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1 INTRODUCTION 

Ducted propellers are among the most complicated 

marine propulsion systems which are widely used in 

marine applications. The shape of a marine duct could 

be in accelerating or decelerating form. In the form of 

accelerating duct, the efficiency is increased in the low 

speed of advance by accelerating the water flow 

through the duct, but it would increase the possibility of 

cavitation occurrence. The decelerating duct would 

reduce the efficiency; however, it would minimize the 

cavitation occurrence possibility because of reducing 

the flow speed passing the propeller. Therefore, the 

main objective of using such systems is to increase the 

hydrodynamic efficiency in low speed of advance or 

decreasing the cavitation risk in high speeds. This 

propulsion system could be used as a multi-component 

propulsion unit for axisymmetric submerged bodies. A 

simple configuration could involve rotor-stator 

composition combined with a covering duct. The 

necessity of combining the rotor with a stator is to 

cancel the rotational energy of the outflow from the 

propulsion unit in order to increase the efficiency. In 

recent years, it is seen that a CRP set is used instead of 

rotor-stator configuration. This system is able to cancel 

the rolling motion of the body. Multi-component 

ducted propellers could be used in shallow water 

applications with purpose of decreasing the risk of 

cavitation occurrence, lowering the produced noise and 

making the system less affectable by the environment 

[1]. 

The idea of using multi-component ducted propulsion 

systems in order to prevent cavitation dates back to 

1945 when G. F. Wislicenus [2] presented an initial 

design for an axial flow ducted system as propulsion 

unit of axisymmetric underwater vehicles. The others 

investigated the possibility of propelling underwater 

vehicles by means of multi-component ducted systems 

and, eventually, a wide range of research programs in 

this area was started by the Naval Ordnance Test 

Centre of the United States of America (NOTS) in 

Pasada. Yu et al. (2013) [3] studied the Ka-series 

propellers performance with the 19A duct by 

employing the panel method panMARE and the 

RANSE code. They tried to optimize ducted propellers 

under open water conditions by using CFD method 

(2015) [4]. Suryanarayana et al. (2015) [5] designed a 

pump jet for specific under water vehicle. They 

predicted the performance of the propulsion system 

using CFD method. Furthermore, they analyzed the 

cavitation performance of the propulsion unit by means 

of cavitation tunnel. Ghassemi et al. (2017) [6] 

performed a numerical analysis over ducted propellers 

propulsion system using ANSYS-CFX software. 

The main objective of this research has been finding a 

simple method for designing the duct surrounding a 

multi-component propulsion system. In this study, the 

applied cross sections of the ducts are four-digit NACA 

airfoils which are very similar to the common cross 

sections applied in marine applications. Therefore, we 

could confidently conclude that the obtained results 

would be in agreement with common cases in marine 

applications. The results obtained from this research 

would help the marine designers to simply design a 

duct for a ducted propulsion system. In this research, 

the effective geometrical parameters of the duct have 

been initially investigated. Then, the primary design 

has been made and finally, computational fluid 

dynamics simulations have been carried out through 

two-dimensional analysis. At the end, some three 

dimensional simulations have been performed in order 

to extract a correlation between the results of two and 

three dimensional analysis of a similar system. 

2 CASE STUDY 

The duct which is surrounding a marine propeller could 

be assumed as a semi-cylindrical passage which is 

made by rotating an airfoil about axis of body. The 

mentioned airfoil makes the duct produce axial force 

proportionate to the pressure gradient distribution. The 

resultant force is a vector whose components depend on 

the duct geometry in a certain regime of flow. On the 

other hand, the propellers revolution affects the 

upstream flow and causes it to have a different angle of 

attack relative to the ducts cross section which could be 

positive or negative with regard to the geometry of the 

duct, physics of the entrance flow and the loading 

condition on blades of the propeller [7]. 

