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USING DIFFERENT TURBULENT VISCOUS MODELS TO INVESTIGATE
HYDRODYNAMIC PERFORMANCE OF A DUCTED PROPELLER
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ABSTRACT

A ducted propeller, also known as a Kort nozzle, is a marine propeller fitted with a non-rotating
nozzle. It is used to improve the efficiency of the propeller in some kinds of vessel, for example,
fishing vessels, trawlers, push-boats and submarines, with heavily load or propellers with limited
diameter. In this article, the authors employed three turbulent viscous models, RNG k-¢, k- SST
and transition SST k- model, to investigate the flow field surrounding a propeller by using a
commercial Computational Fluid Dynamic (CFD). The hydrodynamic performance of the ducted
propeller system and effects of the different turbulent viscous models on the simulation results are
also meticulously analyzed. The propeller, with the diameter of 3,65 m, angular velocity of 200
rpm, boss ratio of 0,1730, is selected to calculate, and the accelerating duct with the cross section
of Naca 4415 profile is also studied. By using the CFD, geometry model of the ducted propeller is
constructed, meshed, refined and computation. The results of the hydrodynamic performance of
the ducted propeller has analyzed by using three turbulent viscous models to be shown. And then,
from obtained simulation results, the hydrodynamic performances, pressure distribution, and
coefficients of the propeller and duct has been also analyzed and discussed.
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SU DUNG MO HINH ROI KHAC NHAU XAC PINH PAC TINH
THUY PONG LUC CHAN VIT ONG PAO LUU

Nguyén Chi Cong'2, Luong Ngoc L¢i%, Ngo Vin Hé*"
Truong Pai hoc Hang hai Viét Nam,
] 2Truong Dai hoc Bach khoa Ha Noi
TOM TAT
Chén vit 6ng dao luu duge biét dén nhu mot loai 6ng phun, 1a mét loai thiét bi déy str dung cho tau
thuy dugc dét bén trong mot 6ng bao cb dinh. Thiét bi nay dugc st dung nham cai thién hiéu suét
déy cho chan vit ddi v&i mot sb loai tdu nhu tau ca, tau kéo, tau ngém, nhitng loai tau cé trong tai
16n hay nhirng tau bi han ché vé duong kinh chan vit. Trong bai béo nay, nhom tac gia sir dung ba
mo hinh réi khac nhau gdm RNG k-¢, k- SST va k- transition, dé khao sat dong bao quanh chan
vit thong qua st dung cong cu moé phong $6 thuong mai CFD. Céc déc tinh thiy dong lyc ciia mot
hé théng chén vit 6ng dao luu c6 ké dén anh huong cia mé hinh réi khac nhau trong tinh todn mo
phong s€ dugc phan tich cu thé. Mot chan vit cu thé co duong kinh 3,65m, van tde quay 200
vong/phut, ty sé truyén 0,1730 duoc sir dung trong tinh toan, éng dao luu voi mat cit ngang co
bién dang Naca 4415 dugc su dung trong nghién ctru. Thong qua sir dung CFD, md hinh chan vit
dao luu dugc x4y dung, chia ludi, hiéu chinh luéi va tinh toan. Cac Kkét qua vé dic tinh thiy dong
lyc cua chan vit dao luu dugce phan tich cu thé v6i ba md hinh rdi str dung khéc nhau dugc trinh
bay. Tiép theo, cac két qua thu duge gom cac hé sb thuy dong luc, phan bd ap suit va cac hé sb
dac tinh chan vit va 6ng dao luu s€ dugc phan tich va thao luén.
T khéa: chan vit 5ng dao luu, 5ng bao chan vit; mo hinh r6i; CFD; thuy dong lyc
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1. Introduction

Ducted propellers, consisting of an annular
duct and a propeller put together, have been
used on tugs, push-boats, trawlers, and
torpedoes. They have also been used in large
vessels like tankers and bulk carriers to
improve the hydrodynamic characteristics in
heavy conditions. In practically, there are two
types of ducts, i.e., accelerating and
decelerating ones. In an accelerating duct, the
flow wvelocity is expanded due to
hydrodynamic characteristics of the duct and
the amount of duct drag force is smaller than
the lift force, especially in heavy conditions.
The use of an accelerating type of duct
combined with the propeller, can lead to
lower propeller damage and is a good way to
increase propulsive efficiency by axial-losses
reduction in a bollard condition. In the
contrary, decelerating ducts reduce the
propulsive efficiency but they suspend
cavitation inception and the hazard of
vibration decreases.

