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Abstract 

An Improved Full Wake Alignment Scheme for the Prediction of 

Open/Ducted Propeller Performance in Steady and Unsteady Flow 

by 

Seungnam Kim, M.S.E. 

 

THE UNIVERSITY OF TEXAS AT AUSTIN 2017 

 

Supervisor: Spyridon A. Kinnas 

  

For a long time, ducted propellers have been a viable alternative of propulsion; due to their 

higher efficiency at high thrust coefficients, less sensitivity to the ambient flow, and more robust 

mechanical layout than open propellers. Applications of ducted propellers can be found in many 

types of ships and offshore structures.  

This thesis introduces several improvements on the wake alignment model in the panel 

method to predict the performance of ducted and open propellers. The full wake alignment, which 

aligns wake panels based on the local flow velocity, is improved with an emphasis on the 

consideration of general incoming flow. Previously, the full wake alignment model is restricted to 

the case in uniform inflow and now is extended to be able to handle non-uniform and non-

axisymmetric inflow. Proper ways of improving the numerical algorithm in the full wake 

alignment scheme are investigated.   
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Wake alignment model for the ducted propeller is studied and improved with an emphasis 

on the duct paneling. In this thesis, two repaneling options on the duct and duct wake panels are 

introduced to improve the predicted propeller performance. Also, efforts have been given to the 

control points on the non-planar panels on the duct inner surface to predict the performance at 

lower advance ratios.  

The full wake alignment is also applied to duct wake to represent the behavior of trailing 

vorticity after the trailing edge of the duct. The wake sheet representing the trailing vortex of the 

duct is improved by aligning it with the local flow velocity as in the case of the blade wake.  

Correlations among the predicted results from the panel method and other methods, i.e. 

full-blown Reynolds Averaged Navier-Stokes (RANS) simulations, vortex lattice method (VLM), 

and experiments are presented. 
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Chapter 1  

Introduction 

1.1 Background 

 From Archimedes, who thought of the screw propellers, to the modern shipbuilding and 

offshore industries, propeller has been a primary propulsion system for vehicles interacting with 

fluid. People are living in the world where it is almost impossible to think of ships without 

propellers.  

As a viable alternative of propulsion system, ducted propeller, which surrounds blades with 

a non-rotating nozzle, has been widely used in and out of the shipbuilding and offshore industries 

in modern days. Ducted propeller can produce higher efficiency than open propellers, particularly 

at high loading conditions and therefore is used on heavily loaded propellers or propellers with 

limited diameter. In the offshore industry, ducted propellers are highly important to keep the 

position of the floating offshore structures with the help of the dynamic positioning system (DPS) 

and azimuthal pods. Considering those mechanical structures use ducted propeller as their primary 

propulsion source to be stationary at a certain location in the ocean, predicting the accurate 

performance of the ducted propellers becomes crucial even at the design stage of those structures. 

The sturdy structure from the harsh circumstance of the ocean makes ducted propeller even more 

suitable as a primary propulsion system.  

 Prediction of the accurate performance of propellers has been of the greatest interest among 

engineering community related to the propulsion system. As the most popular numerical tool in 

the field of computational fluid dynamics (CFD), full-blown Reynolds Averaged Navier-Stokes 
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(RANS) simulation has been widely used to analyze the flow around propellers. Despite its 

relatively stable and accurate prediction of 3-D geometries involving propellers, RANS simulation 

turned out to be too expensive in terms of the computation time. Generating mesh grid even before 

starting the calculation requires lots of efforts, making RANS less viable in the early stage of 

propeller design.  

On the other hand, panel methods can be a proper alternative numerical tool to RANS. 

Panel methods are often called Boundary Element Method (BEM) or Boundary Integral Method 

(BIM). BEM solves for the unknown quantities (velocities, deformations) on the boundary of the 

domain. Quantities inside the domain are determined in terms of the quantities on the boundary in 

BEM, while Finite Element Methods (FEM) or Finite Volume Method (FVM) melt in RANS 

discretizes the whole domain and solves for unknown quantities (velocity, deformations) defined 

at each cell or element. Compared to FVM or FEM, BEM is more versatile in that it is much easier 

to discretize the boundary than the whole domain. Also, BEM is much faster by using fewer panels, 

which means fewer unknowns are going to be solved.  

Historically, many kinds of panel methods have been proposed since the surface source 

method by [Hess et al. 1964]. Later, [Hess et al. 1985] applied the surface source method to the 

marine propeller problem. However, when the thickness of the blade becomes small, the surface 

source method was not successful. [Koyama et al. 1986] applied a Morino type low order panel 

method to the marine propeller, however pressure distribution near the trailing edge of blade was 

excessively predicted due to the failure of Morino’s Kutta condition. [J. Lee 1987] applied a 

pressure Kutta condition in an iterative way to satisfy the Kutta condition on 3-D trailing edge 

flow in steady state. He also carried out extensive reviews on the characteristics of the various 

panel methods. As a result, a low order panel method based on the perturbation potential turned 
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out to be robust and reliable with smaller computational effort. The Kutta condition was further 

investigated by [Kinnas and Hsin 1992] in unsteady flow around extreme propeller geometries by 

considering the convection of the trailing wake strength along the wake surface. More recently, 

panel method was extended to ducted propeller by [H. Fan 2015]. He applied the perturbation 

potential based lower order panel method to ducted propellers. [Kinnas et al. 2016] further 

improved the panel method for ducted propeller with an emphasis on the duct paneling and the 

wake alignment model.  

Wake alignment model for the wake sheets behind the trailing edge of the blade or duct 

needs to be carefully taken into consideration for the accurate prediction of propeller performance 

in the panel method. The importance of wake alignment model is more addressed in the ducted 

propeller case due to very close distance between the outer edge of wake sheets and duct inner 

surface. Even for open propeller, the predicted loading on blade differs depending on the wake 

alignment model that the panel method uses, making wake alignment model as an attractive 

research topic. There have been lots of efforts on wake alignment model to predict the correct 

locations of shedding vortex. For uniform flow, [Kerwin and Lee 1978] firstly investigated the 

effect of wake geometry on the propeller forces. Then, a Vortex Lattice Method (VLM) was 

applied in axisymmetric inflow in an iterative way to generate the trailing wake of a propeller by 

[Greely and Kerwin 1982]. Within the same method, this modeling is further developed by [Kinnas 

and Pyo 1997] to predict the unsteady performance of a propeller subject to inclined inflow. The 

effect of inclined flow is considered by the geometric inclination of wake geometry including the 

effect of the radial the tangential velocities. The predicted unsteady forces and moments in terms 

of the first harmonic are compared with those measured in the experiments. Their correlations 

showed good agreement, although somewhat diverged toward the lower advance ratios. Beyond 
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the geometric inclination of the wake, [Keenan 1989] calculated the wake geometry using a VLM 

in unsteady flow. [H. Lee 2002] developed more reliable and robust wake alignment model for the 

accurate prediction of propeller performance using BEM. He extended the BEM to predict steady 

and unsteady geometry of the trailing wake of propellers. A numerical algorithm for the prediction 

of vortex roll-up and tip cavitation model is included in his work. [L. He 2010] extended a fully 

unsteady wake alignment algorithm, which was implemented into VLM to simulate unsteady 

propeller flow. In his work, the interaction between propeller and rudder is investigated in a fully 

unsteady manner by using ‘the numerical fence.' The numerical singularity due to close distance 

between wake and rudder was prevented by surrounding the rudder surface with the numerical 

barrier. The interaction between propeller and rudder is considered iteratively by solving each 

problem and then including the unsteady effects of one part on the other. More recently, [Tian. Y 

and Kinnas 2012] introduced full wake alignment scheme, which aligns the trailing wake to the 

local velocity. In this thesis, the full wake alignment scheme by [Tian. Y and Kinnas 2012] is 

intensively investigated and improved to account for the various states of the incoming flow. 

1.2 Objective 

 The goal of this thesis is on improving the full wake alignment scheme for the prediction 

of open and ducted propeller in steady and unsteady flow. To this end, the following cases are 

tested using current panel method with the improved wake alignment model:  

• Steady state 

o Open propeller in uniform/non-uniform axisymmetric inflow 

o Ducted propeller in uniform inflow 

• Unsteady state 



5 

 

o Open propeller in uniform inflow 

o Open propeller in inclined shaft flow 

For ducted propeller problem, repaneling process on the duct and the duct wake is 

developed to improve the accuracy and stability of the predicted performance. Also, the improved 

full wake alignment scheme is extended to the duct wake to represent the natural behavior of 

shedding vortex behind the duct trailing edge. Beyond the steady state, unsteady wake alignment 

model is also improved based on the algorithm, proposed by [H. Lee 2002; H. Lee and Kinnas 

2004a, 2005b] for the open propeller. 

 Numerical results from the panel method with the improved wake alignment model are 

intensively correlated with the results from the experiments and VLM. Based on these comparisons, 

this thesis is expected to be a through stepping stone for the next step of the current panel method. 

1.3 Overview 

 This thesis is composed of the following six chapters. 

