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ABSTRACT

Ducted propellers are usually used in many kinds of vessels,
i.e., fishing vessels, trawlers, and submarines which have pro-
vided high efficiency in propulsion system. In this article, the
effects of the length and angle of 19A type duct on the hydro-
dynamic performance were investigated. First, the ducted pro-
peller (19A type duct) was selected for the study and modeling
of this duct was later developed. Then, ducted propeller perfor-
mance was analyzed by a RANS turbulence model of SST-K-»
and validated with the experimental results which indicated an
acceptable accuracy. Finally, the effects of the implemented
changes were analyzed considering the alternation of the angle
of the duct and the duct size at a rate of 10 and 20 percent of
the original length. In this regard, Numerical results included
pressure distribution, hydrodynamic characteristics and velocity
behind the propeller of various geometries and physical con-
ditions. The effects of the duct angle and propeller location were
presented and discussed, as well.

I. INTRODUCTION

Ducted propellers are comprised of an annular duct and a pro-
peller. There are two types of duct, i.e., accelerating and decel-
erating ones. Although the accelerating ducted propeller is mostly
used for the ships, the decelerating duct is sometimes employed
as a pump-jet system in special marine vehicles such as torpedo
(Suryanarayana et al., 2014). The propeller type in this system
is a Kaplan propeller with a wide blade at the tip.

The ability to accurately predict the thrust and torque of a
ducted propeller in open-water conditions is very important for
the calculation method used in the design stage. The Reynolds
Average Navier-Stokes (RANS) methods have progressively
been introduced for the calculation of ducted propeller systems
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leading to considerable success in predicting open-water charac-
teristics for well-known Ka-series (Sanchez-Caja et al., 2000;
Abdel-Maksoud et al., 2003; Krasilnikov et al., 2007; and Abdel-
Makoud et al., 2010). Moreover, calculation of the propeller
noise was predicted by Takinaci and Taralp (2013). However,
due to its relative complexity and time requirement, it is not yet
routinely used in the design process which is often based on the
use of inviscid flow methods. Krasilnikov studied mesh gen-
eration techniques for the analysis of ducted propellers using a
commercial RANS solver and its application to scale effect.

Various numerical methods have been proposed based on
potential flow theory for the analysis of ducted propellers. For
example, combination of a panel method which is also known
as Boundary Element Method (BEM) with a vortex lattice me-
thod was utilized in order to model the duct for the propeller
(Kerwin et al., 1987).

A type of panel method for the complete ducted propeller
system operating in unsteady flow conditions including blade
sheet cavitation was presented by Lee et al. (2006). Both me-
thods applied a transpiration velocity model for the gap flow
between propeller blade tip and duct inner surface, as well as
analyzed duct with a sharp trailing edge. It was indicated that
although the use of non-viscous flow model for ducted pro-
pellers is beneficial, there may be some serious limitations in
the areas of flow where viscosity effects cannot be ignored and
should be modeled for the correct prediction of thrust and torque
of ducted propeller. One of such regions is related to the gap flow,
which has a strong impact not only on the propeller and duct
circulation distribution, but also on the distribution of loading
between propeller and duct (Baltazar et al., 2009; 2011). In
addition, there may be considerable interaction between the
vortices shed from the propeller blade tips and the boundary
layer developing on the duct inner side (Rijpkema et al., 2011).
This effect has not been previously taken into account with po-
tential flow methods.

Nevertheless, a design for ducted propellers and model tests
of a research fishing vessel for M. Cies Shipyards were pre-
sented (Bobo et al., 2005). A specific technique of modeling be-
tween the inner plate of duct and propeller tip was also studied
by Hughes (1997) and Moon et al. (2002). Moreover, a research
work on calculation of ducted propeller performance in axisym-
metric flows was carried out by Falco et al. (1983). An RANS
analysis tool for ducted propeller systems in open water con-
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ditions was presented (Hoekstra, 2006). The flow analysis, de-
sign and model testing of ducted propellers were reported by
Zondervan et al. (2006). The flow around a ducted propeller
by a vortex lattice and finite volume methods was investigated
by Gu et al. (2003). Also, Haimov et al. (2010) conducted a
research work on ducted propellers as better propulsion of ship
by calculations and practices. An experimental and numerical
study on wake vortex noise of a low speed propeller fan was also
carried out by Sasaki et al. (2012). A series of works based on
both potential method and RANS solver for the whole geometry
have been performed for a multi-component linear jet optimi-
zation (Steden et al., 2009). The hydrodynamic performances of
different rudders were analyzed using a CFD approach. Mean-
while, a three-dimensional turbulent flow around rudders has
been computed via solving the RANS equations combined with
the k — g turbulent model (Chau et al., 2005).

