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ABSTRACT

The present paper discusses several modelling aspects that
are important for the performance predictions of a ducted
propeller with a low-order panel method. The aspects dis-
cussed are the alignment of the blade wake geometry, the
influence of the duct boundary layer on the blade wake
pitch, the influence of a transpiration velocity through the
gap and the sensitivity to the strength of the shed vorticity
from a blunt trailing edge. The analysis is carried out for
propeller Ka4-70 operating inside duct 19A. The numerical
results are compared with experimental data available from
open-water tests. The panel method described in this work
gives an acceptable prediction of the open-water character-
istics.
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1 INTRODUCTION

Ducted propellers have been widely used for marine ap-
plications. The ability to accurately predict the thrust and
torque of a ducted propeller in open-water conditions is
very important for a calculation method used in the design
stage. Reynolds-averaged Navier-Stokes (RANS) methods
are currently being successfully applied for the analysis
of the viscous flow around ducted propellers. For exam-
ple, Abdel-Maksoud and Heinke (2003) and Haimov et al.
(2010) have used RANS codes for the performance predic-
tion of a ducted propeller system. Although RANS meth-
ods are well-established tools that are able to accurately
estimate propeller performance, the computational effort is
still reasonably high due to the need of good numerical res-
olution in small flow regions dominated by strong viscous
effects such as in the gap region.

Various numerical 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.
In this study the influence of the panel arrangement and tip
gap was investigated. Later, Hughes (1997) used a panel
method for propeller and duct including a gap model for
the flow between the blade tip and the duct inner surface.

An alternative approach was presented by Gu and Kinnas
(2003) using a hybrid method based on a coupling between
vortex lattice and finite-volume methods. More recently,
Lee and Kinnas (2006) described a panel method for the
unsteady flow analysis of a ducted propeller with blade
sheet cavitation.

Different numerical studies have been presented compar-
ing the results between panel methods and RANS solvers
for ducted propellers (Baltazar et al., 2013; Yu et al., 2013).
These studies have shown the limitations in the inviscid
flow model when the flow is dominated by the viscous ef-
fects, such as the gap flow. From the comparison with
the experimental data and RANS calculations, the panel
method shows reasonable accuracy in predicting the per-
formance of ducted propellers, when the viscous effects are
taken into account in the inviscid model.

This paper focus on the effect of the Kutta condition, gap
modelling and wake modelling in the ducted propeller per-
formance predictions with a panel method. The inviscid
calculations are made with the IST in-house panel code
PROPAN (Baltazar, 2008). The numerical results are com-
pared with open-water data measured at MARIN for the
ducted propeller Ka4-70 with P/D = 1.0 operating inside
duct 19A (Kuiper, 1992). Details of the mathematical for-
mulation of the panel method are given in Section 2. The
numerical method is presented in Section 3. The numerical
results and the comparison with the experimental data are
shown in Section 4. In Section 5 the main conclusions are
drawn.

2 MATHEMATICAL FORMULATION

2.1 Potential Flow Problem

Consider a propeller of radius R rotating with constant an-
gular velocity Ω inside a duct and advancing with constant
axial speed U along its axis in an incompressible ideal
fluid of constant density ρ at rest in a domain extending
to infinity in all directions. The propeller is made of K
blades symmetrically distributed around an axisymmetric
hub. The duct is also considered to be axisymmetric of in-
ner radius at the propeller plane Rd ≥ R which defines
a gap height h = Rd − R. The flow field is steady in a
reference frame rotating with the propeller blades around
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Figure 1: Propeller coordinate system.

its axis. Figure 1 shows the coordinate system used to de-
scribe the propeller geometry and the fluid domain around
the ducted propeller.

In a Cartesian coordinate system (x, y, z) rotating with the
propeller the flow is steady, and under the assumption of
irrotational flow the velocity field is described by a pertur-
bation potential φ in the form

~V = ~U∞ +∇φ, (1)

where
~U∞ = U~ex + Ωr~eθ (2)

is the undisturbed onset velocity in the rotating frame and
(~ex, ~er, ~eθ) are the unit vectors of the cylindrical coordinate
system (x, r, θ), with r =

√
y2 + z2 and θ = tan−1 z/y.