 In Chapter 1, General introduction to this thesis is presented. Starting from the historical 

review on the panel method and wake alignment model, the objective and the overview of this 

thesis are presented. 

 In Chapter 2, 2-D inviscid formulation of lower order panel method is presented. After that, 

the panel method is extended to 3-D inviscid formulation.  

 In Chapter 3, wake alignment model is intensively investigated from steady state to 

unsteady state. The numerical algorithm in full wake alignment is detailly demonstrated. Based on 

the understanding on the algorithm, full wake alignment scheme is improved to take into 

consideration axisymmetric and unsteady inflow. The algorithm in repaneling process on the duct 
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and the duct wake is demonstrated with a special treatment on the control point on duct panel. The 

effect of duct panel adaptation to the blade tip is following with the improved loading distribution 

on the blade. The full wake alignment is also applied to duct wake. Flow charts which show wake 

alignment process before and after including duct wake alignment are presented. Toward the end 

of this chapter, unsteady wake alignment scheme is investigated with the consideration of time 

variations of the inflow on the propeller plane. The basic algorithm is expected to present how the 

panel method considers the unsteady effect.  

 In Chapter 4, wake alignment models which have been discussed in Chapter 3 are applied 

to open and ducted propellers. The numerical results from ducted propeller with square blade tip 

and sharp trailing edge duct are correlated with those from the experiments and full blown RANS 

simulations. Also, the predicted unsteady performance of the open propeller in inclined shaft flow 

are compared to the experimental measurements and the results from VLM. 

 Chapter 6 summarized all the works presented in this thesis by listing conclusions and is 

allocated for recommendations to preview the next steps for the current panel method to advance.   
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Chapter 2  

Lower Order Panel Method for Hydrofoil and Propeller Problem 

In this chapter, a summary of lower order panel method would be made based on the lecture note 

of boundary element method [Kinnas 2016]. This chapter starts with the introduction of the two-

dimensional inviscid formulation of the panel methods in potential flows. Then, it will be extended 

to the three-dimensional case, which is straightforward once the application to two-dimensional 

potential flow is understood. 

2.1 Two-Dimensional Inviscid Formulation 

Consider a hydrofoil subject to an incoming flow, �⃗⃗� 𝑖𝑛 as shown in Figure 2.1. Assuming that the 

flow around the hydrofoil is inviscid and irrotational, the total velocity field �⃗�  can be expressed in 

terms of a scalar quantity, the total velocity potential, Φ, as follows: 

 

�⃗� = ∇Φ (1) 
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Figure 2.1 Hydrofoil in uniform flow. 

 

The governing equation for Φ inside the fluid domain is: 

 

∇2Φ = 0 (2) 

 

 

, which means Φ is a harmonic function. The kinematic boundary conditions for Φ are: 

 

𝜕Φ

𝜕n
= �⃗� ∙ ∇Φ = 0 ; on the foil surface, (3) 

 

 

where �⃗�  is the normal vector on the foil surface pointing into the fluid, as shown in Figure 2.1. 

The condition at infinity is:  

 

∇Φ ~ �⃗⃗� 𝑖𝑛 ; at infinity. (4) 
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The Kutta condition for the case of hydrofoil is: 

 

∇Φ = finite ; at the trailing edge T. (5) 

 

 

It can be proven that Equation 2, subject to the Equations 3, 4, and 5 has a unique solution. It is 

the task of the analytical and the computational methods to determine that unique solution Φ. By 

applying the Green’s third identity, the following equation holds: 

 

ϕ𝑝

2
= ∫ [

𝜕𝜙𝑞

𝜕𝒏𝑞
𝐺(𝑝, 𝑞) − 𝜙𝑞

𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
] 𝑑𝑠

𝑆𝐵

 (6) 

 

 

Equation (6) states that the value of the function ϕ𝑝 at any point on the body B depends only on 

the values of 𝜙𝑞 and 
𝜕𝜙𝑞

𝜕𝑛𝑞
 at any point 𝑞 on the boundary of the body B. Moreover, the value of ϕ𝑝 

can be expressed as the superposition of the potentials due to distribution of sources and normal 

dipoles on the boundary of the body of strengths 
𝜕𝜙𝑞

𝜕𝑛𝑞
 and −𝜙𝑞 respectively. 𝒏𝑞 denotes the vector 

at the point 𝑞 directing into the flow field.  

 𝐺(𝑝, 𝑞) is the Green’s function and It has the form of 
ln(𝑟(𝑝,𝑞))

2𝜋
 in two-dimensional problem 

and −
1

4𝜋𝑟(𝑝,𝑞)
 in three-dimensional problem. 𝑟(𝑝, 𝑞) denotes the distance between control point 𝑝 

and variable point 𝑞 on the boundary. 

 Special care should be given to the branch wake surface 𝑆𝑊 behind the hydrofoil, as shown 

in Figure 2.2. By considering the wake surface, Equation (6) renders: 
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ϕ𝑝

2
= ∫ [

𝜕𝜙𝑞

𝜕𝒏𝑞
𝐺(𝑝, 𝑞) − 𝜙𝑞

𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
] 𝑑𝑠

𝑆𝐵

+∫ [
𝜕𝜙𝑞

𝜕𝒏𝑞
𝐺(𝑝, 𝑞) − 𝜙𝑞

𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
] 𝑑𝑠

𝑆𝑊

 (7) 

 

 

where 𝑆𝑊 denotes the surface of trailing edge wake.  

 
Figure 2.2 Hydrofoil and trailing edge wake in uniform flow stream. 𝑛+ and 𝑡 are the coordinates 

normal and tangential to the wake sheet respectively. 

 

 The second integral in Equation 7 can be written as: 

 

∫ [
𝜕𝜙𝑞

𝜕𝒏𝑞
𝐺(𝑝, 𝑞) − 𝜙𝑞

𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
] 𝑑𝑠

𝑆𝑊

= ∫ [(
𝜕𝜙𝑞

+

𝜕𝒏𝑞
+ −

𝜕𝜙𝑞
−

𝜕𝒏−𝑞
)𝐺(𝑝, 𝑞) − (𝜙𝑞

+ − 𝜙𝑞
−)
𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
+ ] 𝑑𝑠

𝑆𝑊

 

(8) 
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where the superscripts + and – correspond to the upper and lower surface of 𝑆𝑊, respectively.  

 For the lower and the upper surface of 𝑆𝑊 to stay together, we should have for the total 

fluid velocities on the two side of the wake sheet, �⃗� + and �⃗� −: 

 

�⃗� + ∙ �⃗� + = �⃗� − ∙ �⃗� + =
𝜕Φ+

𝜕𝑛+
=
𝜕Φ−

𝜕𝑛+
= 0 (9) 

�⃗� + ∙ 𝑡 = �⃗� − ∙ 𝑡  (10) 

 

 

where Φ is the total potential which consists of the potential associated to the incoming flow Φ𝑖𝑛 

and the perturbation potential 𝜙 as follows: 

 

Φ = Φ𝑖𝑛 + 𝜙 (11) 

 

 

Therefore, the third term in Equation (9) can be written as: 

 

𝜕Φ+

𝜕𝑛+
=
𝜕Φ−

𝜕𝑛+
=
𝜕(Φ𝑖𝑛 + 𝜙

+)

𝜕𝑛+
=
𝜕(Φ𝑖𝑛 + 𝜙

−)

𝜕𝑛+
=
𝜕𝜙+

𝜕𝑛+
=
𝜕𝜙−

𝜕𝑛+
 (12) 

 

 

And Equation (10) renders: 

 

𝜕Φ+

𝜕𝑡
=
𝜕Φ−

𝜕𝑡
 ⇒ 

𝜕(Φ+ −Φ−)

𝜕𝑡
= 0 (13) 
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Equation (13) means that the jump of the potential across the wake remains constant along the 

wake: 

 

Φ+ −Φ− = 𝜙+ − 𝜙− = Δ𝜙𝑊 (14) 

 

By using Equation (12) and (14), Equation (7) will finally become: 

 

ϕ𝑝

2
= ∫ [

𝜕𝜙𝑞

𝜕𝒏𝑞
𝐺(𝑝, 𝑞) − 𝜙𝑞

𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
] 𝑑𝑠

𝑆𝐵

−∫ Δ𝜙𝑊
𝜕𝐺(𝑝, 𝑞)

𝜕𝑛+
𝑑𝑠

𝑆𝑊

 (15) 

 

 

From the kinematic boundary condition of the total potential Φ, the strength of the source potential 

can be easily obtained: 

 

𝜕𝜙

𝜕n
= −�⃗⃗� 𝑖𝑛 ∙ �⃗�  ; on the foil surface. (16) 

 

 

Also, the Kutta condition can be shown that it reduces to Morino’s condition [23]: 

 

Δ𝜙𝑊 = 𝜙𝑇
+ − 𝜙𝑇

− (17) 

 

 

where 𝜙𝑇
+ and 𝜙𝑇

− denote the potentials at the upper (suction) and the lower (pressure) side of the 

trailing edge of hydrofoil respectively. By using Equation (16), Green’s formula for the hydrofoil 

problem finally becomes: 
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ϕ𝑝

2
= ∫ [(−�⃗⃗� 𝑖𝑛 ∙ 𝒏𝑞)𝐺(𝑝, 𝑞) − 𝜙𝑞

𝜕𝐺(𝑝, 𝑞)

𝜕𝒏𝑞
] 𝑑𝑠

𝑆𝐵

−∫ Δ𝜙𝑊
𝜕𝐺(𝑝, 𝑞)

𝜕𝑛+
𝑑𝑠

𝑆𝑊

 (18) 

 

 

Equation (18) is a Fredholm integral equation of the second kind for the unknown 𝜙. This analytic 

formulation will be solved for the unkown quantity, ϕ𝑝 by using numerical implementation.  