In order to start the design procedure of a marine duct, 

it is necessary to find the effective geometrical 

parameters on its hydrodynamic performance and to 

estimate some allowed ranges for them. In the design 

procedure of a ducted propeller propulsion system, the 

main purpose is to achieve a design in which either the 

requirements relative to the propeller performance or 

the advantages of adding the duct including the 

efficiency improvement or the cavitation prevention are 

considered. These features are determined by physics 

of the flow entering to the propeller disk as well as the 

propeller operating pressure. This pressure is highly 

dependent on operating depth of the propulsion system 

and the loading condition on propeller blades. 

Therefore, in order to design a duct, the main objective 

has to be choosing between increasing the efficiency 

and making the system more resistant against cavitation 

occurrence.  

In this research, some geometrical parameters of the 

duct geometry are fixed and the design procedure is 

limited to estimate two most important parameters of 

the duct cross section, i.e. camber ratio and dihedral 
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angle (the angle between the chord line of the duct 

cross section and the rotation axis of the duct). In order 

to obtain the proper dihedral angle and appropriate 

camber ratio for the duct cross section, their influences 

on the axial force produced by the duct and the pressure 

field inside the duct has to be studied.  

The constraints suggested for accessing the appropriate 

geometry of a duct are as following: 

- Duct length (L) is expressed by means of the duct 

diameter, Dmean. In [8] the ratio of the duct length to 

its diameter for the case of single propeller has been 

accounted as 0.5. In this research, the mean 

diameters of the ducts are equal to 375 mm. So the 

lengths of the ducts are considered equal to 188 mm. 

- The distance between the blades tips and the internal 

surface of the duct has been considered to be 1.5 

percent of the duct mean diameter as mentioned in 

[7] and [8].  

- The four-digit NACA cross sections are used for the 

ducts. Location of maximum thickness and 

maximum camber is 50 percent of the length of the 

chord from the leading edge of each duct. 

- The diameter of the submerged body is equal to 750 

mm.  

- Radius of leading edge of the duct is 1 mm in all 

cases.  

- The maximum thickness ratios of the ducts cross 

sections are equal to 5 percent in all cases.  

Using standard airfoils like four-digit NACA for the 

duct cross section seems to be appropriate due to the 

following reasons: 

1- Ease of using their corresponding mathematical 

formulations 

2- Acceptable similarity between the common ducts 

cross sections and this type of airfoils.  

3 GOVERNING EQUATIONS 

The governing equations consist of momentum, mass 

and energy conservation equations. Since the flow is 

isothermal, the energy conservation equation could be 

neglected. Thereby, the governing equations based on 

Reynolds averaging technique could be stated as 

following [9]: 

 
2

2

( ) 0

( ) ( )
( )

( )
3

i

i

i

j i

j i

i j

i

ji
i j

jj

u
t x

u
u u

t x x

u u
x x

p
f

uu

xx



  








 
 

 

  
   

  

 

 


   



                     (1) 

where p is the static pressure, u and u   are the 

averaged and fluctuating components of the velocity 

vector, 
if  are external forces, µ is the viscosity and x is 

the coordinate. 
i jv v   is called Reynolds stresses and 

could be computed by means of eddy viscosity 

hypothesis which relates this tensor to the turbulent 

viscosity and mean velocity gradients of the flow. In 

order to model the turbulent viscosity, we need to use 

the turbulence models such as k-ε or k-ω. 

3.1 NUMERICAL SIMULATIONS 

In this study, the Reynolds averaged Navier-Stokes 

Equations (RANS) have been solved by using 

Computational Fluid Dynamics (CFD) tool. The finite 

volume method has been applied for discretization of 

governing equations. The pressure-velocity coupling is 

based on SIMPLEC algorithm [10]. The method 

employed for pressure discretization is PRESTO and 

for convective terms the Quadratic Upwind 

Interpolation for Convective Kinematics (QUICK) has 

been employed [11]. The applied turbulence model is 

RNG-k-ε which is based on the standard k-ε model 

involving some improvements in modeling the rotating 

flows and streamlines curvatures [12]. The standard 

semi-empirical wall function has been used as well in 

order to model the boundary layer effects. We perform 

the simulations in the form of steady state. 

