Transaction B: Mechanical Engineering
Vol. 17, No. 5, pp. 406-417
(© Sharif University of Technology, October 2010

Research Note

An Approach to the Design of Ducted Propeller

F. Celik!*, M. Giiner! and S. Ekinci'

Abstract.  This paper describes a design methodology for ducted propellers operating in a non-uniform
wake field. An improved lifting line model is used to represent propeller blades where more realistic
slipstream deformation behind the propeller is considered, while the duct and hub are modeled by ring vortex
distributions. Duct and hub geometries are assumed to be known and their effects on the propeller are
calculated during propeller design stage. At the same time, mutual interaction between duct/hub geometry
and propeller is taken into consideration based on an iterative procedure. For numerical application of the
present method, a design example is carried out and the effect of slipstream deformation is investigated in
detail. Another application based on experimental work is also taken into account to present the accuracy
of the calculated results by present method and Computational Fluid Dynamics (CFD) code. Finally,
propulsive characteristics of ducted propellers obtained from present method are compared to those of
CFD code and experimental results.

Keywords: Ducted propeller; Lifting line method; Surface vorticity method; CFD; Slipstream deforma-

tion.

INTRODUCTION

Screw propellers are the most common form of marine
propulsion device for the last 150 years. As they
transform the power generated by main engine to
the thrust force, inevitably some energy losses occur.
Especially in case of heavily loading of propeller, the
most important energy loss becomes in axial direction.
The use of an accelerating type of duct (Kort Nozzle)
around the propeller is an easy way of increasing
propulsion efficiency by reducing axial losses. As
ducted propellers supplying energy saving up to 20%,
they are adopted into a range of marine vessels, such as
commercial ships, tugboats, bulk carriers, submarines,
trawlers etc.

The first studies related to ducted propellers
were carried out by Stipa and Kort and developed by
experimental works in 1930s [1]. They showed that
application of duct increases propulsive efficiency for
heavily loaded propellers. The first experimental de-
sign studies taken into account of interaction between
duct and propeller were carried out systematically us-
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ing Ka propeller series at Maritime Research Institute
Netherlands (MARIN), and these studies were reported
by van Manen and Oosterveld [1]. Sparenberg [2]
showed that the duct did not contribute to propulsion
efficiency for lightly loading case as representing the
propeller by an actuator disc in a duct. Nevertheless
interaction between duct and propeller was not taken
into account sufficiently in any of these methods. In
the later years, developments of computer technology
allowed more complex models based on circulation the-
ory, considering more precise duct-propeller interaction
rather than basic propeller models.

One of the most significant studies for ducted pro-
peller design was carried out by Ryan and Glover [3].
The propeller was modeled by lifting line method,
and duct and hub by axisymmetric surface vorticity
method. In this ducted propeller design procedure,
lifting line method developed by Glover [4] was used,
where it is allowed the slipstream deformation partially.
In order to obtain the induction factors for an irregular
helix, Glover suggests that the helix should be split up
into a number of finite regular helical elements. The
lengths of these elements should be small in areas where
the pitch and diameter of the irregular helix changes
most. Furthermore, their pitch and diameter should be
equal to the arithmetic mean of the irregular element
they represent.
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Kinnas and Coney [5] presented a ducted pro-
peller design method where duct was modeled by
source/sink distributed over the panels forming duct
surface and propeller was represented by lifting lines.
Optimum loading distribution over lifting line was
obtained by using a non linear numerical optimization
technique. There have been a number of studies
achieved for analysis problem of ducted propeller,
where the propeller was represented by lifting line,
lifting surface or surface panel methods, the duct was
modeled by surface vorticity, surface panel or lifting
surface methods [6-11]. Kim et al. [12] presented a CFD
method based on solving RANS equations to investi-
gate a ducted propeller system in terms of acoustic and
cavitation. Gu and Kinnas [13] and Kinnas et al. [14]
developed an analysis procedure using a vortex lattice
and finite volume methods together for modeling flow
around a ducted propeller. Hsiao and Chahine [15]
presented a numerical analysis method, using Navier-
Stokes calculations and bubble dynamic, to predict
cavitation phenomena for the ducted propellers. In this
area, some recent studies have been presented in [16-
18].