The original form of a ducted propeller was
invented by Ludwig Kort in 1924 in which
the rotor was installed in a long channel
passing through the ship hull. The main
disadvantage of this configuration was the
considerable increase of the frictional
resistance due to the presence of the channel.
In the course of the time, the outline of the
device was improved by transforming the
long channel into the nozzle ring
characterizing the present day ducted
propellers. Finally, Stipa and Kort used the
experimental method to prove the increase of
the efficiency which can be obtained by
ducting the propeller with an accelerating
nozzle [1], [2].

Although, for many decades, the design and
analysis of ducted propellers was mainly
carried out on the basis of extensive
experimental method  [3]-[7], several
theoretical methods have also been employed
since the pioneering work of Horn and

Amtsberg [8], [9]. Most of these theoretical
methods are usually based on the combination
of different representations of the velocity
field induced by the duct (lumped vortex, thin
airfoil theory, panel methods etc.) with the
one induced by the rotor (actuator disk, lifting
line, lifting surface, boundary element
methods, etc) [10]-[26].  Nowadays,
computational fluid dynamic (CFD) based
methods have frequently used to study several
aspects of the flow around ducted propellers
[27]-[32].

In this work, three turbulent RNG k- ¢, ko

SST, and transition SST k-o models were

employed to predict the hydrodynamic
performance of the ducted propeller. The
simulation  results, such as pressure
distribution, velocity field and so on, are
discussed, and the effect of the selected
turbulent models on the calculation result is
also thoroughly examined.

2. Theoretical basis

In analysis of a ducted marine propeller, we
use significant non-dimension coefficients
that are thrust, torque, and efficiency
coefficient. They are functions of advance
ratio and can be defined as follows [34], [35]:

(Kpy +Kyq )

nD"" Ko2r (1)
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Where:

J is the advanced ratio, V. is the axial
velocity, n is the rotating speed, D is the
diameter of the propeller, T, and Tq4 are the
thrusts of propeller and duct, Q is the torque
of a propeller, p is the density of fluid. Ky and
Ky are the thrust coefficients of propeller and
duct, respectively. Kg is the torque coefficient
of propeller and 7, is the efficiency of the
ducted propeller.

To deal with this problem, we usually solve
transport equations in moving reference frame
to find energy exchange of flow with a
machine. In this rotating coordinate system,
these  equations  for  the  turbulent
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incompressible flow encountered in this
research are the three-dimensional RANS
equations for the conservation of mass and
momentum, given as [33]:

0 —
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WhereE is the average pressure, u is the

molecular viscosity and pﬁia,- is the

Reynolds stress. To correctly account for
turbulence, the Reynolds stresses are modeled
in order to achieve the closure of Equation
(2). An eddy viscosity z« is used to model the
turbulent Reynolds stresses.
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Where s is the turbulent viscosity and k is the
turbulent kinetic energy.

3. Models and boundary conditions

The propeller, four blades operating at the
angular velocity of 200 rpm, was investigated.
The main variables of the propeller are shown
in the Table 1. The accelerating duct, with the
cross section of Naca 4415 was used in all
calculations.

Table 1. Main parameters of the propeller

No Parameters Value Unit
1 Diameter 3,65 m
2 Pitch 2,459 m
3 Revolution 200 rpm
4 Pitch ratio 0,6737
5 Number of blade 4
6 Blade thickness ratio  0,0493
7 Boss ratio 0,1730
8  Cross section Naca66;a=0,8

The first stage in simulation process is to
build the geometry model for the problem. It
plays important role in simulating and
affecting directly in calculation results, so you
should do your best when creating geometry.