3.2 TWO DIMENSIONAL ANALYSIS 

The geometries used in this research have been 

axisymmetric bodies equipped with the ducts which 

have been modelled symmetrically relative to the axis 

of the body without the rotor-stator blades. The 

simulations are performed as the steady axisymmetric 

two dimensional ones. In this way, the simulations 

would be simply performed and would be less time 

consuming relative to the three dimensional cases. The 

main difference between these types of analyses with 

three dimensional one is that the effects of the real 

rotor-stator is neglected on the system and, instead, the 

FAN boundary condition with the pressure jump equal 

to the desired thrust of rotor-stator would be employed. 

Therefore, some simple analysis could be performed on 

different geometries of ducts in order to evaluate the 
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effects of different geometrical parameters on the duct 

hydrodynamic performance. 

3.3 BOUNDARY CONDITIONS 

Boundary conditions considered here include the inlet 

velocity, outlet pressure, zero gradients and wall. The 

inlet velocity condition starts from the upper edge of 

the submerged body and includes the inlet edge of the 

environment in the left edge of figure 1. This condition 

includes the specific velocity parallel to the axis of the 

body. The 0and xP P 
   are considered as the 

outlet boundary condition at the end of the 

computational area at the right end of Fig. 1. The wall 

condition is surface of the vehicle and the duct in which 

the no-slip condition has been considered. On upper 

edge of the computational domain, zero gradients 

boundary condition has been applied. At the bottom 

and back of the body, the axisymmetric condition has 

been accounted for the two-dimensional axisymmetric 

study. The computational domain is shown in Fig. 1. 

 

 
Fig. 1 The computational domain for two dimensional 

numerical simulations 
 

FAN boundary condition has been employed for 

modelling the effects of rotor-stator suction on the 

upstream flow field. By means of this boundary 

condition, operational parameters of an impeller 

involving the head (pressure) and flow rate (velocity) 

would be modelled. This boundary condition gives no 

details about the flow between the vanes. In this 

boundary condition, the fan is modelled as a thin plate 

at the middle part of the duct. Its produced pressure 

jump could be either a constant value or a function of 

inlet velocity. In this research, a constant pressure jump 

would be used over the fan boundary condition. By 

means of the relationship between momentum and 

thrust of the rotor-stator, the amount of pressure jump 

for this boundary condition could be computed as 

following: 
 

desired
T

P
A

                                                               (2) 

 

Where, ΔP is pressure jump of the fan, Tdesired
 is the 

desired thrust of the rotor-stator and A is the cross 

section of duct at its mid plane. 

3.4 GRID GENERATION 

While generating the grid, one should pay attention to 

the following points: 

1- Concentration of the nodes is determined by the 

required accuracy of simulation. In regions of the 

flow with high velocity gradients, more 

concentrations of nodes are required rather than the 

regions with low gradients.  

2- The elements should be aligned in the flow direction, 

so that the numerical solution could converge more 

rapidly. 

3- The flow behavior near the wall is considered as a 

region with high gradients. 

4- The grid quality near the walls must be high enough 

to model the boundary layer effects on the flow 

properly. This subject is related to the y+ parameter 

which is adjusted about 100 on the body and on the 

duct surfaces in order to use the semi-empirical wall 

functions. 

3.5 INDEPENDENCY OF THE RESULTS FROM 

NUMBER OF ELEMENTS 

In all numerical simulations, one has to investigate the 

independency of the results from the number of 

elements. In this research, dependency of the thrust 

produced by the duct on number of elements has been 

studied. The results are displayed in Fig. 2. It could be 

observed that independency of the results from number 

of elements has been obtained by using about 500,000 

elements in the computational domain. 