In this study a ducted propeller design method
is presented, where duct is modeled by surface vor-
ticity method developed by Ryan and Glover [3] and
propeller blades are represented by an improved lifting
line theory [19]. In the present design method, the
radially varying inflow velocity of ducted propeller
and wake in the downstream of propeller are also
included to the calculations. In addition, propeller
design procedure allows the deformation of slipstream
behind the propeller in terms of pitch and radius
of vortex lines for all loading conditions. As the
earlier lifting line models, there were a number of
simplifying assumptions imposed due to limitation on
computational resources. One of these assumptions is
that the propeller is assumed to be moderately loaded
and that the downstream variation in induced velocities
and hence the resulting slipstream deformation could
be neglected [20]. Duct/hub geometries are considered
to be known and their effects on the propeller are taken
into account during propeller design stage. The in-
teraction between duct/hub geometry and propeller is
taken into consideration based on an iterative manner.
As the experimental results of a ducted propeller model
are compared with those of present method and Com-
putational Fluid Dynamics (CFD) code, validation of
the methods is realized. Also, a design application of a
ducted propeller for fishing vessel is implemented, and
the effect of slipstream deformation, axial, tangential
and radial velocity distributions in the downstream of
the propeller, variation of hydrodynamic pitch angles
of trailing vortex lines, and pressure distributions over
duct and hub surfaces are investigated in detail. Radial
distributions of bound circulations, lift coeflicients and
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hydrodynamic pitch angles are obtained from present
and classical methods, and the results are compared in
figures. Finally, the propulsive characteristics of ducted
propeller for fishing vessel derived from present method
are compared with the results of classical and CFD
methods.

PROPELLER DESIGN PROCEDURE

In this section, a brief overview of the theoretical
background of an “Improved Lifting Line Procedure”
developed by Giiner [21], and Celik and Giiner [19]
is used for ducted propeller design. The procedure
makes use of the assumption that the blades are to
be replaced by lifting lines, with zero thickness and
width, along which the bound circulation is distributed.
The free vortex sheets shed from the lifting lines lie on
a helical surface, the shape of which is a function of
velocities induced in the slipstream by the propeller
and the body wake velocities. The method considers
that the propeller has zero skew and rake.

The aim of the design is to obtain a solution of
the vortex model of the propeller and, in particular,
the determination of the distribution of the bound
circulation on the lifting line such that the propulsor
absorbs a given power at a specified rate of rotation
and propeller advance speed.

When the propeller operates in the proximity
of the sea surface the necessary blade surface area,
required to minimize the risk of cavitation can be
determined using an appropriate cavitation criteria,
such as that due to Burrill [22]. The distribution of
this area on an appropriate blade outline gives the
blade chord widths at the design radii. A simple beam
theory of stressing calculation can be used to calculate
the blade section thickness and drag coefficient can be
determined as a function of the section thickness ratios.
The wake-adaptation of the design (i.e. optimization
with respect to the radial wake distribution in which
the propeller is assumed to work) is then carried out
using the improved lifting line procedure.

In this procedure, the design conditions have to be
satisfied in such a way that required torque coeflicient
Kg, given by:

33.55P
Kq = ﬁ’ (1)
(7] D

where, Pp is the delivered power in kW; N is the
propeller rate of rotation in per minute and, D is the
propeller diameter in meters.