In the present study, the CFD commercial software (ANSYS-
CFX) was employed to predict the hydrodynamic performance
of the ducted propeller. The effect of the position of the propeller
inside duct and the duct angle was investigated. The numerical
results of the pressure distribution, hydrodynamic characteris-
tics, and flow field in the propeller downstream were also pre-
sented and discussed.

II. GOVERNING EQUATIONS

The three-dimensional flow of incompressible viscous fluid
can be described via continuity equation and three equations
of motion in the direction of the Cartesian coordinates called
Navier-Stokes equations.

1. Continuity Equation

The basic law of fluid mechanics, the law of conservation of
mass that was expressed by Euler, is as follows:

op

—+V-(pU)=0 1

o (pU) )]
For the incompressible fluid (Dp/ Dt = 0) , Eq. (1) can be

converted as:
V-U=0 2)

2. Momentum Conservation Equation

Newton’s second law states that the rate of change in mass
momentum of the fluid is equal to the net external force acting
on the mass. Therefore, the equation of momentum conservation
is expressed as:

DU
pE_.f‘s-i_fb (3)

where f; is surface forces and f;, is body forces. Here, the volume
forces are equal to gravity. Also the surface forces acting on
fluid were brought about by tensions viscosity (shear stress) and

the fluid pressure. Thus, Eq. (3) is expressed as follows:
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where 7; includes the vertical and shear stresses. 1fi =, the stress
is normal stress and in other cases the stress is shear stress.

In order to solve the fluid flow, continuity equation should
be written as well as the momentum equations. So, there are 10
unknowns and 4 equations which can’t be solved. For solving
the equations, some other equations are required. According
to shear stress law, the ratio of the fluid deformation rate and
the shear stress are linearly dependent on the fluid viscosity:
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Also, it is assumed that normal stresses also have linear re-
lations with the deformation rate and the Eq. (6) relations are
achieved:
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Using Eq. (4) and assuming an incompressible fluid, the
Navier-Stokes equations are defined as follows:

%+U.vuz—iV(P+pgz)+vvzv %
Yol

For steady flow (U /ot =0), Eq. (7) is defined as:
U~VU=—1V(P+pgz)+vaU (8)
P

The preceding set of equations represents four equations that
can be satisfied by the four unknowns. The continuity equation
(Eq. (2)) supplies one scalar equation, while the Navier-Stokes
equation (Eq. (7)) supplies three scalar equations. The four un-
knowns are pressure P, and velocity U = (u, v, w). The pa-
rameters of p and vare defined as constants.

III. GEOMETRIC MODELING

The most common propeller in ducted propellers is Kaplan.
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Table 1. Duct characteristics and geometric parameters.

Parameter Value
Propeller Dia. D, =300 mm
Number of blades Z=4
Pitch-diameter ratio P/D=0.8
Expanded Area Ratio EAR =0.70
Duct length L=0.5Dp
Gap at tip 0.01 D,
Propeller type Kaplan (Ka)
Duct type 19A

Fig. 1. Section of 19A duct.

The Ka4-70 (means number of blade (Z) which is 4 and ex-
panded area ratio (EAR) is 0.70) propeller comes from the fa-
mous Wageningen propeller series. So, it is a traditional ducted
propeller that has a large chord at the tip. The ducted propeller
with a Pitch/Diameter (P/D) ratio of 0.8 was used in all the re-
sults achieved in this paper. The propeller and its duct were both
modeled by Propcad and Solidworks software. Ducted pro-
peller geometrical data is also shown in Table 1.

Furthermore, the 19A and 37 duct types are the most com-
mon types of duct due to the favorable hydrodynamic properties.
Being an accelerator duct, 19A duct type was applied in this
paper. The duct length was equal to half of the propeller di-
ameter and the distance between the propeller tip and the inner
surface of the duct was equal to one percent of the propeller
diameter (3 mm). Fig. 1 shows the section of the 19A duct.
Also, a three-dimensional model of the ducted propeller and the
assembled ducted propeller are shown in Fig. 2.