The perturbation potential satisfies the Laplace equation:

∇2φ = 0. (3)

The boundary of domain consists of the blade surfaces SB,
the duct surface SD, the hub surface SH and the wake
surfaces SW behind the blades and duct. The kinematic
boundary condition,

∂φ

∂n
≡ ~n · ∇φ = −~n · ~U∞ on SB ∪ SD ∪ SH, (4)

is satisfied on the blade, duct and hub surfaces, where ∂/∂n
denotes differentiation along the normal and ~n is the unit
vector normal to the surface directed outward from the
body. At infinity the flow disturbance due to the ducted
propeller vanishes∇φ→ 0.

The boundary conditions on the wake surfaces SW in
steady flow are the tangency of the fluid velocity on each
side of the sheet and the continuity of the pressure across
the sheet. In order to specify uniquely the circulation
around the blades and duct, it is necessary to impose the
Kutta condition at the blade trailing edge and at the duct
trailing edge. The Kutta condition states that the velocity
must remain finite

|∇φ| <∞ (5)

at a sharp trailing edge. For a round trailing edge this con-
dition is not applicable and an alternative condition must
be imposed.

Applying Green’s second identity, assuming for the interior
region to SB ∪SD ∪SH, φ̄ = 0, we obtain the integral rep-
resentation of the perturbation potential at a point p on the
body surface,

2πφ (p) =

∫∫
SB∪SD∪SH

[
G
∂φ

∂nq
− φ (q)

∂G

∂nq

]
dS

−
∫∫
SW

∆φ (q)
∂G

∂nq
dS, p ∈ SB ∪ SD ∪ SH

(6)

where G (p, q) = −1/R (p, q), R (p, q) is the distance be-
tween 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 con-
dition on the body surface, Equation (4), the Equation (6)
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 relation-
ship to determine the dipole strength ∆φ(q) in the wake
surfaces SW .

2.2 Velocity, Pressure and Forces
The velocity on the surface is obtained by differentiation of
the surface potential distribution. From Bernoulli’s equa-
tion, the pressure coefficient Cp can be determined from:

Cp =
p− p∞
1/2ρU2

∞
= 1−

(
|~V |
U∞

)2

, (7)

where p is the pressure, p∞ is the pressure of the undis-
turbed inflow and |~V | is the total velocity.

The inviscid thrust and torque on the ducted propeller are
obtained by integration of the pressure distribution on the
blade and duct surfaces. The propeller operation conditions
are defined by a single non-dimensional parameter: the ad-
vance coefficient J = U/(nD), where n = Ω/2π is the
rate of revolution and D = 2R the propeller diameter. 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:

KTP
=

TP
ρn2D4

,KTD
=

TD
ρn2D4

,KQ =
Q

ρn2D5
, (8)

where TP is the propeller thrust, TD the duct thrust and
Q the propeller torque. The ducted propeller efficiency is
given by η = U (TP + TD) /(2πnQ).

3 NUMERICAL METHOD
3.1 Surface Discretisation
For the numerical solution of the integral equation, Equa-
tion (6), we discretise the blade surfaces SB, the duct sur-
face SD, the hub surface SH, and the wake surfaces SW in



bilinear quadrilateral panels. The details of the surface grid
generation for the ducted propeller are found in Baltazar
(2008).

3.2 Solution of the Integral Equation
The integral equation, Equation (6), is solved by the collo-
cation 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 coef-
ficients are determined analytically using the formulations
of Morino and Kuo (1974).

3.3 Numerical Kutta Condition
The value of the dipole strength of the wake is determined
by the application of a Kutta condition at the blade and duct
trailing edges. An iterative pressure Kutta condition im-
posing equal pressure on both sides of the blade and duct
at the trailing edge is considered. This generates a non-
linear system of equations that is solved by the method of
Newton and Raphson (Baltazar, 2008). The Morino-Kutta
condition is used as a first approximation (Morino and Kuo,
1974).