2.2 Numerical Implementation  

Assuming that the hydrofoil in Figure 2.2 is discretized into 𝑁 straight panels, and its wake into 

𝑁𝑊 straight panels, perturbation potential formulation of Equation (18) can be discretized into the 

following form: 

 

ϕ𝑗

2
= ∑ (−�⃗⃗� 𝑖𝑛 ∙ 𝒏𝑖)∫ 𝐺(𝑗, 𝑖) 𝑑𝑠𝑖

𝑆𝐵𝑖

𝑁

𝑖=1,𝑖≠𝑗

− ∑ 𝜙𝑖∫
𝜕𝐺(𝑗, 𝑖)

𝜕𝒏𝑖
𝑑𝑠𝑖

𝑆𝐵𝑖

𝑁

𝑖=1,𝑖≠𝑗

− Δ𝜙𝑊∑∫
𝜕𝐺(𝑗, 𝑘)

𝜕𝑛𝑘
𝑑𝑠𝑘

𝑆𝑊𝑘

𝑁𝑤

𝑘=1

 

(19) 

 

 

where 𝑗 and 𝑖 are control point and variable point at midpoint of panel 𝑗 and panel 𝑖 on hydrofoil 

respectively. 𝑘 denotes variable point at midpoint of panel 𝑘 on wake surface. 𝑆𝐵𝑖 and 𝑆𝑊𝑘
 are the 

area of panel 𝑖 and 𝑤 on hydrofoil and wake surface, respectively. Equation (19) can be written 

into the form: 

 

∑𝐴𝑗𝑖𝜙𝑖

𝑁

𝑖=1

+W𝑗Δ𝜙𝑊 =∑(−�⃗⃗� 𝑖𝑛 ∙ 𝒏𝑖)𝐵𝑗𝑖

𝑁

𝑖=1

 (20) 
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where, 

 

𝐴𝑗𝑖 = ∫
𝜕𝐺(𝑗, 𝑖)

𝜕𝒏𝑖
𝑑𝑠𝑖

𝑆𝐵𝑖

, 𝑗 ≠ 𝑖, 𝐴𝑖𝑖

=
1

2
 (dipole influence coefficient of panel 𝑖 on control point 𝑗) 

W𝑗 =∑∫
𝜕𝐺(𝑗, 𝑘)

𝜕𝑛𝑘
𝑑𝑠𝑘

𝑆𝑊𝑘

𝑁𝑤

𝑘=1

 (dipole influence coefficient of wake panel 𝑘 on control point 𝑗) 

𝐵𝑗𝑖 = ∫ 𝐺(𝑗, 𝑖) 𝑑𝑠𝑖
𝑆𝐵𝑖

 (source influence coefficient of panel 𝑖 on control point 𝑗). 

2.3 Three-Dimensional Inviscid Formulation 

Three-dimensional inviscid formulation is basically the same as two-dimensional formulation 

except for the consideration of the interaction between different strips. A three-dimensional 

geometry of a blade with its trailing wake is given in Figure 2.3. Assume that the blade and its 

wake are discretized into 𝑁 and 𝑁𝑤 panels in the chordwise and streamwise direction, respectively. 

Both geometries are discretized into 𝑀 strips in spanwise direction. 
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Figure 2.3 Paneling of a 3-D blade and wake. 

To account for the interaction between different strips, the discretized form of Equation (21) should 

be written in a matrix form as: 

 

(

𝑨𝟏𝟏 𝑨𝟏𝟐

𝑨𝟐𝟏 𝑨𝟐𝟐
⋯ 𝑨𝟏𝑴

⋯ 𝑨𝟐𝑴

⋮ ⋮
𝑨𝑴𝟏 𝑨𝑴𝟐

⋱ ⋮
⋯ 𝑨𝑴𝑴

)

(

 

𝝓𝟏

𝝓𝟐

⋮
𝝓𝑴)

 

= −(

𝑾𝟏𝟏 𝑾𝟏𝟐

𝑾𝟐𝟏 𝑾𝟐𝟐
⋯ 𝑾𝟏𝑴

⋯ 𝑾𝟐𝑴

⋮ ⋮
𝑾𝑴𝟏 𝑾𝑴𝟐

⋱ ⋮
⋯ 𝑾𝑴𝑴

)(

Δ𝜙𝑊,1
Δ𝜙𝑊,2
⋮

Δ𝜙𝑊,𝑀

)

+ (

𝑩𝟏𝟏 𝑩𝟏𝟐

𝑩𝟐𝟏 𝑩𝟐𝟐
⋯ 𝑩𝟏𝑴

⋯ 𝑩𝟐𝑴

⋮ ⋮
𝑩𝑴𝟏 𝑩𝑴𝟐

⋱ ⋮
⋯ 𝑩𝑴𝑴

)(

𝑺𝟏

𝑺𝟐

⋮
𝑺𝑴

) 

(21) 
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where 𝑨𝑷𝑸 is a matrix of size 𝑁×𝑁 which denotes the dipole influence coefficients of blade panels 

at strip Q on blade panels at strip P. It can be written as: 

 

𝑨𝑷𝑸 = [𝐴𝑗𝑖
𝑃𝑄] =

(

 
 
𝐴11
𝑃𝑄 𝐴12

𝑃𝑄

𝐴21
𝑃𝑄 𝐴22

𝑃𝑄

⋯ 𝐴1𝑁
𝑃𝑄

⋯ 𝐴2𝑁
𝑃𝑄

⋮ ⋮

𝐴𝑁1
𝑃𝑄 𝐴𝑁2

𝑃𝑄
⋱ ⋮

⋯ 𝐴𝑁𝑁
𝑃𝑄

)

 
 

𝑁×𝑁

 (22) 

 

 

where 𝐴𝑗𝑖
𝑃𝑄

 is the dipole influence coefficient of panel i at strip Q on control point j at strip P. 

𝝓𝑷 is a vector matrix of size 𝑁×1 which denotes the velocity potential at strip P which is in the 

form of: 

 

𝝓𝑷 = [𝜙𝑖
𝑃] =

(

 

𝜙1
𝑃

𝜙2
𝑃

⋮
𝜙𝑁
𝑃)

 

𝑁×1

 (23) 

 

 

𝜙𝑖
𝑃 is the velocity potential on panel i of strip P. 

𝑾𝑷𝑸 is a matrix of size 𝑁×𝑁𝑊 which denotes the dipole influence coefficients of wake panels at 

strip Q on blade panels at strip P. It can be written as: 

 

𝑾𝑷𝑸 = [𝑊𝑗𝑖
𝑃𝑄] =

(

 
 

𝑊11
𝑃𝑄 𝑊12

𝑃𝑄

𝑊21
𝑃𝑄 𝑊22

𝑃𝑄

⋯ 𝑊1𝑁𝑊
𝑃𝑄

⋯ 𝑊2𝑁𝑊
𝑃𝑄

⋮ ⋮

𝑊𝑁1
𝑃𝑄 𝑊𝑁2

𝑃𝑄
⋱ ⋮

⋯ 𝑊𝑁𝑁𝑊
𝑃𝑄

)

 
 

𝑁×𝑁𝑊

 (24) 
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where 𝑊𝑗𝑖
𝑃𝑄

 is the dipole influence coefficient of wake panel i at strip Q on blade panel j at strip P.  

Δ𝜙𝑊,𝑃 is the trailing wake strength at wake strip P. Note that this is scalar quantity since the trailing 

wake strength is a constant along each strip in steady problem. 

𝑩𝑷𝑸 is a matrix of size 𝑁×𝑁 which denotes the source influence coefficients of blade panels at 

strip Q on blade panels at strip P. It can be written as:  

 

𝑩𝑷𝑸 = [𝐵𝑗𝑖
𝑃𝑄] =

(

 
 
𝐵11
𝑃𝑄 𝐵12

𝑃𝑄

𝐵21
𝑃𝑄 𝐵22

𝑃𝑄

⋯ 𝐵1𝑁
𝑃𝑄

⋯ 𝐵2𝑁
𝑃𝑄

⋮ ⋮

𝐵𝑁1
𝑃𝑄 𝐵𝑁2

𝑃𝑄
⋱ ⋮

⋯ 𝐵𝑁𝑁
𝑃𝑄

)

 
 

𝑁×𝑁

 (25) 

 

 

where 𝐵𝑗𝑖
𝑃𝑄

 is the source influence coefficient of blade panel i at strip Q on blade panel j at strip 

Q. 