Optimization of the design, i.e. the determina-
tion of the radial loading distribution corresponding
to maximum efficiency, is achieved by introducing a
minimum energy loss condition into the solution of the
lifting line model. In this study, the condition derived
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by Burrill [23] is used in which the vortex sheets in
the ultimate wake are assumed to have uniform pitch
radially, i.e.:

x;7 tan g; = constant, (2)

where x; = 7; /R is the non-dimensional form of the ith
section radius, R is the propeller radius and ¢; is the
pitch angle of helical vortex sheets at infinity.

Based on the assumptions that the circulation of
the lifting line, or bound circulation, is assumed to go
continuously to zero at both the tip and the boss, the
associated expression for the circulation can be defined
by a Fourier sine series and written in non-dimensional
form as follows:

' DV,

= 5 A, sin(ng,), (3)

where I'; is the bound circulation at z; and A, is
the bound circulation coefficient whose value is to be
determined.

The angular coordinate, ¢;, is defined in terms of
the radial coordinate, z;, as follows:

1—Ih

T =xp + ( ) (1 — cos ¢;), (4)
where x; is the non-dimensional hub radius and ¢;
varies from 0 at the hub to 7 at the tip.

The problem is now reduced to the determination
of the unknown A,,’s. Once these values are calculated,
the axial, tangential and radial induced velocities at
any point of the lifting line can be estimated and
finally the hydrodynamic pitch angle, lift coefficient
and torque and thrust coefficients can be calculated.

The solution of the lifting line design problem
reduces to the determination of the values of the
coefficients, A,,, such that the design conditions and a
prescribed condition for minimum energy loss are satis-
fied. To effect the solution, the series is truncated to 9
terms and expressions for induced velocity components
derived at 9 reference points along the lifting line in
terms of A,,’s and the induction factors. The induction
factors depend only on the geometry of the slipstream
and can be derived from the application of the Biot-
Savart Law.

Total induced velocity of a point at radius z; by
helical lines starting at points xj can be written in the
axial, tangential and radial directions as follows:

xt

dG dzy,
a,t,r — Ia [ U Py 5)
Uat, / ) <d$>k2($i_37k) (5)

Th

I, ¢, is the Induction Factors in the axial, radial and
tangential direction, respectively:
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in the axial direction:

Z oo
Tl
I, = Z(ﬂfz - l’k)/tanﬁkjaigj(xkj
1 0
—x;co8(0k; + ¢.))db, (6)

in the tangential direction:

z [ee]

Xl
I, :Z(:Ei — xk)/tanﬂkj%(:vi—xkj COS(ekj+¢Z)
! 0
— Yk cot Bi; sin(Oy; + ¢.))do, (7)

and in the radial direction:

o0

z
Tkj
1. :z:(a;Z — ) /tanﬁkjaigj(ykj cot Bi;
1

0
cos(Ok; + ¢-) — wp; sin(Or; + ¢2))db. (8)

In Equation 5, when z; approaches xj, the integrants
tends to infinity. But this difficulty can be resolved
by considering a narrow space on either side of the
reference point within which the integrant assumes
certain values as defined by Giiner [21] in detail.

At a point z;; a distance y;; downstream from the
lifting line, the slope of the vortex line is given by:

U'r”- + uT,‘j
)
Ua;j + tay,

tan Q5 = (9)
where U,,, and U, are the local wake velocities in
the axial and radial directions and u4,; and u,,, are
the propeller induced velocities in the axial and radial
directions, respectively.

The radius of the vortex line can then be deter-
mined from the following equation:

Yij
Tij = &y + / tan(aij)dai‘ (10)
0

The hydrodynamic pitch angle of the trailing vortices
in the slipstream becomes:

(11)

Ua;j + Ua,,
Bij = tan ™t [” - } ;
iy

wxiinD — uy

where n is the propeller rate of rotation per second and
uy;, is the propeller induced velocities in the tangential
direction.

As can be seen from Equations 10 and 11, the de-
formed slipstream shape depends on the total velocity
on the vortex lines. The total velocity can be defined
as the sum of velocities induced at the point by the
trailing vortices in the slipstream, bound vortices at
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the lifting line and the local wake velocities. As long as
the total velocity at the point is calculated correctly,
the true shape of the slipstream can be obtained.