In the present method, the collocation points of the pan-
els adjacent to the blade trailing edge are used for equality
of the pressure on both sides of the propeller blade. From
the numerical results for a ducted propeller system using
a RANS-based model with the propeller represented by an
actuator disk, a pair of counter-rotating vortices at a blunt
trailing edge is obtained, following the boundary layer sep-
aration on both the outer and inner face of the duct (Hoek-
stra, 2006). For a blunt round trailing edge it is known that
the location of the vortex wake shedding point in the poten-
tial flow model strongly influences the circulation around
the duct (Baltazar and Falcão de Campos, 2009). This is
true both for the Morino and the iterative pressure Kutta
condition when applied at the control points adjacent to
the vortex wake shedding point. In the present model, the
chordwise location for equality of the pressure is not at the
vortex wake shedding point but is specified. Its value is in-
terpolated from the computed pressures at the collocation
points. The location of the pressure equality points con-
trols the strength of the shed vorticity from duct trailing
edge. Due to the possible occurrence of flow separation in
the case of a blunt trailing edge, a constant pressure distri-
bution downstream of the Kutta points is assumed in this
model. Note that the potential flow solution at the duct
trailing edge satisfies the integral equation, Equation (6),
but the corresponding pressure distribution is disregarded
aft the Kutta points.

3.4 Gap Flow Models
From experimental studies (Oweis et al., 2006) and RANS
calculations (Abdel-Maksoud and Heinke, 2003) a com-
plex flow in the gap region of ducted propellers is seen due
to the presence and dynamic interactions of the blade wake,
tip-leakage vortex, gap flow and duct boundary layer. In the

present study, two different models for the potential flow
in the gap region are considered: a closed gap with zero
gap width and a gap flow model with transpiration velocity.
However, these models do not have the ability to represent
the details of the flow in the gap region and are used in this
work to improve the overall performance predictions of the
ducted propeller system.

In the closed gap model, the flow is not allowed to pass be-
tween the blade tip and the duct inner surface. In this case,
the boundary condition on the gap panels sets the source
strength to cancel the normal component of the inflow ve-
locity, Equation (4).

In the gap model with transpiration velocity, a partial flow
between the blade tip and the duct inner surface is allowed
to pass in the gap region. The procedure proposed by
Hughes (1997) is implemented in the current work, where
the gap flow is treated as a two-dimensional orifice. In this
model, to allow for the existence of a transpiration velocity
through the gap, the boundary condition on the gap strip
becomes:

∂φ

∂n
= −~U∞ · ~n+ |~U∞|CQ

√
∆Cp~n · ~nc, (9)

where ~nc is the unit normal vector to the mean camber
line at the gap strip on the same chordwise position of the
panel. The transpiration velocity is prescribed by using a
discharge coefficient as originally defined by van Houten
(1986). The pressure-difference ∆Cp in the gap panels is
obtained by an iterative procedure. Initially, the potential
flow problem is solved using the closed gap model. A first
approximation of the pressure distribution in the gap strip
is obtained. Then, the potential flow problem is solved
again using the boundary condition specified by Equation
(9). The pressures on the gap strip are then recomputed and
its value updated in the boundary condition, Equation (9).
The solution process is repeated until a specified conver-
gence criterion is met.

3.5 Wake Models
The importance of the blade wake geometry on the perfor-
mance prediction with a panel method for both open and
ducted propellers has been widely emphasised and there
is already considerable literature on this subject (Lee and
Kinnas, 2005; Baltazar et al., 2012). In the present work,
two wake models are considered: a rigid wake model and a
wake alignment model for the blade wake where the pitch
of the vortex lines is aligned with the local fluid velocity.

In the rigid wake model, the geometry of the wake surfaces
is specified empirically. For the blade wake, the pitch of
the vortex lines is assumed constant along the axial direc-
tion and equal to the blade pitch. For the duct, the wake
leaves the trailing edge at the bisector.