 

 
Fig. 2 Independency of the results from the number of 

elements 

3.6 THREE DIMENSIONAL SIMULATIONS 

Some three dimensional analyses have been performed 

in the last part of this study. Therefore, the applied 
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procedure for performing three dimensional 

simulations has been explained here. In three 

dimensional cases one would model the whole 

axisymmetric body equipped with the entire propulsion 

unit. Thereby, three dimensional simulations must be 

performed so that the rotational effect of rotor could be 

considered. The simplest method for solving the 

problem with rotary boundary conditions containing the 

axially uniform inlet velocity to the rotary parts is the 

moving reference frame method. In this method, the 

rotational motion is imported to every node of the 

computational domain in the opposite direction and the 

problem would be solved in the steady-state form in a 

frozen state. The stationary walls could be modelled 

with respect to the stationary coordinate system as 

fixed walls and the rotary ones would be modelled as 

fixed walls with respect to the rotational coordinate 

system. 

It is preferred to use hexahedral elements for the entire 

domain because the accuracy of the solution is in the 

maximum level using such elements in the grid. 

Additionally, using such elements, one would be able 

to follow the streamlines close to the body and to make 

a grid with lowest number of nodes. However, for 

complex geometries like propellers, it is common to 

use tetrahedral elements since they could be easily 

generated around such objects. In this way, a hybrid 

grid was generated in this problem. For generating such 

a hybrid grid, the domain was divided into several 

zones. One of them was around the propulsion system 

and the others were the remaining parts. In the former, 

tetrahedral and in the latter hexagonal grid was 

generated. The quality of the elements near the body, 

duct and rotor-stator blades was fine enough for proper 

modelling of the boundary layer effects using semi-

empirical models. For this purpose, the y+ parameter on 

the body, duct and rotor-stator was adjusted about 100. 

Thrust of the rotor has been checked for independency 

from the number of elements. It was found that the 

thrust varied by about 0.5% when the number of 

elements was more than 3.8 million (Fig. 3). The 

generated mesh around the propulsion unit could be 

observed in Fig. 7. 

4 VALIDATION 

To validate the three dimensional numerical approach 

in the case of open propeller, a 6-bladed B-wageningen 

standard propeller with pitch ratio of 1.2, expanded 

area ratio of 1 and diameter of 25 cm has been 

considered. After performing CFD simulations, its 

hydrodynamic coefficients have been extracted out and 

compared to the experimental results [13]. The 

propellers thrust coefficient, torque coefficient and 

efficiency have been demonstrated in Fig. 4. In this 

figure: 

- 2 4
TK T n D is the thrust coefficient. 

- 2 5
QK Q n D  is the torque coefficient. 

- 2Etta TV nQ  is the hydrodynamic efficiency. 

- J V nD  is the advance coefficient. 

Where T is the thrust (N), Q is the torque (N.m), n is 

the rotational speed (rps), V is the advance coefficient 

(m/sec) and D is the propellers diameter (m). It could 

be observed that the simulations have been performed 

with maximum error of eight percent in predicting the 

thrust of the propeller. Therefore, the applied numerical 

approach seems to be accurate enough for performing 

further simulations in this research. 

 

 

Fig. 3 Independency of the results from number of 

elements 

 

 

 
Fig. 4 Validation diagram of B-series propeller 
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5 RESULTS 

Some two and three dimensional simulations have been 

performed on the mentioned multi-component ducted 

propulsion system placed behind of the introduced 

axisymmetric submerged body. The velocity of the 

inlet flow has been assumed to be 10 m/sec in the 

simulations. The pressure jump on FAN boundary 

condition has been calculated so that the produced 

thrust is about 6000 N. 