IV. MESH GENERATION AND
BOUNDARY CONDITIONS

After modeling ducted propeller and domain, they were di-
vided into 4 pieces and one piece was applied to the smaller
cells for achieving a higher accuracy in calculations. The com-
putational domain basically consisted of an internal rotating
cylinder containing the propeller and an external stationary cy-
linder with radius 1.5D. On the other hand, the inlet uniform
boundary condition was located at 3D upstream of the propeller
plane and the constant pressure condition was imposed 6.5D
downstream shown in Fig. 3. At the inlet and outlet of the cy-
linder the velocity and pressure were prescribed respectively.
For a thrust producing operating condition in the propeller, the
fluid which went through the duct was accelerated. Then, ICEM
meshing tools were applied.

In this analysis, the rotational velocity of the propeller was
imposed by a Moving Reference Frame (MRF) applied to the

\

> 4

(b)
Fig. 2. (a) 3D model of ducted propeller and (b) Assembled of ducted pro-
peller.
Rotating Domain
3D : 'J +

Main Domain

3D 6.5D Y

A

Fig. 3. Computational domains dimensions.

inner region of the domain due to low time in computation and
acceptable accuracy in simulation. All domains were divided
into two sections:

(1) main domain that was stationary domain with larger mesh;
and

(2) rotating domain with small mesh around propeller that is
shown in Fig. 4.

The generated mesh size was increased outward with the ratio
of 1.2 and then it defined boundary conditions including inlet,
outlet, rotating domain, open water, propeller, and duct. Fig.5
shows the meshes near propeller and duct. First, a mesh with 1
million cells was used as a model, and then smaller mesh with
1.4, 1.5 and 1.7 million cells were utilized. After that the results
were compared at advance coefficient of 0.4. Comparison of re-
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Fig. 5. Mesh cells on the propeller and duct at different views.

sults indicated that the minimum number of cells for this model
is 1.4 million and Fig. 6 shows the results independence from
meshes.

V.SOLVER SETTINGS

The applied CFD code was ANSYS CFX v.14. The RANS
equations were solved numerically by a finite volume technique.
Also, High Resolution Method was used to discrete equations and
first order method was applied to investigate turbulence. More-
over, Shear Stress Transport (SST) model was selected for tur-
bulence model since it was applied in most research works due
to its higher accuracy. Then, 3000 iterations were selected for
determining the number of iteration to achieve convergence and
the remaining amount was considered 0.0001. For accuracy in
solver results, conservation target with 0.01 value was used con-
trolling the difference between input and output.

VI. VALIDATION

After finalizing the solver module, the numerical results were
compared with the experimental results to validate the software.
The software outputs were thrust coefficient, torque coefficient
and efficiency obtained by thrust and torque of propeller and
duct. The hydrodynamic characteristics of propeller (thrust co-
efficient, K7, torque coefficient, Ko, and efficiency, 77) as well
as the advance coefficient (J) are defined as follows:

KratJ=0.4

0.19 }
0.18 }
0.17 }

<
0.16 : :

1000000 1400000 1800000
Mesh Numbers

Fig. 6. Result Independence from meshes.

—a&— K7 By EXP — m — K7 present method

—+— 10 Kp By EXP — a — 10 Ko Present method
—— ETA by EXP

— ® — Ery present method
0.6

0.5
0.4
0.3
0.2

0.1

0 L L L L Il
0.1 0.2 0.3 0.4 0.5 0.6

J

Fig.7. Comparison of the numerical and experimental hydrodynamics
characteristics of ducted propeller.

K, = , K, =
T pn2D4 0 pn2D5 ©)
K TV

KQ'271" nD

where V, is advance velocity, n is rotational velocity, D is
propeller diameter, T is total thrust, p is water density and Q
indicates total torque. A comparison of the numerical and ex-
perimental data is shown in Fig. 7. The relative error was
about less than 10%. Also, the pressure contours on face and
back of propeller at advance coefficient, J = 0.3, were shown
in Fig. 8. The blade tip was located where the pressure lines
converge. Also, on the suction side of the blade tip, a low pres-
sure area can be observed.