In the wake alignment model, the corner points of the blade
wake panels are displaced with the mean fluid velocity. In



this model, the radial coordinates of the blade wake panels
are kept constant and only the pitch of the vortex lines is
aligned with the mean fluid velocity. Then, the new axial
and circumferential coordinates x(n+1)

i+1 and θ(n+1)
i+1 of the

wake strip i + 1 at the (n + 1)th iteration are determined
by using an Euler scheme:

x
(n+1)
i+1 = x

(n)
i + Vx

(
x
(n)
i , r

(n)
i , θ

(n)
i

)
∆t

θ
(n+1)
i+1 = θ

(n)
i + Vθ

(
x
(n)
i , r

(n)
i , θ

(n)
i

)/
r
(n)
i ∆t

,

(10)
where Vx and Vθ are the components of the mean vortex
sheet velocity along the axial and circumferential direc-
tions, respectively, and ∆t is the time step for the Euler
vortex convection scheme. The velocity components are
calculated from the integral equation of the velocity, ob-
tained by taking the gradient of Equation (6). The non-
dimensional time step ∆θ = Ω∆t is introduced, which can
also be expressed in terms of the number of time steps per
propeller revolution Nθ = 2π/∆θ.

3.6 Model for the Interaction of the Blade Wake With
the Duct Boundary Layer

In combination with the wake alignment model, a simple
model for the interaction between the blade wake and the
boundary layer on the duct inner side is implemented as
well. Due to the duct boundary layer, a reduction in the ax-
ial velocity may be taken into account in the convection of
the blade vorticity in the wake alignment model. Consider-
ing δ as the duct boundary layer thickness and assuming a
power law distribution for the velocity profile, we have

Vx (Rd − r)
Vx (δ)

=

(
Rd − r
δ

) 1
n

. (11)

To avoid zero axial velocity at the duct inner surface, its
value is obtained by extrapolation from the axial velocity
at the gap Vx(h), and at the edge of the duct boundary
layer Vx(δ). The reduction in the blade wake pitch near
the tip due to the interaction between the duct boundary
layer and the propeller blades changes the incidence angle
to the blade sections and influences the propeller perfor-
mance predictions (Baltazar et al., 2012). This effect has
been the subject of investigation on the operating charac-
teristics of different types of turbo-machines. One of the
first studies was carried out by Boxer (1951) for an axial-
flow fan rotor, where a similar effect was found due to the
wall boundary layer.

4 RESULTS
4.1 General
Results are presented for the propeller Ka4-70 inside the
duct 19A. The propeller Ka4-70 is a four-bladed propeller
of the Kaplan type. A pitch-diameter ratio of P/D = 1.0

is considered. The duct 19A has an axial cylindrical part
in the inner side of the duct at the propeller location. The
outer side of the duct is straight and the trailing edge of
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Figure 2: Panel arrangement for propeller Ka4-70 inside
duct 19A. 50×25 panels on each blade; 190×160 panels
on the duct; 55×80 panels on the hub.

the duct is round. This duct has a length-diameter ratio of
0.5. The gap between the duct inner side and the blade tip
is uniform and equal to 0.8% of the propeller radius. The
particulars of the Ka-series and the duct section geometry
can be found in Kuiper (1992). Figure 2 shows a typical
panel arrangement of propeller Ka-470 inside the duct 19A
with an open-water hub.

4.2 Influence of the Kutta Condition
The influence of the pressure equality points at the duct
trailing edge is investigated. A specified tolerance of
|∆Cp|TE ≤ 10−3 for the pressure-jump at the control
points is applied. In this case, the closed gap is used to
model the gap flow and the rigid wake model for the blade
wake. Eight different locations are considered, varying
from 96.5% to 100% of the duct length. The location of the
pressure equality points at 99.9% of the duct length corre-
sponds to the collocation points of the panels adjacent to
the duct trailing edge. Figure 3 shows the trailing edge
of the duct 19A with the location of the pressure equality
points.

0.40 0.45 0.50 0.55 0.60

Duct 19A 100.0%

99.9%
99.8%

99.5%
99.0%

97.0%96.5%
98.0%

Figure 3: Location of the pressure equality points as per-
centage of the duct length.

The influence on the inviscid thrust and torque for J = 0.2

and J = 0.5 is given in Table 1. A strong influence on



Table 1: Inviscid thrust and torque coefficients for J = 0.2

and J = 0.5. Influence of the pressure equality location at
the duct trailing edge.