𝑺𝑷 is a vector matrix of size 𝑁×1 which denotes the source strength at strip P which is in the 

form of: 

 

𝑺𝑷 = [𝑆𝑖
𝑃] =

(

 

𝑆1
𝑃

𝑆2
𝑃

⋮
𝑆𝑁
𝑃)

 

𝑁×1

 (26) 

 

 

𝑆𝑖
𝑃 is the source strength on blade panel i of strip P. 

Equation (21) is the final form of three-dimensional formulation of the panel method for the 

propeller problem in potential flow. It will be solved for the unknown velocity potentials, 𝜙 on the 

propeller boundary. Viscous/inviscid interactive method, which was introduced by [Yu 2012] and 
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[Purohit 2013], can be used to account for the viscous effects around two or three dimensional 

geometries. In this thesis, the panel method will remain within inviscid area. 
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Chapter 3  

Full Wake Alignment 

3.1 Steady Wake Alignment 

To predict the propeller performance using panel method, accurate prediction of the blade 

trailing wake geometry is essential. Wake alignment scheme in steady state is important because 

it provides the bases with which unsteady wake alignment starts its first iteration. Also, the 

engineering community is more interested in the steady (mean) performance of the propulsion 

system. Therefore, this thesis starts its investigation into wake alignment scheme for steady state. 

Then, the investigation will continue into the unsteady state in Section 3.4.  

3.1.1 Previous Research 

There have been several wake alignment schemes suggested for the prediction of steady 

performance of propeller. [Kerwin 1981] developed a relatively simple wake alignment model, 

PSF-2 wake alignment scheme. Then, [Greeley et al. 1982] further developed this model for the 

analysis in steady flow. PSF-2 wake model assumes wake region into two parts, i.e. transitional 

wake and ultimate wake. In the transitional wake, PSF-2 model first aligns the most inner and 

outer shedding vortex lines based on the computed flow. Vortex lines in the middle are interpolated 

using those two end lines. Induced velocity from the propeller and the contraction of the 

transitional wake are considered to evaluate the axial, tangential, and radial location of the 

transitional wake. On the other hand, ultimate wake is assumed to be infinitely extended into 

upstream and downstream by [Loukakis 1971]. [Tian. Y 2012] showed that proper wake alignment 

model can improve the predicted propeller performance particularly at the low advance ratio and 
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introduced a pseudo-unsteady wake alignment scheme (full wake alignment scheme, or simply 

FWA). [Kinnas et al. 2015] extended this scheme for ducted propellers by including the duct-

induced velocities in the FWA. In the case of ducted propeller, as will be discussed in the later 

section in detail, wake alignment model is critical because the blade trailing wake influences 

loading distribution over the duct in very close distance. This influence becomes even more 

significant in a zero-gap and square-tip ducted propeller case [Kinnas et al. 2015]. Similar methods 

were also applied by [Baltazar et al. 2013, 2015], who included a reduction in the pitch of the blade 

wake at its tip to account for the boundary layer over the duct inner surface.  

In this chapter, a lot of efforts have been given to improve FWA for open and ducted 

propeller in steady flow. FWA can also be applied to the unsteady wake alignment, which aligns 

the wake at each time step by using the aligned wake from steady state. Unsteady wake alignment 

is put aside for a moment and will be intensively investigated in the following section, based on 

the knowledge of the steady state.  

3.1.2 Basic Idea 

One of the biggest merits of the FWA is that it represents shedding vortex from trailing edge of 

the blade (or, simply wake) as a material surface. In other words, the locations of four corners of 

the wake panels are determined based on the local flow velocity, as shown in Figure 3.1. To locate 

the corner points at the accurate positions, the local flow velocity in the fluid domain needs to be 

carefully evaluated.  
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Figure 3.1 Key wake with local velocity vectors plotted on each nodal point of the wake 

 

FWA model starts its alignment by considering the incoming flow with its rotational component 

around propeller. The dominant inflow would be along helices with constant pitch when uniform 

inflow is assumed. The helices represent the wake panels, which are aligned based on only the 

uniform inflow without considering the perturbation velocity due to the propeller geometry. The 

helical wake panels are shown in Figure 3.2.  

 
Figure 3.2 Open propeller with helical wake aligned with the uniform inflow. 
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The perturbation velocity is evaluated at each nodal point on the wake panels, same as the inflow. 

Then, the mean perturbation velocity, 𝒖�̂� is evaluated between i-1th and ith nodes to calculate the 

perturbation velocity induced at ith node. 

 

𝒖�̂� =
1

2
(𝒖𝑖−1 + 𝒖𝑖) (3.1) 

 

 

This mean velocity is added up to the inflow to perturb the helical wake. To this end, the mean 

perturbation velocity is decomposed into the two directions by using the inner product; one along 

the inflow direction, �̂�𝑖,𝑠 and the other normal to the inflow direction, �̂�𝑖,𝑛. The former would be 

added up to the inflow velocity since both are in the same direction (note that �̂�𝑖,𝑠 is the inner 

product of the mean perturbation velocity onto the inflow direction). 

 

�̂�𝑖,𝑠 = �̂�𝑖 ∙ 𝒔𝑖 
(3.2) 

�̂�𝑖,𝑛 = �̂�𝑖 − �̂�𝑖,𝑠𝒔𝑖 
 

 

Where 𝒔𝑖 is the unit direction vector on a vortex segment which connects the i-1th to the ith point. 

Considering that the mean perturbation velocity is decomposed based on the inflow direction, 

having the correct helical wake which represents the direction of uniform inflow is very important. 

The algorithm that FWA uses to generate the helical wake is as follows.  

Consider the two consecutive points in a cylindrical coordinate system with subscripts i-1 and i.  
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𝑥𝑖 = 𝑥𝑖−1 +
𝑅𝐽𝑠∆𝜃

𝜋
 

(3.3) 
𝑟𝑖 = 𝑟𝑖−1 

𝜃𝑖 = 𝜃𝑖−1 + ∆𝜃 

 

Where 𝑥𝑖, 𝑟𝑖, and 𝜃𝑖 are the axial, the radial, and the tangential coordinates. R is the radius of the 

propeller, 𝐽𝑠 is the advance ratio, and ∆𝜃 is the parameter that determines the grid size of wake in 

streamwise direction. With the local velocity and the value of ∆𝜃, the axial length of a wake panel 

is determined. Reducing the value of ∆𝜃 will cause the increase in the number of wake panels to 

keep the wake length fixed in streamwise direction. Equation (3.3) can also be expressed in the 

local Cartesian coordinate system with subscripts 𝑖 and 𝑖 − 1: 

 

∆𝒔𝑖 = (

𝑅𝐽𝑠∆𝜃

𝜋
𝑟𝑖−1[cos(𝜃𝑖−1 + ∆𝜃) − 𝑐𝑜𝑠𝜃𝑖−1]

𝑟𝑖−1[sin(𝜃𝑖−1 + ∆𝜃) − 𝑠𝑖𝑛𝜃𝑖−1]

) 
(3.4) 

𝒔𝒊 =
∆𝒔𝑖
|∆𝒔𝑖|

 (3.5) 

 

 

where 𝑅 is the blade radius, 𝐽𝑠 is the advance ratio, and 𝑟𝑖 and 𝜃𝑖 are the radial and the tangential 

coordinates of the ith node on wake. ∆𝒔𝑖 is the vortex segment (the edge size of a wake panel in 

streamwise direction) connecting the i-1th to the ith point in Cartesian coordinate system. The 

essence of FWA is to fix the length of vortex segment, ∆𝒔𝑖 in the inflow direction and then to align 

the vortex line with the two velocity components: �̂�𝑖,𝑠 and �̂�𝑖,𝑛. In other words, vortex lines (strips 
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of wake panels) are firstly generated based on the inflow, and then the vortex lines are perturbed 

by the perturbation velocities. 

 

 
 

Figure 3.3 Helical inflow wake and the two components of the perturbation velocity, �̂�𝑖,𝑠 and �̂�𝑖,𝑛, 

induced along and normal to the inflow direction.  

 

3.1.3 Alignment Algorithm 

To derive the alignment algorithm, a pseudo unsteady alignment approach, which was introduced 

to simulate the leading edge vortex (LEV) for delta wings with sharp leading edge by [Tian and 

Kinnas 2011], is adopted. As drawn in Figure 3.4, consider a material line placed in a velocity 

field in the x and y directions:  
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Figure 3.4 Schematic plot of a material line before (𝑦𝑖
𝑛) and after (𝑦𝑖

𝑛+1) alignment in a pseudo 

unsteady alignment approach (note that the same denotation is used for the mean velocity in Figure 

3.5). 

