KQ :
Q
,
ρn2 D5
(7)
where TP is the propeller thrust, TD the duct thrust and
Q the propeller torque. The ducted propeller efficiency is
given by:
U (TP + TD )
η=
.
(8)
2πnQ
3.2

KTD =

TD
,
ρn2 D4
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sented in this report referred to the ”medium” grid with 10
million cells. The ducted propeller was tested for a range
of advance coefficients between 0.1 and 1.5 corresponding
to Reynolds numbers from 8.9×105 to 1.1×106 , where the
Reynolds number is defined based on the propeller blade
chord length at 0.7R (c0.7R ) and the resulting onset velocity at that radius:
q
2
c0.7R U 2 + (nπ0.7D)
Re =
,
(5)
ν

Closed Gap Model
Transpiration Velocity Gap Model

0.03

Gap Model Influence in the Inviscid Calculations

First, the influence of the gap model in the inviscid calculations is studied. The results are compared between the
closed gap model and the transpiration gap model, obtained
using the wake alignment model with duct boundary layer
correction. The comparison is presented for the circulation
distribution at the blade and duct for the advance coefficient J = 1.0 in Figure 3. Similar circulation distributions
are obtained between the two gap models. Small differences are seen in the blade circulation close to the blade tip,
which is due to the Neumann boundary condition applied
on the gap strip. A small effect of the transpiration velocity is also seen in the duct circulation distribution, since
the blade circulation at the tip is equal to the duct circulation discontinuity. The relative differences of the thrust
and torque coefficients are smaller than 1%. In the closed
gap model, no iteration scheme is needed for the boundary
condition in the gap strip, which reduces the computational
time and increases the robustness of the method in comparison with the transpiration velocity gap model. Therefore,
the results obtained with the closed gap model are used in
the comparisons with the RANS calculations and the experiments presented in the following sections.

0.00
0.0

25.0

50.0

75.0

Position between blades [º]

Figure 3: Influence of the gap model on the circulation distribution at the blade (top) and duct (bottom) for J = 1.0.
Inviscid calculations with PROPAN.
3.3

Comparison Between PROPAN and ReFRESCO

This section presents the comparison of the calculations
with the panel code PROPAN and with the RANS code
ReFRESCO for the ducted propeller. The comparison is
presented for two advance coefficients: J = 0.3 which corresponds to a highly loaded condition and J = 1.0 which
is near design conditions. In this study estimation of the
boundary layer thickness from ReFRESCO computations
has not been done, due to the complex interaction between
the blade tip vortex and duct boundary layer.
First, a comparison between the three inviscid wake models
and the viscous vorticity field at the planes x/R = 0.3 and
0.5 downstream from the propeller is presented in Figures 4
and 5. Significant differences are seen in the rigid wake ge-
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ometry and the vorticity field, especially near the tip vortex.
A reasonable to good agreement is achieved with the wake
alignment models. As expected, a better agreement of the
tip vortex position is obtained when using the duct boundary layer correction model. However, an under prediction
of the tip vortex pitch is still obtained with this method,
which may be due to the thickness of the duct boundary
layer assumed for this model. The influence of the wake
model on the inviscid calculations is presented in Figure 6.
The comparison shows a small effect of the wake geometry on the blade pressure distributions at the radial section
r/R = 0.90. The present duct geometry appears much less
sensitive to the wake alignment than the Ka4-70 propeller

Figure 5: Wake geometry at x/R = 0.3 (top) and 0.5
(bottom) for J = 1.0. The contours represent the ReFRESCO non-dimensional total vorticity field |~
ω |/Ω. The
symbols represent the PROPAN wake geometry: rigid
wake (squares), WAM (diamonds) and WAM with boundary layer correction (circles).
r/R=0.90

0.5

-Cp

Figure 4: Wake geometry at x/R = 0.3 (top) and 0.5
(bottom) for J = 0.3. The contours represent the ReFRESCO non-dimensional total vorticity field |~
ω |/Ω. The
symbols represent the PROPAN wake geometry: rigid
wake (squares), WAM (diamonds) and WAM with boundary layer correction (circles).

0.0

Rigid Wake Model
Wake Alignment Model (WAM)
WAM with Duct Boundary Layer Correction
-0.5
0.0

0.2

0.4

s/c

0.6

0.8

1.0

Figure 6: Influence of the wake model on the blade pressure distribution at r/R = 0.90 for J = 0.3. Inviscid
calculations with PROPAN.
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Figure 8: Duct pressure distribution at the circumferential
positions θ = 0◦ (top) and 30◦ (bottom). Comparison between PROPAN and ReFRESCO for J = 0.3.
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in the duct 19Am analysed in Baltazar et al. (2011). This is
probably related with the unloaded tip of the propeller and
the neutral duct.
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Figure 7: Blade pressure distribution at the radial sections
0.70 (top), 0.90 (middle) and 0.99 (bottom). Comparison
between PROPAN and ReFRESCO for J = 0.3.