VIL. RESULTS
1. Increase in the Duct Length:

1) In the Case of 10% Increase in the Duct Length
The effect of duct length on the hydrodynamic characteristics
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(a) Back side

(b) Face side

Fig. 8. Pressure contours at the back and face (/= 0.3).

—— K710% —a—— Efficiency 10%
— & — Ky first model

—a— 10 Kp 10%

— a— Effficiency first model
— m— 10 Kp first model

J

Fig. 9. Comparison of the hydrodynamics characteristics of ducted pro-
peller (initial duct and 10% increased duct length).

was investigated. The 3D models of 19A type duct were ge-
nerated by increasing the length up to 10 and 20 percent. Then, it
was saved in the IGES format and imported to ICEM for mesh-
ing with the same settings as the original model. Afterwards, spe-
cifying the boundary settings of model in Ansys CFX-pre and
running the solver to export the results were conducted. To ex-
amine the effect of increasing the length of the duct, numerical
results were obtained for the first model.

Fig. 9 illustrates the comparison of ducted propeller with
10% increase in the duct length and the initial duct length. By
producing 10% increase in the duct length, the efficiency was
increased about 5% at low advance coefficient to 10% at high
advance coefficient. Also, the torque was increased in all ad-
vance coefficients while the thrust was slightly diminished.

Fig. 10 shows the velocity vector and velocity contour in case
of 10% increased duct length at J = 0.3. Higher velocity was
also obtained inside the duct.

Fig. 11 presents the pressure coefficient (Cp = P/0.5 pV, )
on the blade at different radiuses (r/R = 0.3, 0.5 and 0.7). The

Velocity in Stn Frame
Vector 1
1.178e+001

l § +000
5.891e+000
2.945e+000

0.000e+000
[ms"]

(a) Velocity vector

Velocity in Stn Frame

Contour 1
1.736e+001
1.627e+001
1.178e+001
1.519e+001
1.410e+001
1.302e+001
1.193e+001
1.085e+001
9.763e+000
8.678e+000

7.594¢+000
6.509¢+000
5.4242+000
g.szsmom

(b) Velocity contour

Fig. 10. Velocity vector and velocity contour (duct length increased 10%,
J=0.3).

high pressure at the blade leading edge of the back side was
clearly visible. There was a cross point almost at x/c = 0.2, and
low pressure was between x/c = 0.2 and x/c = 1. At radius
/R = 0.7, pressure region was higher than the other radius, so
much thrust can be produced at higher radius. Since the thrust
was obtained by integrating the pressure (7'=[(Ap)ds), the higher
difference in pressure results in higher thrust.

Fig. 12 depicts the pressure coefficient on duct with 10%
increase in the length. Very low pressure might be found inside
the duct and upstream of the propeller.

2) In the Case of 20% Duct Length Increase

The effect of increasing the duct length by 20% was also
investigated. The hydrodynamic characteristics of the ducted
propeller with 20% increase in the duct length were compared
in Fig. 13 which illustrates how the torque increases and effi-
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25

20 —#—Cpatr/R=0.5
I —4&—Cpatr/R=0.7
10 —+—Cyatr/R=0.3

Ji|

(a) Velocity vector

Velocity in Stn Frame
Contour 1

1.767e+001
1.656e+001
| 1.546e+001
1.435e+001
1.325e+001
1.215e+001
1.104¢+001
9.937e+000

Fig. 11. Pressure coefficient on propeller at different radiuses (duct length
increased by 10%, J = 0.3).

(b) Velocity contour

Fig. 14 Velocity distribution (duct length increased by 10%, J = 0.3).

Cp

-10

-12

Fig. 12. Pressure distributions on duct with 10% increase in duct length
=0.3).

—e— K720% —=e— Efficiency 20%
— e— Ky first model — o— Effficiency first model

—a— 10 K 20% — m— 10 Kp first model
0.6

0.5

0.4

0.3

0.2

0.1

0.1 0.2 0.3 0.4 0.5
J

(b) 20% increase in duct length

Fig. 13. Comparison of the numerical and experimental hydrodynamics
characteristics of ducted propeller. Fig. 15. Pressure distribution (/= 0.3).
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25
20 —=—Cyatr/R=0.3
s —4—Cpatr/R=0.5
—+—Cpatr/R=0.7

10

5

G

Fig. 16. Pressure distributions on propeller at different radiuses in pro-
peller with 20% increase in duct length (J = 0.3).