 

In the two-dimensional case, as shown in Figure 3.4, the x and y directions are analogous to the 

inflow direction and the direction normal to inflow in the propeller problem, respectively. Also, 

Δ𝒙𝒊 is analogous to Δ𝒔𝒊 in Figure 3.3 and here indicates the vortex segment connecting i-1th point 

to ith point in the x direction.  

From the material line, we have 

 

𝑦 = 𝑦(𝑥, 𝑡) 
(3.6) 

𝑢𝑦 =
𝐷𝑦

𝐷𝑡
=
𝜕𝑦

𝜕𝑡
+ 𝑢𝑥

𝜕𝑦

𝜕𝑥
 (3.7) 

𝜕𝑦

𝜕𝑡
= 𝑞𝑦 − 𝑞𝑥

𝜕𝑦

𝜕𝑥
 (3.8) 
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Equation (3.8) can be discretized using the Euler-Explicit scheme for the unsteady terms and finite 

difference scheme for the slopes. Then, we get: 

 

𝑦𝑖
𝑛+1 = 𝑦𝑖

𝑛 +
∆𝑡

2
[(𝑢𝑖−1,𝑦

𝑛 + 𝑢𝑖,𝑦
𝑛 ) − (𝑢𝑖−1,𝑥

𝑛 + 𝑢𝑖,𝑥
𝑛 )
𝑦𝑖
𝑛 − 𝑦𝑖−1

𝑛

𝑥𝑖
𝑛 − 𝑥𝑖−1

𝑛 ] 

(3.9) = 𝑦𝑖
𝑛 + ∆𝑡 [�̂�𝑖,𝑦 − �̂�𝑖,𝑥

𝑦𝑖
𝑛 − 𝑦𝑖−1

𝑛

𝑥𝑖
𝑛 − 𝑥𝑖−1

𝑛 ]                                

         = (
∆𝑡

∆𝑥𝑖
�̂�𝑖,𝑥)

�̂�𝑖,𝑦∆𝑥𝑖

�̂�𝑖,𝑥
+ (1 − �̂�𝑖,𝑥

∆𝑡

∆𝑥𝑖
) 𝑦𝑖

𝑛 + �̂�𝑖,𝑥
∆𝑡

∆𝑥𝑖
𝑦𝑖−1
𝑛  

 

where �̂�𝑖,𝑥 =
1

2
(𝑢𝑖−1,𝑥
𝑛 + 𝑢𝑖,𝑥

𝑛 ), �̂�𝑖,𝑦 =
1

2
(𝑢𝑖−1,𝑦
𝑛 + 𝑢𝑖,𝑦

𝑛 ), and ∆𝑥𝑖 = 𝑥𝑖
𝑛 − 𝑥𝑖−1

𝑛 . Defining ∆𝑡𝑖
∗ =

∆𝑥𝑖

𝑢𝑖,𝑥
, 

and 𝛽 =
∆𝑡

∆𝑡𝑖
∗, we rewrite (3.9) as follows: 

 

𝑦𝑖
𝑛+1 = �̂�𝑖,𝑦∆𝑡 + (1 −

∆𝑡

∆𝑡𝑖
∗)𝑦𝑖

𝑛 +
∆𝑡

∆𝑡𝑖
∗ 𝑦𝑖−1

𝑛       
(3.10) 

= 𝛽�̂�𝑖,𝑦∆𝑡𝑖
∗ + (1 − 𝛽)𝑦𝑖

𝑛 + 𝛽𝑦𝑖−1
𝑛  

𝑧𝑖
𝑛+1 = �̂�𝑖,𝑧∆𝑡 + (1 −

∆𝑡

∆𝑡𝑖
∗) 𝑧𝑖

𝑛 +
∆𝑡

∆𝑡𝑖
∗ 𝑧𝑖−1

𝑛       
(3.11) 

= 𝛽�̂�𝑖,𝑧∆𝑡𝑖
∗ + (1 − 𝛽)𝑧𝑖

𝑛 + 𝛽𝑧𝑖−1
𝑛  

 

Notice that the alignment Equations (3.10) and (3.11) are derived based on the two-dimensional 

plane under horizontal inflow. The idea behind this approach is that the vortex segment has the 

fixed length of ∆𝑥𝑖 and the vertical coordinates, i.e. 𝑦 or 𝑧 are changed along the line which is 

normal to the vortex segment. Numerically, Equations (3.10) and (3.11) behave like an upwind 

scheme since the vortex segment is in the direction of the dominant inflow.  



27 

 

Unlike the alignment procedure in the two-dimensional problem which is quite straight 

forward, three-dimensional problem, such as the flow around a propeller, requires the alignment 

scheme to consider a rotational component of the inflow. Defining ∆𝑡𝑖
∗ =

|∆𝒔𝑖|

(𝑢𝑖,𝑠
∆𝜃

𝑤𝑝𝑟𝑜𝑝
+|𝒔𝑖|)

=

|∆𝒔𝑖|

(𝑢𝑖,𝑠
∆𝜃

𝑤𝑝𝑟𝑜𝑝
+1)

 and 𝛽 =
∆𝑡

∆𝑡𝑖
∗, we can obtain the final expression for the wake alignment scheme for the 

propeller wake: 

 

𝑿𝑖
𝑛+1 = �̂�𝑖,𝑛∆𝑡 + (1 −

∆𝑡

∆𝑡𝑖
∗)𝑿𝑖

𝑛 +
∆𝑡

∆𝑡𝑖
∗ (𝑿𝑖−1

𝑛 + ∆𝒔𝑖) 
(3.12) 

= 𝛽�̂�𝑖,𝑛∆𝑡𝑖
∗ + (1 − 𝛽)𝑿𝑖

𝑛 + 𝛽(𝑿𝑖−1
𝑛 + ∆𝒔𝑖) 

 

 

where superscript n denotes the coordinates at nth time step, with 𝑿𝑖  being the vector from the 

origin to the point i on wake sheet. Based on Equation (3.12), the helical inflow wake will be 

aligned into the two directions, i.e. the inflow direction and the direction normal to the inflow. The 

basic idea is the same as two-dimensional problem except that the vortex segment is placed on a 

helix in this case. It would be interesting to compare Figure 3.5 below with Figure 3.4 to understand 

how the alignment scheme in the simple two-dimensional case is transformed into the three-

dimensional propeller problem. 
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Figure 3.5 Schematic plot of a vortex line before (𝑿𝑖

𝑛) and after (𝑿𝑖
𝑛+1) alignment using FWA. 

 

The FWA is basically based on the iterative method to reach a fully aligned steady wake. For the 

first outer iteration, the panel method generates a helical wake based on the inflow. Blade and hub 

are generated before wake is formed. In the case of the ducted propeller case, panels on the duct 

and duct wake are adapted to the helical wake before starting the outer iteration. With these initial 

geometries, the potential equation is solved to evaluate the potentials over the discretized propeller 

body. Once the potentials are calculated, FWA starts the inner iterations to align the blade wakes. 

During these inner iterations, the potentials do not change. However, the velocity components, i.e. 

inflow and the perturbation velocity evaluated at wake panels keep changing since the wake panels 

are repeatedly updated until the inner iteration reaches the maximum iteration number. The inner 

iteration is also terminated if the convergence criterion regarding the wake geometry is satisfied. 
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Due to the movements of the wake panels during the inner iterations, the perturbation velocity 

induced on the wake is reevaluated. Once the inner iteration terminates with the firstly aligned 

wake for the next outer iteration, the FWA begins the next outer iteration to solve the potential 

equation based on the influence coefficients from the updated wake. This process will be repeated 

until the outer iteration reaches its maximum iteration number or a converged blade force is 

achieved. If the repaneling process on the duct is included, influence coefficients from the 

repaneled the duct and the duct wake should also be reevaluated. Since the repaneling process is 

conducted along with FWA algorithm, the repaneling process remains to be discussed in Section 

3.2. Figure 3.6 summarizes the iterative steps built in FWA. 

 
Figure 3.6 Flowchart of the iterative algorithm constructed in FWA scheme. 
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3.1.4 Inflow Consideration 

The FWA scheme assumes uniform inflow. To handle the case with non-uniform inflow, the 

helical shape of the inflow wake should be changed according to the inflow profile, which can be 

non-uniform. To this end, the algorithm generating the inflow wake needs to be modified such that 

it can consider the information on the incoming flow. Therefore, the vortex segment connecting 

the i-1th and the ith points in the Cartesian system should be generated based on Equation (3.13) 

instead of Equation (3.4).  

 

∆𝒔𝑖 = 𝑈𝑖�̂�𝑖 ∗ ∆𝑡 =

(

 
 
 

1

2
(𝑈𝑥⃗⃗ ⃗⃗  𝑖−1 + 𝑈𝑥

⃗⃗ ⃗⃗  
𝑖
) ∗ ∆𝑡

1

2
(𝑈𝑦⃗⃗ ⃗⃗  𝑖−1 + 𝑈𝑦

⃗⃗ ⃗⃗  
𝑖
) ∗ ∆𝑡

1

2
(𝑈𝑧⃗⃗⃗⃗ 𝑖−1 + 𝑈𝑧

⃗⃗⃗⃗ 
𝑖
) ∗ ∆𝑡)

 
 
 

 (3.13) 

 

where 𝑈𝑖�̂�𝑖 denotes the mean inflow velocities evaluated using the inflow velocities at the i-1th 

and the ith nodal points on the wake panels. 