In this article, the team used the SolidWorks
software, with many advantages in designing
complex surfaces and geometry, to create the
geometry for all calculations. The next stage
is to construct the calculation domain,
suitable space surrounding the ducted
propeller with appropriate sizes. In this work,
the domain is a cylinder, with the length of
thirteen times of the propeller’s diameter and
the diameter of seven times of the propeller’s
diameter, divided two components: the static
domain and rotating domain. In the third step,
the domain is imported, meshed, and refined
in the Ansys meshing ICEM tool. All
domains are meshed by using tetra mesh in
which the rotating domain is modeled with
smooth mesh, and the static domain takes the
coarse, then converted into polyhedral mesh
to save calculation time and improve accuracy
for simulation results.

The quality of computational mesh plays
important role and directly affects the
convergence and results of numerical
analysis. To determine mesh independence on
calculation results, the team employed
calculations for six different meshes to
specify the suitable number of mesh. These
calculations are carried out at the advance
ratio J of 0.1 and the dependence of mesh
number with the calculation results is shown
in the Figure 1. From this figure, the team
finally selected the fourth case, with 826876
of polyhedral elements corresponding with
4496103 of mesh nodes for all calculations.
The geometry, investigated domain and mesh
are presented in the Figures 1 and 2.

The turbulent RNG k-& two equation model
is selected as the turbulence viscous model
to close Reynolds averaged equations with
some detail boundary as follows:

+ Inlet is set as velocity inlet with assumption
that it is uniform, axial and its value equals
the advance velocity of the ship.

+ Outlet is selected as pressure outlet with the
gauge pressure value of 0 Pa.
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+ Duct is set as wall boundary condition with
standard wall function and no slip condition.

+ Propeller is set as moving wall with
standard wall function and rough of 5%.

+ Static domain is set as the static zone with fluid

+ The rotating domain is defined as rotational
zone with angular velocity of -200 rpm.

0192 4 —B— Thrus: meficent K. &t edvence rezio J of 0.2 wih difierent mesh numbers

0,190 4 -

0,188 4
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250000 300000 350000 400000 450000 500000

M esh number

+ The first order upwind scheme with
numerical under- relaxation is applied for
the discretization of the convection term and
the central difference scheme is employed for
the diffusion term.

+ The pressure - velocity coupling is solved
through the PISO algorithm.

+ Convergence precision of all residuals is
under 0,0001.

Domain Nodes Elements POl}'hedl'al
Dynamic |\ co600 | 202457 | 202457
fluid
Static fluid | 3026404 | 534410 | 3534410
All Domains | 4496103 | 826876 | 826876

Figure 1. Results of mesh independence and detail parameters of mesh

—

10D 3D

Ducted propeller Inlet

Figure 1. Duct, propeller, investigated domain and mesh

4. Results and discussion

Figure 3 shows the pressure distribution on
the propeller blade’s faces at advance ratio J
of 0,1; 0,4 and changing principle of thrust
coefficients. As we can be seen from this
figure that the pressure value of the pressure
face is higher than that of the back face. In the
results of computation at the advance ratio J
of 0,1 and 0,4 the maximum value on the

pressure face is about 24000 Pa, and almost
area of it takes the pressure value of 8000 Pa,
while the maximum, in the back face, is about
8000 Pa, and almost area of it is about the
value of - 4500 Pa. Moreover, at the blade’s
tip of the back face, the value is relatively low
about -120000 Pa. This pressure difference
between two faces makes the propeller’s
thrust. The changing law of the propeller’s
coefficients with the advance ratio J is also
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presented in the figure. In addition, we
recognize from this figure that thrust
coefficient considerably decreases when the
advance ratio J goes up. The maximum of
thrust coefficients is at advance ration J of 0,1
in the range of the advance ratio J from 0,1 to
0,55 as shown.