-12 x/c

Fig. 17. Pressure distributions on duct with 20% increase in duct length
/=0.3).

ciency decreases in all advance coefficients. When duct length
increased, drag increased as well, so it resulted in an increase
in the torque.

Fig. 14 shows velocity vectors and contours in case of 20%
increase of length at advance coefficient of 0.3 indicating de-
creasing in values.

Pressure contours distribution on face side of the propeller and
duct at up to 10% and 20% increase in duct length is shown in
Fig. 15. Moreover, Figs. 16 and 17 indicate the pressure coef-
ficient distributions on the propeller blade (at three radius 1/R =
0.3, 0.5 and 0.7) and on the duct respectively. Fig. 18 shows
pressure contour on duct at 10% and 20% increase in duct length.
All results of those figures were given at J = 0.3.

2. Increasing Duct Angle by 10 and 20 Degrees

Here, the propeller is the same as previous one but duct angle
was changed by 10 and 20 degrees. Figs. 19 and 21 illustrate
the hydrodynamic characteristics of the ducted propeller when
the duct angle increases by 10 and 20 degrees respectively.

Fig. 20 shows the velocity vectors at duct angle = 20 degree
and J=0.3. Although the presentation of contour shown in some
figures may not be clear for the reader, it may qualitatively give
some general occurrence along the upstream and downstream
of the propeller and inside the duct.

Pressure
Contour 1
1.013e+005

9.733
9.600e+004

(a) 10% increase in duct length

Pressure

Contour 1
1.014e+005
1.003e+005
9.912e+004
9.797e+004
2e+004
.567e+004
9.452¢+004
9.336e+004
9.221e+004
9.106e+004
8.991e+004
8.876e+004

[Pa]
(b) 20% increase in duct length

Fig. 18. Pressure distribution (J = 0.3).

——— Ky duct angle 10
— &— Kjyinitial model
0.5 r —®— 10Ky ductangle 10

—8— Efficiency duct 10 angle
~— ®— Efficiency initial model
— ®m— 10 Ky initial model

—_e— — — ®
0.4
0.3
0.2
0.1
0
0.1 0.2 0.3 0.4 0.5

J

Fig. 19. Comparison of hydrodynamic characteristics of ducted propel-
ler in case normal duct and duct with 10 degree duct angle.

Fig. 20. Velocity vector (duct angle = 20 deg, J = 0.3).
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—&—— K7 duct angle 20 Efficiency duct 20 angle
— A— Ky first model Effficiency first model
—®— 10Ky ductangle20 — # — 10Ky first model

0 1

0.1 0.2 0.3 0.4 0.5
J

Fig. 21. Comparison of hydrodynamic characteristics of ducted propeller
in cases of normal duct and duct with 20 degree duct angle.

VIII. CONCLUSIONS

In this paper, the ducted propeller with 19A type duct was
analyzed at different duct angles and duct lengths. Based on the
numerical results, the following results were concluded:

(1) Pressure coefficient distribution on the duct and blade was
presented in contours and diagrams. Negative low pressure
coefficient was shown in back side and high pressure was
given in face side of the blade. Lower pressure at suction
side of the duct (inside of the duct) was also observed.

(2) Hydrodynamic characteristics of the ducted propeller were
compared with experimental available data. The calculated
results were found to be reasonable.

(3) In order to evaluate the effects of increasing the duct length
on the performance of the propeller in open water, the duct
length was increased up to 10 and 20 percent. The results
showed that by increasing the duct length, both the torque
and efficiency diminished while thrust coefficient did not
change significantly.

(4) Effect of the duct angles proved that with increasing the duct
angle, both torque and thrust were increased while efficiency
decreased especially at low advance coefficient. At higher
advance coefficient, thrust decreased causing the efficiency
to decrease.

(5) Greater emphasis on numerical computation of different num-
bers and sizes of the mesh as well as other turbulent models
were recommended as an alternative to the present method.
Authors intend to work on the hydrodynamic performance
on the wake flow (behind the ship) in near future.
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