Different from Equation (3.4), which finds the ith point on the helice with a constant radius of 𝑟𝑖−1, 

Equation (3.13) calculates the ith point based on the local inflow velocity which is evaluated at 

each nodal point. The inflow velocities are evaluated based on the interpolation of effective wake, 

which is given in the form of harmonics as an input data. Once the inflow wake is generated based 

on Equation (3.13), rest of the alignment algorithm is the same as the case in uniform inflow. 

Figure 3.7 shows the fully aligned wake from the panel method using FWA in uniform and non-

uniform inflow. The non-uniform inflow cases are somewhat extreme, but presented here to clearly 

show the difference in the aligned wake based on the different inflow profiles. Note that the effect 
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of hub on the wake is not considered here. In other words, the perturbation velocity from hub is 

not included in the velocity that FWA uses to align the wake. This is why the wake panels very 

near the hub have curling.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.7 Fully aligned wake panels using FWA in (a) uniform and (b, c) non-uniform inflow. 
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3.2 Repaneling of the Duct and the Duct Wake 

In this section, FWA is applied to ducted propeller with an emphasis on the duct paneling. 

Numerical results in this section show that proper paneling on the duct improve not only the 

stability of FWA scheme but also the predicted loading on the blade (especially, toward the blade 

tip). The performance prediction of a square-tip ducted propeller is addressed with the effects of 

panel distribution on both the duct and the duct wake. As shown in Figure 3.8, the square tip KA4-

70 ducted propeller inside the 19Am sharp-trailing-edge duct is used in this study. An infinite hub 

is adopted and a sealed gap is assumed between the blade tip and the duct inner side. 

 

 

Figure 3.8 KA4-70 ducted propeller geometry (upper) and the duct cross section shape (lower). 
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3.2.1 Algorithm 

In the present method, a helical wake is used for the blade (based on the advance ratio), and the 

panels on the duct and duct wake are adapted according to the helical blade wake. Based on the 

solution from this initial propeller geometry, inner iterations (the same denotation defined in 

section 3.1.3 is used to be consistent throughout this thesis) within FWA are conducted to align 

the blade wake. During these inner iterations, the panels on the duct and its wake, as well as the 

potentials on the duct and its wake and on the blade and its wake do not change. During the inner 

iterations, only the shape of the blade wake is modified based on the FWA scheme. The velocities 

induced by the blade and its wake and the duct and its wake on the blade wake are reevaluated at 

the beginning of each inner iteration. Once the inner iterations have reached convergence (again, 

in terms of the wake geometry), the outer iterations begin. Before starting a new outer iteration, 

FWA is required to determine a repaneling option among the following two repaneling options.  

3.2.2  The Two Repaneling Options 

(a) Option 1: The duct and the duct wake panels are not modified, i.e. they are kept the same as 

the initial geometries, which are repaneled based on the helical blade wake. The blade wake panels 

keep changing throughout the iterations in FWA. 

(b) Option 2: At the beginning of each outer iteration, the duct and the duct wake panels are 

adapted to the blade wake panels, which are updated from the last inner iteration. 

 

In both options above, the potentials on the blade, hub, and duct are reevaluated at each 

outer iteration. Note that in Option 1 the panels on the duct and its wake do not change but the 

potentials on the blade, hub, and duct are changing since the blade wake has been updated. A 
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variation of Option 1 was introduced by [H. Fan 2015]. Figure 3.9 summarizes the procedure of 

FWA including the two repaneling options.  

 

 

 
 

Figure 3.9 Flow chart of FWA with duct and duct wake repaneling options. 
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Figure 3.10 Blade/duct wake from the first (left) and second (right) iteration in FWA with 

repaneling Option 1. Red circles clearly show duct and duct wake are not adapted to the blade 

wake in the second iteration. KA4-70 ducted propeller is used at the design advance ratio, Js=0.50. 

 

 

 

 
 

Figure 3.11 Blade/duct wake from the first (left) and second (right) iteration in FWA with 

repaneling Option 2. Red circles clearly show duct and duct wake are adapted to the blade wake 

in the second iteration. KA4-70 ducted propeller is used at the design advance ratio, Js=0.50. 
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At the end of an inner iteration loop (just before a new outer iteration begins), the outer 

edge of the blade wake might intersect the duct inner surface or the duct wake. Duct wake here is 

assumed to be a cylinder, which starts from the duct trailing edge. If the intersection happens, the 

outer edge of the blade wake is forced in the radial direction to be located at the duct inner surface 

or the duct wake surface. The intersection might happen because the natural behavior of the 

shedding vortex from the trailing edge of the duct is ignored by assuming the cylindrical shape of 

the duct wake, which is unrealistic in the real case. The best way of resolving this issue is to align 

the duct wake using FWA as in the case of the blade wake. This has been done, and FWA applied 

to the duct wake is investigated later in section 3.3 in detail.  

Penetration problem between the outer edge of the blade wake and the duct inner surface 

requires a different treatment from what is used for the penetration between the blade wake and 

the duct wake. This is because duct geometry is set to be the wall with the wall boundary condition, 

which does not allow for an alignment scheme to change the outline of the duct. When the aligned 

blade wake happens to penetrate this wall, therefore, wake panels are geometrically redistributed 

to avoid the singularities due to the penetration. To this end, cubic spline interpolation is used to 

approximate the duct inner surface, then if the aligned wake falls above the approximated surface, 

the exceeded part will be cut off by the surface. To keep the same number of wake panels in 

spanwise direction after the truncation, panels are redistributed on the remaining part of the wake. 

The effects of the repaneling options on the performance predictions of the ducted 

propellers are presented in Chapter 4. Correlations with the results from the experiments and 

RANS simulations are investigated to validate the results from the panel method.  
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3.2.3 Treatment of Control Point on the Duct Panel 

Considering most of the offshore structures use ducted propeller as their primary 

propulsion source to be stationary at a specific location in the ocean, predicting the performance 

of ducted propellers in the lower advance ratio becomes important.  

 
 

Figure 3.12 ducted propeller attached to an offshore structure [32] which keeps its position in the 

ocean with the help of the ducted propeller and dynamic positioning system (DPS) [33]. 

 

In order to predict the reasonable results using repaneling Option 2, especially at the low 

advance ratios, careful attention needs to be given to the control points on the non-planar panels. 
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The locations of the control points on the planar panels, which have its four corners on the same 

plane, are located at the same plane as the corner points (Figure 3.14). However, in the case of 

non-planar panels, control points are not located at the same plane as the corner points (Figure 

3.13).  

 
 

Figure 3.13 Non-planar panels with contour (left)/without contour (right). Control points (red 

circle) are not on the same plane as the panel corners (blue circles). 

 

 
Figure 3.14 Planar panels with contour (left)/without contour (right). Control points (red circle) 

are on the same plane as the panel corners (blue circles). 
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If the locations of the control points on duct panels are wrongly evaluated due to the non-

planarity of the duct panels, the control points can get closer to the outer edge of wake panels in 

the radial directions. If the distance between a control point and wake panels become too close, 

abnormal velocities are induced on the wake panels when evaluating the perturbation velocity from 

duct. As a result, wake panels get severely distorted, leading to the crash of wake alignment scheme.  

Figure 3.15 shows ducted propellers with the aligned wake at several advance ratios, i.e. 

Js=0.3, 0.5, and 0.7. The only half and a quarter of the propeller geometry and wake are presented 

respectively for clarity. As shown, in the case of the lower advance ratios, blade wakes do not 

advance farther to downstream from blade than the case with the higher advance ratios. Therefore, 

duct panels become compact and should rotate further to the circumferential direction to be adapted 

to the wake panels which are compact in the axial direction. As a result, duct panels become non-

planar panels, as shown in Figure 3.16. The ‘twisted’ duct panels produce wrong locations of the 

control points which might get closer to the outer edge of blade wake. Figure 3.17 summarizes 

how the singular behaviors happen to the wake panels due to the wrong position of the control 

points on the duct panels. 

 

 

 

 

 

 

 



40 

 

 
(a) 

 
(b)

 
(c) 

Figure 3.15 Wake and duct geometry of KA4-70 ducted propeller in three-dimensional plot (left) 

and two-dimensional plot (right) at Js=(a) 0.30, (b) 0.50, and (c) 0.70. Duct wake is not presented 

here. 
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Figure 3.16 Panel distributions on duct surface. Panels are adapted to the blade wake at Js=0.7  

(left), 0.5 (middle), and 0.3 (right). Duct geometries are taken from KA4-70 ducted propeller. 
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Figure 3.17 Distortion of the wake panels due to the abnormally induced velocity at the low 

advance ratios. 