J 0.2 0.5

Location KTP
KTD

10KQ KTP
KTD

10KQ

100.0% 0.221 0.142 0.341 0.157 0.060 0.250
99.9% 0.287 0.163 0.432 0.199 0.067 0.311
99.8% 0.315 0.165 0.468 0.215 0.066 0.335
99.5% 0.357 0.165 0.521 0.241 0.062 0.370
99.0% 0.387 0.159 0.559 0.262 0.053 0.399
98.0% 0.388 0.159 0.560 0.268 0.053 0.407
97.0% 0.359 0.167 0.524 0.255 0.061 0.390
96.5% 0.351 0.168 0.515 0.252 0.062 0.386

the propeller forces due to the chordwise position that im-
poses equal pressure on both sides is seen. A maximum
for the propeller thrust and torque is found at 98% of the
duct length. An opposite effect is obtained for the duct
thrust. We note that the transition from the straight parts
of the duct inner and outer surfaces to the round geome-
try of the trailing edge occurs approximately at 98% of the
duct length. The assumption for the points at the upper and
lower sides of the duct at this location as flow separation
points seems a reasonable approximation in the proposed
model. In the present work, special attention is given to the
98% duct length location.

4.3 Influence of the Gap Model

In this section the influence of the gap model on the poten-
tial flow solution is studied. The gap model is implemented
by setting different values for the discharge coefficient CQ.
The closed gap model is simulated by setting CQ = 0.0,
which imposes the zero normal boundary condition in the
gap strips. Values of the discharge coefficient equal to 0.5,
0.84, 1.0, 2.0 and 5.0 are also considered. The discharge
coefficient equal to 0.84 represents the mean of the val-
ues compiled by van Houten (1986). The assumption of
CQ = 1.0 represents the case where there is no loss of
energy as the fluid passes through the gap. By increasing
the discharge coefficient to values larger than 1.0, the flow
tends to the inviscid solution without gap. In this study,
this case is modelled by setting CQ = 5.0. A tolerance of
10−2 for the variation of the pressure-difference on the gap
strip control points is applied as convergence criterion of
the gap model. Calculations are carried out using the rigid
wake model and assuming for the duct Kutta condition the
location at 98.0% of the duct chord.

The influence of the discharge coefficient on the inviscid
thrust and torque for J = 0.2 and J = 0.5 is given in Table
2. The results show a small effect on the propeller and duct
forces for values of the discharge coefficient between 0.0

and 1.0. A larger variation is obtained when increasing the
discharge coefficient to values higher than 1.0. Figure 4
presents the circulation distribution on the propeller blade,

Table 2: Inviscid thrust and torque coefficients for J = 0.2

and J = 0.5. Influence of the discharge coefficient.

J 0.2 0.5

CQ KTP
KTD

10KQ KTP
KTD

10KQ

5.00 0.370 0.115 0.529 0.251 0.027 0.380
2.00 0.373 0.144 0.539 0.254 0.045 0.387
1.00 0.379 0.152 0.548 0.261 0.050 0.397
0.84 0.380 0.154 0.550 0.262 0.051 0.399
0.50 0.383 0.156 0.554 0.264 0.052 0.402
0.00 0.388 0.159 0.560 0.268 0.053 0.407
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Figure 4: Influence of the discharge coefficient on the blade
circulation distribution for J = 0.2 and J = 0.5.

where a small influence of the gap model is seen near the
blade tip for discharge coefficients between 0.0 and 1.0. In
the closed gap model (CQ = 0.0), a finite circulation at the
blade tip is obtained. By increasing the discharge coeffi-
cient, a reduction in the tip circulation is seen. This study
suggests that no significant improvement on the ducted pro-
peller performance predictions is obtained by imposing a
transpiration velocity in the gap region, since similar re-
sults are achieved with the closed gap model. For discharge
coefficients higher than 1.0 the blade tip circulation tends
to zero.

4.4 Influence of the Wake Model

In this section the influence of the wake model is studied.
Results are presented using three wake models: rigid wake
model, wake alignment model (WAM) for the blade wake
and wake alignment model for the blade wake using the
duct boundary layer correction. The wake geometries are
obtained after 5 iterations of the wake alignment model us-
ing Nθ = 90 time steps per revolution, giving an angular
step of 4 degrees. For the duct boundary layer correction
model a thickness equal to δ/R = 4% is assumed, corre-
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Figure 5: Panel arrangement for propeller blades, duct and
blade wake at J = 0.2. Wake alignment model (top). Wake
alignment model with duct boundary layer correction (bot-
tom). Only one wake surface shown.

sponding to h/δ = 0.21. A power law velocity profile with
n = 7 is also assumed. For the duct Kutta condition, the
location at 98.0% of the duct length is used for pressure
equality. The closed gap model is used to model the gap
flow.