In the present work, 21 control points are dis-
tributed axially along each of 12 lines placed at various
radial locations. Of the radial control points, 11 are
situated at the propeller design section radii and an
extra point is placed below the propeller hub radius
to allow the calculation of the wake velocities within
the contracted propeller slipstream. The axial control
points are placed at the following non-dimensional
distances, Y/ R, downstream of the propeller plane:

Y
5 =00,0.06,02,04,06,08,1.0,1.2,1.4,16,18,

2.0,4.0,6.0,8.0,10.0, 12.0, 14.0, 16.0, 18.0, 20.0.

In order to achieve convergence of the helical slipstream
shape, the total velocities are calculated at each of the
control points located on the reference vortex lines.
Their location with respect to the lifting line is given
as follows:

T 77w 3r w 3w 57 3w Tw

9:0’E7874’ 8727Z7W’ 47

27, 2.5, 37, 3.5m, 4w, 4.5, 57, 67, 7w, 127.

Hence, 231 control points are used for the represen-
tation of the slipstream. For the initial numerical
calculation to define the trailing vortex shape, the
local wake velocities only are used since the induced
velocities are still unknown. Using this slipstream
shape the bound circulation can be defined, and the
means for the calculation of the induced velocities can
be provided. Having calculated the induced velocities
related to the previously established bound circulation,
a new slipstream shape is obtained. According to the
new deformed helical slipstream shape, the induction
factors and the bound circulation are redefined and
consequently the velocities induced at control points
are recalculated. This procedure is carried out until a
satisfactory result is obtained with the aim of modeling
a final stable irregular helical slipstream shape. The
design also satisfies the power absorption condition.
This convergence can be achieved by 3 or 4 iterations.
At least 3 iterations are essential to ensure the accuracy
of the results.

In order to obtain the bound circulation, the
integration of Equation 5 is carried out numerically
such that for each of nine values of z;, the nine term
of equations for the induced velocity components are
setup in terms of A,’s. By substituting this Equation
into Burrill’s condition, a system of nine simultaneous
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equations is formed as follows:
1 |x;mtaneg;
Ug; — Uy tane; = S| - (1 —w;)|,
nD
1=1,2,3---,9. (12)

Solution of Equation 12 gives the circulation coeffi-
cients and hence the bound circulation.

Finally the propeller thrust and torque coefficients
of each blade section are calculated, respectively, as
below:

(KT> (eCe) . [ —uy) .02 <1—%.tan 51-)

dr ). 4 cos f3; (71 3)

i

Ko\ _
da:i_

Z;. (c'gL )i.[(l—wi)—I—Um]Q.JQ (1—%. tan 61)
8 sin 3 ’

(14)
where:
COL 27TG1' sin 61
e = -rVu 1
(D)l (l—wi)—i—uai (5>

The drag coefficient for each propeller section can be
calculated in terms of propeller blade thickness and
chord length as below:

Cp=2 (1+22> . [1.89+1.62 log (?)Oiﬁ)} 2'5<.16>

DUCTED PROPELLER DESIGN
PROCEDURE

In the present ducted propeller design method, the
optimum circulation distribution of a propeller inside
a duct is obtained, and the flow analysis is carried
out for existing duct and hub. The propeller design
and the flow analysis are performed separately, but
flow interaction between each other is included to the
computations as an iterative procedure.