Figures 7 to 10 illustrate the comparison for the pressure
distributions on the propeller blade and duct. The blade
pressure is presented at the radial sections r/R = 0.70,
0.90 and 0.99, and the duct pressure is presented at the circumferential positions θ = 0◦ and 30◦ . The pressure distributions are shown as function of the chordwise position
s/c where s is defined along the cylindrical section chord
for the propeller blade and as the axial distance along the
meridional duct section, from the leading edge to the trailing edge. The inviscid pressure distribution refers to the
wake alignment model with duct boundary layer correction.
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Figure 10: Duct pressure distribution at the circumferential positions θ = 0◦ (top) and 30◦ (bottom). Comparison
between PROPAN and ReFRESCO for J = 1.0.
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Figure 9: Blade pressure distribution at the radial sections
0.70 (top), 0.90 (middle) and 0.99 (bottom). Comparison
between PROPAN and ReFRESCO for J = 1.0.

A remarkably good agreement is seen for the blade and
duct pressure distributions between the PROPAN and ReFRESCO computations, with two noticeable exceptions: in
the blade pressure, some differences are seen very near the
tip (r/R = 0.99), and in the duct pressure at the inner side,
where pressure minima corresponding to the passage of the
tip vortices are seen in the viscous calculations which are
not captured by the inviscid calculations. The correlation
between the position of the tip viscous core and the peaks
of low pressure is illustrated in Figure 11 for the plane
z = 0, which corresponds to the circumferential position
θ = 0◦ . In this figure the inviscid wake geometry predicted
by the wake alignment method with boundary layer correction is compared with the viscous total vorticity field along
the longitudinal direction. A satisfactory agreement is seen
for the two wake geometries.
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Figure 12: Open-water diagram. Comparison between numerical and experimental results.

Figure 11: Wake geometry at plane z = 0. Comparison
between PROPAN and ReFRESCO for J = 0.3 (top) and
J = 1.0 (bottom). The contours represent the ReFRESCO
non-dimensional total vorticity field |~
ω |/Ω. The symbols
represent the PROPAN wake geometry.

3.4

Comparison With Experimental Data

The comparison between the numerical results and the
experimental data available from open-water tests is presented in Figure 12. The experiments were performed in
MARIN’s Depressurised Wave Basin using a propeller of
diameter 276 mm and a shaft rotation rate of 900 rpm.
The gap between the duct inner side and the blade tip is
equal to 1.1 mm. The experimental data are commercial-inconfidence. A sectional viscous drag coefficient of 0.007
was used to the blade thrust for all inviscid computations.
Lacking any adequate method to estimate the duct viscous
drag under the influence of a propeller, no viscous drag correction to the duct thrust has been applied in the inviscid
computations. A reasonable to good agreement is seen for
the thrust and torque coefficients over the entire open-water
range. Lower propeller thrust and torque are obtained with
the code PROPAN in comparison with the viscous results
and experimental data for advance ratios up to 1.0. In this
range of advance ratios the agreement is in the order of 1%
to 7% for the results obtained with ReFRESCO and in the
order of 1% to 11% for the results obtained with PROPAN.
For higher advance coefficients an over prediction is observed in the PROPAN calculations. For the inviscid calcu-

lation of the duct thrust with code PROPAN, an over prediction is seen across the entire open-water range. A better agreement with the experimental duct thrust is obtained
from the viscous calculations.
4

CONCLUSIONS

In this paper a comparison of panel method with RANS for
open-water calculations of a ducted propeller system using panel code PROPAN and RANS code ReFRESCO is
made. For the inviscid calculations, different wake models were used: rigid wake model with prescribed wake geometry and a vortex pitch wake alignment model without
and with a duct boundary layer correction. For the flow in
the gap region a closed gap model and a gap flow model
with transpiration velocity were considered and similar results were obtained between the two gap models. The computed blade and duct pressure distributions, wake geometry
and thrust and torque coefficients between the two codes
is compared. The results showed a good comparison of
the pressure distributions and loadings between the panel
code and the RANS calculations. Moreover, the comparison of the wake location predictions by both methods suggested that the proposed mechanism of interaction of the
tip vorticity with the duct boundary layer flow may play an
important role in the inviscid modelling of the interaction
between propeller and duct. Finally, the force coefficients
were also compared with experimental data available from
open-water tests and a reasonable to good agreement was
obtained. The interaction effect between the blade wake
and the duct boundary layer will be further investigated to
improve the potential flow modelling.
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