Figures 5 and 6 presents the panel arrangements obtained
with the wake alignment model without and with duct
boundary layer thickness for J = 0.2 and J = 0.5, respec-
tively. Smooth blade wake geometries are obtained with
the wake alignment model. As it may be clearly seen in
the figures, the correction in the axial velocity due to the
duct boundary layer introduces a significant reduction in
the vortex pitch at the blade wake tip.
Figures 7 and 8 present the pressure distributions on the
propeller blade and duct for J = 0.2 and J = 0.5, re-
spectively. The pressure distributions are shown as func-
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Figure 6: Panel arrangement for propeller blades, duct and
blade wake at J = 0.5. Wake alignment model (top). Wake
alignment model with duct boundary layer correction (bot-
tom). Only one wake surface shown.

tion 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
leading edge to trailing edge. For the blade pressure dis-
tribution, a smaller suction peak is obtained with the wake
alignment model with the duct boundary layer, indicating
a lower incidence angle to the blade section near the tip.
For the duct pressure, a uniform distribution is seen near
the trailing edge. This result is due to the Kutta condi-
tion model, which assumes a constant pressure distribution
from the pressure equality points to the duct trailing edge.

The influence of the wake model on the inviscid thrust
and torque for J = 0.2 and J = 0.5 is given in Table
3. Results are presented for the rigid wake model (RW),
wake alignment model, corresponding to δ/R = 0, and
the wake alignment model with duct boundary layer cor-
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Figure 7: Blade chordwise pressure distribution at r/R =

0.95 (top). Duct chordwise pressure distribution at θ = 0

degrees (bottom). Influence of the wake model at J = 0.2.

rection, where the duct boundary layer thickness ranges
from 1% to 5%. Although the correction due to the duct
boundary layer affects only the blade wake geometry near
the tip, a strong influence on the ducted propeller forces is
obtained. It is seen that an increase in the boundary layer
thickness leads to a reduction of the propeller thrust and
torque.

4.5 Comparison With Experimental Data

In this section, the predicted thrust and torque coefficients
are compared with experimental data from open-water tests
(Kuiper, 1992). Calculations are presented for the wake
alignment model with a constant duct boundary layer of
δ/R = 4%. For the duct Kutta condition three different po-
sitions for pressure equality are considered: 97%, 98% and
99% of the duct length. Figure 9 illustrates the comparison
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Figure 8: Blade chordwise pressure distribution at r/R =

0.95 (top). Duct chordwise pressure distribution at θ = 0

degrees (bottom). Influence of the wake model at J = 0.5.

of the thrust and torque coefficients with the experiments.
A section viscous drag coefficient of 0.007 and suppression
of the chordwise component of the blade section are used
for all computations. This suppression models the effect
of flow separation which eliminates the unphysical suction
peaks at the leading edge in the potential flow theory. No
viscous drag correction to the duct thrust has been applied.
We note that the wake alignment model converged for all
advance ratios of the open-water diagram.

Similar results are obtained with the three pressure equal-
ity positions assumed for the duct trailing edge. This results
show a small influence on the duct loading for the range be-
tween 97% and 99% of the duct length. From RANS com-
putations (Hoekstra, 2006; Yu et al., 2013), the assumption
of a constant pressure equality position along the circum-



Table 3: Inviscid thrust and torque coefficients for J = 0.2

and J = 0.5. Influence of the wake model.