For flow analysis of duct/hub, a surface vorticity
method developed by Ryan and Glover [3] is used. In
this method, duct and hub geometries are represented
by continuously distributed ring vortices ~(s) over
surfaces of them. Besides, it is assumed that the inflow
to duct/hub and their geometries are axisymmetric,
and the fluid is inviscid. Strengths of ring vortices v(s)
modeling duct and hub are determined in a manner of
providing Dirichlet boundary condition, i.e. tangential
velocity component of flow at any point over surfaces
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is required as zero. For this purpose, a linear equation
system is obtained by forming boundary condition over
whole surfaces. For any control point (s,,) taken over
surfaces, the governing equation explaining Dirichlet
boundary condition can be written as follows:

1
_57(8777,) —I—/'y(sn)l((s,msn)dsn

+ U,. co8 By, + U,.sin 3,, = 0, (17

where m is the panel at which control point was lo-
cated, n is the panel of ring vortex, y is the unit vortex
strength, U, and U, are axial and radial components of
flow coming to control point, and (,, is the slope of the
panel. K(sm,$n) is a coupling coefficient which relates
the induced velocity parallel to the surface at the point
sm due to a ring vortex of unit strength located at
Sn. Induced velocities of ring vortices are calculated
by means of Biot-Savart law [24].

If duct/hub geometries and the incoming flow are
given, the strengths of ring vortices modeling duct and
hub could be determined by numerically solving linear
equation system such that the flow satisfies the Kutta
condition at the trailing edge. It requires an assump-
tion that the tangential velocity at the trailing edge
must be smooth. This condition can be achieved such
that the vortex strength and, therefore, the velocity on
the upper and lower surfaces near the trailing edge are
to be of the same magnitude. However, in order to
achieve a smooth flow leaving the trailing edge, their
directions must be opposite, i.e.:

Y(Stet+1) = =7 (Ste)- (18)

After the strength of vortices is determined, the pres-
sure distribution on the duct and hub can be evaluated
from Bernoulli’s equation. In addition, the velocity
induced by the duct and hub can be also predicted
using vortices.

For ducted propeller design, an iterative proce-
dure consisting four stages is applied:

- First step: The strengths of ring vortices modeling
duct/hub geometries and the axial velocity compo-
nents induced at propeller disc by those vortices
are obtained. Then axial velocities induced by
duct/hub are added to the wake varying radially at
the propeller disc.

- Second step: The strengths of vortex lines are
found in a way of satisfying “Minimum Energy Loss
Condition”.

- Third step: Propeller characteristics are calcu-
lated, and the axial and radial velocity components
induced at control points of duct/hub surfaces by
propeller vortex system are obtained. Induced
velocities of propeller vortex system are calculated
by means of Biot-Savart law.

F. Celik, M. Giiner and S. Ekinci

- Fourth step: The strength of vortex elements
modeling duct and hub are calculated.

The four steps expressed above are repeated until
difference of consecutive two induced velocities of duct
at propeller disc remains in an acceptable tolerance
interval. Once the convergence is supplied, pressure
distributions on duct/hub surfaces and performance
coefficients are obtained. Then varying hydrodynamic
pitch angles at all radii and optimum loading distri-
bution of propeller could be achieved. Consequently,
propeller characteristic coefficients are also calculated,
and ducted propeller design is completed.

Besides the propeller design method presented
above can be applied to design of ducted propellers,
it is also capable of applying to propeller with stator
or combined duct and pre or post stator systems.

DESIGN APPLICATION OF A DUCTED
PROPELLER FOR FISHING VESSEL

In this section an application of the ducted propeller
design procedure for a fishing vessel is considered. The
propeller and duct data are given in Tables 1 and 2
respectively. The duct section is selected NSMB 19-A
as shown in Figure 1. In order to demonstrate the
effect of the slipstream contraction, a different ducted
propeller design method (classical method) (where
Lerb’s lifting line method [20] is used for the propeller
design, and duct and hub modeled by surface vorticity
method) is also performed for case of non-deformed
slipstream. Then, a CFD based on finite volume
method is used for analysis of the ducted propeller.

Table 1. Propeller design input data.

Delivered power, Pp (kW) | 530
Design speed, Vs (Knot) 10
Rate of rotation, RPM 317
Propeller diameter, D (m) | 1.82
Number of blades, 7 4
Blade area ratio, (Ag/Ao) 0.7
Wake (1 —w) 0.805
Advance ratio, Ja 0.431

Table 2. Duct data.