5.1 TWO DIMENSIONAL ANALYSIS 

Estimating the Best Dihedral Angle for the Duct: 

According to the fact that an appropriate duct should 

have the lowest level of confusion on physics of the 

flow surrounding the duct, dihedral angle of the duct 

could be estimated. For this purpose, physics of the 

flow should be investigated around the stern of the bare 

body. The initial dihedral angle of the duct could be 

estimated with respect to configurations of the 

streamlines of the flow at stern of the bare body. In this 

study, these values have been selected between 7 to 11 

degrees with respect to Fig. 5. 

 

 
Fig. 5 Streamlines at stern of the bare body in addition to 

velocity contours 

 
Therefore, the selected dihedral angles of the ducts 

cross sections have been placed between 7 to 11 

degrees. FAN boundary condition has been defined in 

the mid part of the duct. The desired pressure jump 

corresponding to the desired thrust has been applied on 

this boundary condition. While preparing different 

models of the ducts with different dihedral angles, the 

middle diameters of the ducts corresponding to the 

locations of FAN boundary condition have been 

considered to be constant. Thereby, in larger dihedral 

angles the inlet diameter increases and the outlet one 

reduces. In this step, an optimum dihedral angle would 

be found when comparing the resultant forces of the 

duct and the body with the minimum pressure over the 

duct (0). In Table 1, the minus sign means that the 

force is exerted in the opposite direction. 

As observed in 0, increasing dihedral angle could lead 

to reduction of the generated thrust by the duct and to 

increase of the minimum pressure over the duct. On the 

other hand, having this angle reduced, the minimum 

pressure over the duct would be decreased and the 

thrust produced by the duct is increased. According to 

the fact that it would be desirable to have a greater 

value of minimum pressure over the duct in addition to 

a positive thrust produced by the duct, one would 

choose the desired dihedral angle between 7 and 8 

degrees. 
 

Table 1 The results related to dihedral angle 

Axial 

force of 

the body 

(N) 

 minP  
(Pascal) 

Axial 

force of 

the duct  

(N) 

Camber 

(%) 
Dihedral 

angle 

(degree) 

-10554 51 10  2077 0 7 

-9688  1133 0 8 

-8485  -439 0 9 
-6865  -3076 0 11 

 

Estimating the Best Camber Ratio for the Duct: 

The next step has been to find an adequate camber ratio 

for the duct cross section (Table 2). where the 

submerged body would accompany a duct with 

dihedral angles of 7 and 8 degrees. The camber ratios 

have been supposed to be -1%, 0%, and 1%. 

Comparing the resultant forces of the duct and the body 

with the minimum pressure over the duct in this step, 

an optimum camber ratio could be found (Table 2). In 

Table 2, the minus sign means that the force is exerted 

in the opposite direction.  

 
Table 2 The results related to the camber ratio 

Axial 

force of 

the body 

(N) 

P min  
(Pascal) 

Axial 

force of 

the duct 

 (N) 

Cambe

r (%) 

Dihedral 

angle 

(degree) 

-8216  -916 1 8 

-8828  -36 0 8 

-9688  1133 -1 8 

-9195  101 1 7 

-10074  1228 0 7 

-10711  2218 -1 7 

 

47.3 10 
45 10 

38 10 

46 10 

46.41 10 

47.3 10 

49.95 10 

51.13 10 

51.14 10 
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As observed in Table 2, through comparing the results 

obtained from the performed analyses with regard to 

the axial forces exerted on the duct and the body with 

magnitude of the minimum values of pressure over the 

duct, one could consider the dihedral angle of 8 degree 

and a camber ratio of 0 percent as the desired initial 

parameters for geometry of the duct in order to 

minimize the risk of cavitation combined with a small 

positive axial force. It is noticeable that the selected 

case could be changed with regard to other design 

criteria; for example, neglecting the risk of cavitation 

over the duct. The velocity and the streamlines around 

the final geometry is demonstrated in Fig. 6. As 

presented in Fig. 6, final geometry of the duct has a 

small influence on the streamlines around the body.  