J 0.2 0.5

Wake KTP
KTD

10KQ KTP
KTD

10KQ

RW 0.388 0.159 0.560 0.268 0.053 0.407
δ/R=0% 0.341 0.167 0.503 0.242 0.054 0.372
δ/R=1% 0.322 0.172 0.478 0.231 0.055 0.357
δ/R=2% 0.310 0.173 0.462 0.212 0.058 0.331
δ/R=3% 0.305 0.174 0.456 0.211 0.058 0.328
δ/R=4% 0.301 0.175 0.452 0.211 0.056 0.329
δ/R=5% 0.295 0.177 0.443 0.205 0.058 0.321
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Figure 9: Open-water diagram. Comparison between nu-
merical and experimental results.

ferential direction and the independence from the inflow
conditions is questionable. Still, the propeller thrust and
torque are well predicted for the advance ratios higher than
0.3. The duct thrust coefficient agrees well with the mea-
surements for low advance coefficients. For high advance
coefficients, an over-prediction of the duct thrust is seen,
which is probably due to the occurrence of flow separa-
tion on the outer side of the duct and it is not modelled in
the present method. The differences between the measured
and the predicted ducted propeller efficiencies are around
5% for the advance ratios lower than 0.6.

5 CONCLUSIONS

A low-order panel method has been used to predict the
thrust and torque of propeller Ka-470 inside duct 19A in
open-water conditions. The influence of the Kutta condi-
tion for a blunt trailing edge, the modelling of the gap flow
between the propeller blade tip and the duct inner side, and
the alignment of the blade wake sheet are analysed in this
paper. The numerical results are compared with experi-
mental data from open-water tests. Based on the numerical

results obtained for the ducted propeller system, the fol-
lowing conclusions are drawn:

• For a blunt trailing edge, flow separation is expected
to occur due to a rapid variation of geometry. For the
duct 19A, the geometry changes from a straight shape
to a round shape near 98% of its length. In this study
an alternative duct Kutta condition model is proposed,
where the chordwise location of pressure equality on
both sides is specified. This location is found to have
a strong influence on the propeller forces.

• The model of the gap flow between the tip of the pro-
peller and the duct inner side is necessary for an ac-
curate prediction of the propeller forces using a panel
method, since large differences in the forces predic-
tions are obtained from the comparison between a
closed gap model and a open gap. Results are com-
pared with a gap flow model using a transpiration ve-
locity for the gap region, where a small influence on
the propeller and duct forces is found. Accordingly,
the use of a closed gap model appears sufficient for an
accurate prediction of the ducted propeller forces.

• A strong influence of the blade wake pitch, especially
near the blade tip, on the ducted propeller force pre-
dictions is seen. A simple model to account for the in-
fluence of the duct boundary layer on the pitch of the
tip vorticity is implemented. However, a large varia-
tion on the force predictions due to the duct boundary
layer thickness is found and a careful tuning is there-
fore needed to correctly predict the open-water char-
acteristics.

• In this case, the use of a low-order panel method, in
combination with an alternative Kutta condition for
the duct trailing edge, with a closed gap model and
with a wake alignment model for the blade wake sheet
gives an acceptable prediction of the open-water char-
acteristics.
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DISCUSSION

Questions from Ye Tian

The duct boundary layer thickness δ showed strong effect
on the solution. How can this δ be determined without trial-
and-error, matching KT /KQ with experimental data? Is
there any correlation between the best fitted δ in the BEM
and that observed from RANS simulation? For the wake
alignment model, the paper says that “the corner points of
the blade wake panels are displaced with the mean fluid
velocity”. Please clarify what is the “mean fluid velocity”.
For the wake alignment model, how many iterations are
usually needed?

Authors’ Closure

Thank you for your questions. For the specification of the
duct boundary layer thickness δ, an empirical correlation
may be developed from the experimental results of the Ka
series. In the present work, the order of magnitude of the
duct boundary layer thickness at the propeller plane was
first estimated from the equation for a turbulent boundary
layer over a flat plate. Then the assumption of δ/R = 4%

was obtained after a sensitivity study on the influence of
the duct boundary layer thickness on the predicted thrust
and torque coefficients. The boundary layer characteristics
have not yet been analysed from RANS simulations for the
Ka series. For the wake alignment model, the “mean fluid
velocity” denotes the average velocity across the wake vor-
tex sheet. For the iterative alignment of the wake, between
3 to 5 iterations are needed for convergence of the blade
wake geometry. In the present work, all blade wakes are
obtained after 5 iterations of the wake alignment model.