 

 

To resolve this problem, the non-planar panels are forced to become planar panels before 

evaluating the locations of the control points at the centroid of each panel. Among the four corner 

points on a non-planar panel, the circumferential offset of the two points on downstream side are 

forced in circumferential direction to be the same locations as their counter points on the other 

side. In other words, one side of a non-planar panel is rotated into the rotating direction of the 

blade. Although each point might have different radial locations depending on the outline of duct 

surface, it helps to find proper locations of a control point by changing the non-planar panel into 

‘stretched’ panel on duct surface. By replacing the radial coordinates of control points on the non-

planar panel with the one evaluated on a stretched panel, the singular behaviors on the blade wake 

can be effectively avoided. As a result, this treatment improved the convergence of repaneling 
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Option 2 such that it can produce more stable convergence history of propeller performance at the 

low advance ratio, compared to the other choice, Option 1. It will be more addressed by comparing 

the results from the panel method using both repaneling options with those from the experiments 

in Chapter 5.  

 

 
Figure 3.18 Replacement of the radial locations of the control points by stretching the non-planar 

panels on the duct. 

 

3.2.4 Effect of Panel Adaptation on Loading Distribution over Blade 

As mentioned earlier, the results from the current panel method are improved if blade/blade wake 

adapted grid on the duct/duct wake is used. In addition to the panel alignment between the blade 

wake and the duct inner side, panel alignment between blade tip and duct inner side is also 
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important to produce the correct loading distribution over the blade, especially toward the blade 

tip. For a square tip blade case with zero gap, in which blade tip touches duct inner side along the 

chord, panel matching or mismatching between the two geometries end up with different 

circulation distributions around the blade tip. Figure 3.19 demonstrates the adapted and not adapted 

grids on the duct, and the resulting circulations are presented in Figure 3.20. It is worthwhile to 

note the apparent drop of the circulation close to the tip in case duct panels are not adapted with 

the blade tip. The circulation from the blade adapted grid on the duct appears to resemble more 

that due to the wall effect of the duct inner surface. Even though zero gap is assumed here, gap 

model can be implemented in the future as done by [S. H. Chang and Kinnas 2012]. 

 When the repaneling process was firstly introduced by [H. Fan 2015], his method went 

through the two steps. In other words, two separate calculations were made without the interface 

which connects and interacts between those two runs. For the first step, neither the duct panels nor 

the duct wake panels were aligned to the blade wake, and the pitch of the duct panels was set to be 

the same as the blade pitch with full cosine panel spacing along the chordwise direction. The same 

spacing was also assumed to the duct wake. FWA was used to generate the fully aligned wake, 

and the aligned wake is saved for the next step, in which he solved the potential equation using 

PSF-2 type wake alignment scheme. Instead of using the simplified form of the blade wake from 

PSF-2, the wake he used in the second step was from the previously saved data in the first step. 

Pitch of the duct was assumed to be constant, and neither the blade panels nor the blade wake 

panels were adapted to the duct panels. Due to the panel mismatching between the blade and the 

duct inner side, circulation distribution on the blade showed the drop around the blade tip, similar 

to the result in Figure 3.20. 
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Figure 3.19 Panel distribution on the ducted propeller with square blade tip. Panels on the duct are 

adapted (lower) / not adapted (upper) with the blade tip. 
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Figure 3.20 Circulation distribution over the square tip blade with duct panels adapted to blade tip 

and not adapted to blade tip. KA4-70 ducted propeller is used at the design advance ratio, Js=0.50. 
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3.3 Duct Wake Alignment 

In this section, FWA is applied to the duct wake in the same way of aligning the blade 

wake. Although the previous panel method has been improved for the prediction of the ducted 

propeller performance, the wake alignment scheme in the previous method was based on a 

cylindrical geometry of duct wake. Given that the free vortex sheets shed from the trailing edge of 

a duct are the material surface, which should be aligned based on the local flow velocity, the 

uniform shape of the duct wake was unnatural and somewhat artificial.  

 
Figure 3.21 Geometry of the ducted propeller with cylindrical duct wake. 

 

In this section, the wake sheets of the trailing vortex of the duct will be improved by aligning it 

with the local flow velocity as in the case of the blade wake. The results from RANS simulations 

will be presented in Chapter 4 for the correlations with those from the panel method. Also, in the 
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same chapter, the experimental measurements are also adopted for the validation of the predicted 

blade forces from the panel method. 

3.3.1 Introduction 

To properly predict the performance of the ducted propellers, a wake alignment scheme is 

also required to duct wake. Within the previous panel method, FWA has produced better 

performance of the ducted propeller compared to the other wake alignment model, such as PSF-2. 

However, the FWA, in the previous case, has only been applied to the blade wake. In other words, 

the effects of the duct wake on the blade wake were based on the uniform distribution of the duct 

wake. With the cylindrical distribution of the wake panels, physical behavior of the trailing vortex 

of the duct wake could not be well represented. Although the stiffened form of the duct wake has 

minor effects on the predicted results due to its interval from the blade where control points are 

located, blade wake after the trailing edge of the duct needs to be post processed to prevent 

penetrations between the blade wake and the duct wake. The penetration between the blade wake 

and duct wake before and after the post processing are presented in Figure 3.22 and 3.23. 

 
Figure 3.22 Penetration of the blade wake on the duct wake. 
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Figure 3.23 The paneling of the blade wake after resolving the problem of panel penetration. 

 

Ideally, the wake sheets of the trailing vortex of the duct also need to be aligned with the 

local flow velocity same as the blade wake by considering the effects of the hub, blade/blade wake, 

duct, and duct wake itself. Therefore, the same algorithm of FWA in blade wake is also applied to 

duct wake within the framework of a low-order panel method. The numerical implementation of 

the alignment scheme is focused on the steady performance of duct wake.  

3.3.2 Algorithm 

Before aligning the duct wake, the effects of the blade, duct and blade wake on the duct 

wake are considered in terms of the induced velocity. The interactions between the blade wake 

and duct wake will cause the duct wake to curl near the tip of the blade wake. This curling will be 

more investigated with the results in Chapter 4. Since aligning duct wake is mainly affected by the 

blade wake due to the close distance between each other, duct wake alignment is conducted after 

the blade wake is generated at each iteration in FWA. Figure 3.25 describes the general flow chart 

of the FWA scheme in case the alignment on duct wake is included. Figure 3.24 describes the same 
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case, but the alignment on duct wake is not included. Note that when FWA is applied to both the 

blade wake and duct wake, only repaneling Option 2 is adopted to improve the convergence of the 

predicted results. Repaneling process on the duct wake is conducted such that the first strip of the 

duct wake sheet is forced to be aligned to the duct trailing edge, but the rest part of the duct wake 

sheet is determined by FWA. 

 

 
 

Figure 3.24 Flow chart of FWA without duct wake alignment. 
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Figure 3.25 Flow chart of FWA with blade and duct wake alignment. 

 

 

For each iteration, both the blade wake and the duct wake are aligned based on the wake 

geometries at the current iteration step, which means both wakes are affecting each other and being 

aligned at the same time step. It produces better correlation of their relative positions around the 
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tip of blade wake than the case which aligns both wakes based on the wake geometries from the 

previous time step.  

 
Figure 3.26 Flow chart of duct wake alignment using FWA. 
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3.3.3 Numerical Results 

In the panel method, vortex shed from both the duct and the blade trailing edge is 

represented by the distribution of the wake panels. Since the planar panels cannot represent the 

diffusion effects of the shedding vortex in the panel method, the diffused shedding vortex will be 

replaced by the concentrated vortex. Then, the concentrated vortex will be placed on the wake 

panels, which are to be distributed based on the local flow velocity by FWA.  

Since FWA is based on the iterative method, it will take several iterations for the aligned 

wake to reach fully converged shape. Figure 3.27 presents the convergence history of the wake 

panels during the wake alignment scheme applied on both the duct wake and the blade wake in the 

design advance ratio of 0.50. Two-dimensional plots based on the planes cutting through the center 

of propeller geometry are also presented to show the detailed distribution of the wake panels during 

the iterations in FWA.   
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(a) 

 
(b) 

 
(c) 

 

Figure 3.27 Convergence history of the full wake alignment scheme applied to both the blade wake 

and the duct wake (only part of the propeller geometry if shown for clarity) at the (a) 1st, (b) 5th, 

and (c) last iteration out of 30 loops. Black solid lines on the right column figures mean the 

concentrated shedding vortex without diffusion effect in the panel method. KA4-70 ducted 

propeller is used at the design advance ratio, Js=0.50. 
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As it can be seen from the figures above, FWA starts its first iteration based on the helical and 

cylindrical shapes for the blade wake and duct wake, respectively. Then, the iteration will continue 

until the wake reaches its converged shape based on the predefined convergence criteria. The 

correlation of the wake distributions between the results from the panel method and RANS 

simulations are shown in Chapter 4. 

3.4 Unsteady Wake Alignment 

3.4.1 Introduction 

The topic of this section begins with a question on the limitation of steady wake alignment. 