Section NSMB Nozzle No 19-A
Length of duct, DC (m) 0.91 (0.5D)
Location of propeller 0.5 DC
Clearance between duct 0.002

and Propeller (m)
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Figure 1. NSMB nozzle no 19-A section.

It is considered that the hub geometry consists of
a cylinder and two semi spheres at its ends. The length
of cylinder is equal to propeller diameter, D; the radius
of semi spheres and cylinder is 0.2 R and the propeller
is located at 0.75 length of cylinder.

Initially the axial flow velocity to the ducted
propeller is assumed as uniform and remains constant
along slipstream tube, but it is modified during iter-
ation of the design procedure. The computation is
performed for ducted propeller design based upon the
procedure shown in Figure 2. Zero skew and rake of
propeller are considered. During these computations,
the slipstream shape of the propeller is converged
in three iterations while meeting the required power
absorption design condition. For the flow interaction
among duct, hub and propeller, at least twenty five it-
erations are considered, but the convergence is obtained
in ten iterations.

Figure 3 gives the radial variation of axial velocity
at the propeller plane. As can be seen in this figure,
high axial velocity due to the duct is occurred near
tip region of propeller. In Figure 4 the slipstream
contraction of propeller using the preset method is

Duct/hub geometries
propeller input data (diameter,
number of blades, wake etc.)

L

Calculation of the strength of
vortices modeling duct/hub and

Bl the axial induced velocities by
them at propeller plane

r

Is the induced
velocities by duct at
propeller plane
converged?

Design of propeller

¥

Calculation of the induced
L velocities by propeller at
duct/hub control points

Yes

Ducted propeller design results

Figure 2. Flow diagram for ducted propeller design
algorithm.
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Figure 3. Radial variation of total axial velocity at
propeller plane.
1.0
0.9 —— ¢ =1.00
——z =0.95
0.8 —— = =0.90
~ 0.7 —— x = 0.80
2 —— x = 0.70
3
5 06 —— & =0.60
=z 0.5 — = =0.50
o
= — x = 0.40
T 04 v
g —— x =0.30
s 0.3 —— x =0.25
© e ez =0.20
0.1
0.0+ . . : :
0.0 2.0 4.0 6.0 8.0

Axial distance (y) (m)

Figure 4. Slipstream contraction due to induced
velocities.

shown. As seen in this figure, contraction ratio is
approximately 0.95 at all radii. Near above hub radius
in the downstream of the propeller, a small outward
expansion is occurred instead of contraction due to the
fact that positive radial induced velocities are occurred
at this region.

Variation of the axial, tangential and radial in-
duced velocities and hydrodynamic pitch angles of
trailing vortex lines computed by the present method
behind propeller are shown in Figures 5 to 8, respec-
tively.

Figures 9 to 11 presents the radial distribution
of bound circulation, lift coefficient and hydrodynamic
pitch angle of the propeller blade computed by the
present method in comparison with those by the
method using Lerbs’ lifting line (classical lifting line)
method. Figures 9 to 11 suggest that there is not much
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Figure 6. Variation of tangential induced velocity in the
downstream of propeller.
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Figure 7. Variation of radial induced velocity in the
downstream of propeller.

of a difference between the results obtained from both
methods.

The slipstream shape behind one propeller blade
obtained from the present method is found in Figure 12.
As can be seen, far downstream of propeller has higher
pitch with contracted radius.
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Figure 8. Variation of hydrodynamic pitch angle of
trailing vortex lines in the downstream of propeller.

0.050-
0.045 ]
0.040
0.0354
0.0304
0.0254

0.0204
0.015
0.0104

Present method
....... Classical method

0.0054

0'000 T T T T T T T 1
02 03 04 05 06 07 08 09 1.0

Non-dimensional circulation (G)

Non-dimensional radius (7/R)
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Figure 10. Lift coefficient of blade sections.