Fig. 4 describes the pressure distribution on
the duct and its thrust coefficient at various
advance ratios. In general, the cross section of
a duct has the shape of an airfoil, so when a
duct interacts with the flow generates
difference in pressure distribution on two
faces of a duct, low pressure inside the duct
and high pressure outside the duct. As
consequence of this, hydrodynamic force is
made on the duct and divided into two

Pressure(Pa) J=0.1
40« 104 :
2.4 % 10* ’
0.8 * 10*
-0.8 * 10*
2.4 10*
4.0 % 10*
5.6 % 10*
72 % 10*
-8.8 % 10* _—
-10.4 = 10* \
-12,0 ~ 10*

components; one has the same direction of
propeller’s thrust, the other is particular with
the propeller’s axis. Thus, the total thrust of
the ducted propeller system is sum of the
thrust made by the duct and the thrust of the
propeller. Moreover, from this figure, we can
see that when the advance ratio raises, the
thrust coefficient of the duct significantly
declines, and it’s maximum value is 0,13 at
the advance ratio J of 0,1. At the J of 0,55, its
thrust coefficient reaches the minimum value
about -0,01, so the duct’s thrust causes the
thrust reduction of the system. From above
analyses, we can make a conclusion that the
ducted propeller is appropriate with the vessel
operating in small velocity and heavy load.
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Figure 3. Pressure distribution faces of propeller at J of 0,1; 0,4 and changing law of propeller’s thrust
coefficient
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Figure 2. Pressure distribution on the duct at J =0,1; 0,4 and changing law of thrust coefficients
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Figure 5. Thrust, torque, efficiency coefficient of
the ducted propeller
The hydrodynamic performance of the ducted
propeller is shown in Figure 5. As can be seen
in the figure that changing law of thrust and
torque coefficients of the ducted propeller
system is the same as a linear function of the
advance ratio J. These factors reaching the
maximum value is 0,23 and 0,17 at the
advance ratio J of 0.1 respectively. On the
other hand, the efficiency of the system
changes in a curve of the advance ratio J, and
gets the maximum value of 0,54 at the J of 0,4.
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Figure 7. Hydrodynamic performance of the
ducted propeller with different turbulent models
The obtained results with three different
turbulent models presented in the Figure 7
reveals that the selected turbulence models
have the slight impact on the calculation
results. With the k - o SST model, the
propeller’s efficiency gets the maximum
value about 0,545 while the minimum

efficiency of the studied propeller is about
0.536 with the transition SST k - o model
corresponding with the advance ratio J of 0,4.
In the same way, thrust coefficient of the
propeller gets the maximum about 0,1133
with the transition SST k - @ model and the
minimum about 0,1129 in the RNG k - ¢
model. With the propeller’s torque
coefficient, the maximum and minimum
values are about 0,133; 0,1317 respectively
corresponding with the model and the
transition SST model. However, the error of
the investigated parameters among the
selected models, being relatively small about
1,39 %, can be negligible in the calculation.

5. Conclusion

In this study, numerical investigation and
analysis of steady flows around and the
ducted propeller at the different ratios have
been presented. An unstructured grid based
on RANS was applied to investigate the
ducted propeller’s hydrodynamic
performance. Here are some important
conclusions of this paper.

+ The four-bladed skewed propeller of the
ducted propeller system is selected for
verification of numerical simulation and
ducted propeller. The numerical predictions of
thrust, torque and efficient coefficient with
different advance ratios are carried out.
Obtained results show that the efficiency of
propeller increases dramatically at the small
ratios and the numerical prediction results are in
good agreement with the theoretical prediction.

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

+ Three turbulence models were employed to
investigate the effects of different turbulence
models on the simulation results. The achieved
outcomes suggest that the chosen turbulence
models have the inconsiderable effect on the
simulation results, and can ignore.
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