 

 
Fig. 6 Velocity and streamlines around final geometry of 

the duct 

 

5.2 THREE DIMENSIONAL RESULTS 

Regarding the disability of FAN model in estimating 

the rotor-stator performance, it would be necessary to 

combine the resulted geometry of the duct with the 

rotor-stator combination in order to perform some three 

dimensional simulations. The generated mesh around 

the complete system is presented in Fig. 7. The velocity 

filed in a cross sectional plane after performing the 

simulations is displayed in Fig. 8 as well. 

 

 

Fig. 7 The multi-component ducted propeller in three 

dimensional configuration 

 

 

Fig. 8 Velocity field around the propulsion system in 20 

m/sec 

In this step, hydrodynamic parameters of the propulsion 

system were obtained through three dimensional 

simulations. Inlet velocity of the flow through the 

domain was as the same as the two dimensional 

analysis. Rotational speed of the rotor was adjusted so 

that the thrust produced by the rotor-stator combination 

was about 6000 N which was used previously in order 

to compute the pressure jump on FAN boundary 

condition in two dimensional analyses. The result 

showed that there was a significant difference between 

the axial force produced by the duct in the 

corresponding 2-D and 3-D states. In the other words, 

one could find out that there is a significant difference 

between operation of the 2-D FAN boundary condition 

and the 3-D rotor-stator combination which has made 

the duct to produce different magnitudes of the axial 

forces under equal loading conditions (equal 

magnitudes of the produced thrusts). In order to solve 

this problem, a rotational speed for the rotor was found 

so that to made the duct produce the axial force equal 

to its corresponding 2-D state. It was observed that the 

thrust produced by the duct through 3-D simulations 

was equal to the 2-D one only if the thrust produced by 

the propellers became 2.1 times greater than the 

corresponding thrust used in 2-D analysis. Therefore, 

equation (2) requires a correction factor in calculating 

the pressure jump which could be defined as followed: 

   

,3
0.47642.1 

desired d desired desired

Fan

Fan

K P
T T T

P A KA A
    


 (3) 

 

This equation could be a function of the rotor rate of 

revolution for the specified geometry, but it could be 

considered as a constant for rotational speeds which are 

rather close to each other (and also for rather similar 

duct geometries). 0 gives the results obtained by 

applying this correction factor in other three states. As 

observed here, applying the extracted correction factor, 

made the magnitude of the axial force produced by the 

duct in       2-D and 3-D sates equal to each other with a 

slight difference. 
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Table 3 Comparison between 2-D and 3-D analysis using 

correction factor of K 
Difference 

between 2-D 

and 3-D results 

2-D duct 

thrust (N) 

3-D duct 

thrust (N) 

Propeller 

thrust (N) 

0.8% 1259 1269 6000 
1.84% 798 813 7385 

1.96% 761 776 8000 

 

Therefore, by means of this correction factor, the duct 

could be designed almost near to its final shape in two 

dimensional environment for a specific axisymmetric 

body. Regarding the fact that the computational costs 

of three dimensional analyses are about 10 times 

greater than two dimensional ones in these cases and 

because of the extracted correlation between 2-D and 3-

D results, this method could be satisfactory in 

designing a duct. It has to be mentioned that this 

correction factor could be a function of the 

axisymmetric body shape and design constraints and 

would change for another problem. 

6 CONCLUSIONS 

A simple method was presented for designing an 

acceptable geometry of multi-component ducted 

propulsion systems using two dimensional CFD 

analyses. Furthermore, it was shown that for a fixed 

advance velocity and a special rotor-stator geometry 

with a specific desired thrust, there could be a 

correlation between the results of two and three-

dimensional analyses. It was shown that, in order to 

find an acceptable geometry for the duct of a multi-

component ducted propeller, it would be possible to 

find an adequate dihedral angle for the duct cross 

section using CFD analyses of the bare submerged 

axisymmetric body. After that, it would be possible to 

find an adequate magnitude of camber ratio of the duct 

cross section using some other two dimensional 

simulations.  
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