In Figures 13 and 14, pressure distributions over
duct and hub surfaces from the present method are
shown.

CFD Analysis

In CFD analysis of the ducted propeller, the solution
is carried out by solving Reynolds Averaged Navier-
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Figure 11. Radial hydrodynamic pitch angle
distributions.
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Figure 13. Pressure distributions over duct surface.

Stokes (RANS) equations. As a RANS solver, a com-
mercial CFD code Fluent 6.2.16 is used [25]. Detailed
descriptions of the numerical method can be found in
the User’s Guide of this code.

Geometry and arrangement of grid around ducted
propeller for fishing vessel shown in Figure 15 is
modeled in Rhino CAD program and meshed using
FLUENT pre-processor GAMBIT. The blade section
geometry of the propeller is generated using NACA66
thickness with ¢ = 0.8 mean line distributions for all
radii. The computational domain is split into three
parts: two cylindrical stationary parts and a moving
part which is surrounded by inner surface of duct that
rotates with the propeller. First, the blade and duct
surfaces are meshed with smaller triangles. Then other
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Figure 15. Arrangement of grid around ducted propeller.

surfaces which belong to moving and smaller cylindrical
parts are meshed with larger triangles and these do-
mains are filled with tetrahedral cells. Finally, a simple
cylindrical mesh is generated for outer stationary block.
On the outer boundary, the slip wall condition is
imposed; on the blade, duct and hub surfaces, the no
slip wall condition is imposed. The numbers of cells in
this mesh are about 1,000,000.

The k — ¢ (standard) is chosen as the turbulence
model [26]. For solver, segregated, implicit and steady
options are selected. In FLUENT, the governing
equations are discretized using a second-order upwind
interpolation scheme, and the discretized equations are
solved using SIMPLE algorithm. Typical relaxation
factors are chosen as 0.3, 0.7, 0.8 and 0.8 for pressure,
momentum, turbulence kinetic energy and turbulence
dissipation rate respectively. For both energy and
turbulent viscosity, the relaxation factor is selected
as 1. The solution is assumed converged when the
continuity residual is lower than 107 and velocity
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Table 3. Comparison of the performance coefficients.

Present Method | Classical Method | CFD

Kqg 0.0280 0.0284 0.0260
Krp 0.1629 0.1634 0.1564
Krp 0.0355 0.0350 0.0521
Krr 0.1984 0.1984 0.2085
n 0.6044 0.5945 0.6832

residuals are lower than 1076. These residuals are
reached at almost 2000 iterations.

In Table 3, the propulsion characteristics of the
ducted propeller computed by present method are in
comparison with those by the classical method using
non-deformed lifting line and CFD code. As seen in
this table, the present method gives a higher efficiency
in comparison to classical methods, but difference is
slight. So the realistic representation of the slipstream
shape gives a higher efficiency in comparison to classical
method for this application. However, CFD method
gives a little higher efficiency.

Experimental Verification of the Theoretical
and CFD Methods

Besides the application is presented above, here an-
other application is taken into account in order to
investigate the reliability of the present design and
CFD analysis methods. For this purpose, a model
propeller and duct geometries, whose experiments were
carried out in the Emerson Cavitation Tunnel, are used.
Main particulars of the model propeller and duct are
given in Table 4 and complete results of the model test
may be found in [27].

Design of the model ducted propeller, using
present method, is carried out in the same manner as
the first application and similar section shapes and hub
geometry are used. The CAD modeling of the model

F. Celik, M. Giiner and S. Ekinci

Figure 16. 3D CAD drawing of the model ducted
propeller.

ducted propeller geometry shown in Figure 16 and
CFD analysis is also performed as stated before. But
unsteady flow simulation for ducted propeller is carried
out using moving mesh technique implemented in CFD
code. At the velocity inlet boundary, the non-uniform
inflow condition is imposed through the Boundary
Profile (BP) feature of the code. The nominal wake
distribution, Figure 17, is included to a BP file at 120
points.

The results of the performance coefficients ob-
tained from experiment, present design method and
CFED code are given in Table 5.

As can be seen in Table 5, the present method and
CFD results show a reasonably accurate prediction for
ducted propeller performance.

CONCLUSIONS

The classical ducted propeller design methods using
conventional lifting line theory for propeller representa-
tion assumes that the resulting slipstream shape is reg-

Table 4. Main particulars of the model propeller and duct.

Delivered power, Pp (kW) 4.518
Design speed, Vs (m/s) 3.048
Rate of rotation, RPS 27.71
Propeller diameter, D (m) 0.250
Number of blades, Z 4
Blade area ratio, (Ag/Ao) 0.55
Advance coefficient, J4 0.433
Duct section NSMB nozzle no 19-A
Length of duct, DC (m) 0.125 (0.5 D)
Location of propeller 0.5 DC
Clearance between duct and propeller (m) 0.002
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0.444
0.413
0.383
0.353
0.322
0.292
0.262
0.232
0.201
0.171
0.141
0.110
0.080
0.050
0.019

Figure 17. Nominal wake distribution of the model
ducted propeller from experiment.

Table 5. Comparison of the performance coefficients.

Present Method | CFD | Experiment
Kqg 0.0344 0.034 0.032
Krp 0.185 0.205 0.180
Krp 0.0413 0.032 0.040
Krr 0.2263 0.237 0.220
n 0.454 0.486 0.474

ular; so it is considered that trailing vortex lines have
constant radius and pitch angle. Especially in cases
of heavily loading, this representation is insufficient.
In this study an improved lifting line representation
of propeller has been combined with surface vorticity
method representation of duct and hub geometries. So
a realistic approach has been developed in order to
perform a design of ducted propeller operating in a non
uniform inflow field to overcome disadvantage of the
classical methods. The present method allows finding
optimum propeller load distribution more accurately,
and more realistic hydrodynamic characteristics and
pitch distribution of propeller can be calculated. In
addition realistic representation of the slipstream shape
gives a higher efficiency in comparison to the classical
methods. Present ducted propeller design method is
also capable of applying to multiple stage propulsors
such as combined duct and pre or post stator sys-
tems.

In this study, the present method has been applied
to a design of ducted propeller for a fishing vessel. The
ducted propeller performance characteristics obtained
from present method is compared to those of a classical
ducted propeller design method and a CFD method,
and it is found that the results are not much of a
difference. Another application is also carried out for
validation of the present method and CFD code. It is
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also found that the results from present method and
CFED code showed reasonable agreement with those of
the experimental method.

NOMENCLATURE

A, Fourier terms of bound circulation

c propeller blade section chord length

Cp propeller blade section drag coefficient

Cr propeller blade section lift coefficient

D propeller diameter

ds length of vortex element

G non-dimensional bound circulation

1 subscript for propeller blade section
number

J subscript of control point along the
slipstream

J advance Coeflicient

lotr induction factors in the axial,
tangential and radial directions

Kg torque coefficient

Kr thrust coefficient

N propeller rate of rotation per minute

Pp delivered power

P pitch

R propeller radius

r radius of reference point

t thickness

Ug,t,r induced velocities in the axial,
tangential and radial directions

Ug,r local wake velocities in the axial and
radial directions

Vs ship speed

w Taylor wake fraction

x non-dimensional radius

y/R non-dimensional distances downstream
of the propeller plane

Tp non-dimensional hub radius

Ty non-dimensional blade tip radius

number of propeller blade

« slope of vortex line

Bi hydrodynamic pitch angle

1) inverse of advance ratio

€ hydrodynamic pitch angle at far
downstream

7 efficiency
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<

bound circulation
angular coordinate

angle of rotation of blade from top
dead centre
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