Steady wake alignment scheme is a quite appropriate option for the cases in axisymmetric inflow 

due to its fast and stable calculations. However, in the case of unsteady flow such as the inclined 

shaft flow or even more general effective wake, unsteady wake alignment scheme is required to 

take into account the variation of incoming flow with time. Although steady wake alignment 

scheme can also be used for unsteady problems, it turned out to be too time-consuming to apply 

steady scheme to all the time steps of unsteady simulation. Considering that one revolution consists 

of 60-time steps (in most cases), and an unsteady problem needs to be calculated through several 

revolutions until reaching the converged results, calculating time might become a severe numerical 

problem. Therefore, a new alignment scheme, which is oriented to the unsteady problem, needs to 

be developed for the panel method to go beyond the time independent problem. 

The hub effect on wake panels will be discussed not only in uniform flow but also in the 

inclined flow. As the wall effect of the duct to the outer edge of wake panels, hub geometry is also 

supposed to have the same effect to the wake near the hub. From uniform flow, which is relatively 
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free from the interaction between the wake and hub, focus of this section will be shifted into the 

penetration issue between the wake and hub in the inclined flow.  

3.4.2 Basic Algorithm 

In this section, a summary of unsteady wake alignment model, introduced by [H. Lee 2002] 

is made. Several assumptions in his work have been modified to account for FWA in unsteady 

state. The basic algorithm of potential flow assumptions in inviscid and irrotational flow will be 

revisited to derive the induced velocity on the wake surface. Then, the numerical method, which 

is implemented to compute the aligned wake geometry will be introduced in a progressive manner.  

The basic philosophy behind steady alignment model is also valid in unsteady state except for the 

consideration of time dependent variables.  

Consider a propeller subject to a non-axisymmetric inflow �⃗⃗� 𝑒𝑓𝑓(𝑥, 𝑟, 𝜃), which is assumed 

to be the effective wake including the interaction of the vorticity with the propeller. When the 

propeller rotates at a constant angular velocity, �⃗⃗� , the total velocity relative to the propeller 

becomes 

 

�⃗⃗� 𝑖𝑛(𝑥, 𝑦, 𝑧, 𝑡) = �⃗⃗� 𝑒𝑓𝑓(𝑥, 𝑟, 𝜃 − 𝜔𝑡) + �⃗⃗� ×𝑥 (𝑥, 𝑦, 𝑧) (3.14) 

 

where 𝑟 = √(𝑦2 + 𝑧2) and 𝜃 = tan−1 (
𝑧

𝑦
). 

The modeled propeller geometry in Cartesian coordinate system is shown in Figure 3.28, 

adjusted from Figure 2.19 of [H. Lee 2002]. Although the conical bulb and the cylindrical tip 

vortex (𝑆𝑇) are presented in the figure, those tip vortex geometries are not considered in this study. 
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It is because the main emphasis of this section is on the wake alignment model than the effect of 

the tip vortex on the propeller performance.  

 
Figure 3.28 Propeller subject to a general inflow, assumed to be effective wake. (x, y, z) and 

(𝑥𝑠, 𝑦𝑠, 𝑧𝑠) denote the propeller fixed and the ship fixed coordinates respectively. This figure is 

adjusted from Figure 2.19 of [H. Lee 2002].  

 

The potential 𝜙𝑝 at an arbitrary point, p, on the discretized propeller geometry at time 𝑡 

can be expressed by the Green’s third identity.  

 

2𝜋𝜙𝑝(𝑡) = ∬ [𝜙𝑞(𝑡)
𝜕

𝜕𝑛𝑞(𝑡)
(

1

𝑅(𝑝; 𝑞)
) −

𝜕𝜙𝑞(𝑡)

𝜕𝑛𝑞(𝑡)
(

1

𝑅(𝑝; 𝑞)
)]

𝑆𝐵

𝑑𝑆

+∬ ∆𝜙𝑤(𝑟𝑞 , 𝜃𝑞 , 𝑡)
𝜕

𝜕𝑛𝑞(𝑡)
(

1

𝑅(𝑝; 𝑞)
)

𝑆𝑤

𝑑𝑆 

(3.15) 
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where 𝜙𝑞 denotes the potential at the variant point 𝑞, which has the distance 𝑅(𝑝; 𝑞) between the 

field point 𝑝. 𝑛𝑞 denote the unit normal vector at point 𝑞 pointing out of fully wetted propeller 

surface 𝑆𝐵, and ∆𝜙𝑤 is the potential jump across the wake surface 𝑆𝑤.  

Equation (3.15) states that the perturbation potential 𝜙𝑝 at time 𝑡 on the propeller surface 

can be expressed as the superposition of the potentials due to source and dipole distributions on 

the propeller, and due to dipoles on the wake. From the kinematic boundary condition, which 

means the flow must be tangent to the propeller surface, the source strength can be determined as 

follows: 

 

𝜕Φ

𝜕𝑛
=
𝜕∅

𝜕𝑛
+ �⃗⃗� 𝑖𝑛 ∙ �⃗� = �⃗� ∙ ∇Φ = 0 ; on propeller surface (3.16) 

 

where Φ is the total velocity potential, and �⃗�  is the normal vector on the propeller surface pointing 

into the fluid domain. Therefore, 

 

𝜕∅

𝜕𝑛
= −�⃗⃗� 𝑖𝑛 ∙ �⃗�   (3.17) 

 

From the Kutta condition, 

 

∇∅ = 𝑓𝑖𝑛𝑖𝑡𝑒 ; at the trailing edge of blade (3.18) 

 

Equation (3.18) can be proved that reduces to Morino’s condition [Morino and Kuo 1974]: 
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∆∅𝑤 = ∅
+ − ∅−  (3.19) 

 

where  ∅+ and ∅− mean the velocity potentials on the suction and the pressure side of the blade 

trailing edge respectively and are known by solving Equation (3.15).  

Different from steady state, the dipoles on the wake are convected along the wake surface 

with angular velocity �⃗⃗�  to satisfy the force free condition on the wake surface [Kinnas and Hsin 

1992]. In steady state, the trailing wake strength ∆∅𝑤  is constant along the circumferential 

direction and time invariant, but ∆∅𝑤  in unsteady state behaves as a function of the 𝑟  and 𝜃 

directions of the blade trailing edge in the cylindrical coordinates. Figure 3.29 through Figure 3.34 

show the convection of the trailing wake strength in steady and unsteady state, respectively. Note 

that only 5 panels are used to represent the blade in spanwise direction for clarity. 
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Figure 3.29 Convection of the trailing wake strength in steady mode (𝑡 = 0) at the first iteration. 

Where ∆𝜙𝑤,1
2  means the trailing wake strength on the 1st layer of the wake sheet from the hub at 

the 2nd iteration, for example. Different color means different strength. 
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Figure 3.30 Convection of the trailing wake strength in steady mode (𝑡 = 0) at the second iteration. 

Where ∆𝜙𝑤,1
2  means the trailing wake strength on the 1st layer of the wake sheet from the hub at 

the 2nd iteration, for example. Different color means different strength. 
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Figure 3.31 Convection of the trailing wake strength in steady mode (𝑡 = 0) at the last iteration. 

Where ∆𝜙𝑤,1
2  means the trailing wake strength on the 1st layer of the wake sheet from the hub at 

the 2nd iteration, for example. Different color means different strength. 
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Figure 3.32 Convection of the trailing wake strength in unsteady mode at time step 𝑡 = 𝛿𝑡. Where 

∆𝜙𝑤,1
𝛿𝑡  means the trailing wake strength on the 1st layer of the wake sheet from the hub at time step 

𝑡 = 𝛿𝑡, for example. Different color means different strength. 
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Figure 3.33 Convection of the trailing wake strength in unsteady mode at time step 𝑡 = 2𝛿𝑡. Where 

∆𝜙𝑤,1
𝛿𝑡  means the trailing wake strength on the 1st layer of the wake sheet from the hub at time step 

𝑡 = 𝛿𝑡, for example. Different color means different strength. 
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(c) 

Figure 3.34 Convection of the trailing wake strength in unsteady mode at time step 𝑡 = 3𝛿𝑡. Where 

∆𝜙𝑤,1
𝛿𝑡  means the trailing wake strength on the 1st layer of the wake sheet from the hub at time step 

𝑡 = 𝛿𝑡, for example. Different color means different strength. 

 

 Once the velocity potentials are determined by solving Equation (3.15), the dipole strength 

(𝜙𝑞(𝑡)) and the source strengths (
𝜕𝜙𝑞(𝑡)

𝜕𝑛𝑞(𝑡)
) on the propeller surface are known. the perturbation 

velocity on the wake panels at time step t can be calculated from the Green’s formula by taking 

the gradient of Equation (3.15). Note the time and space dependency of the dipole strength on each 

strip on the wake surface in Equation (3.16). 
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�⃗� 𝑖(𝑡) =
1

4𝜋
∬ [𝜙𝑞(𝑡)∇

𝜕

𝜕𝑛𝑞(𝑡)
(

1

𝑅(𝑝; 𝑞)
) −

𝜕𝜙𝑞(𝑡)

𝜕𝑛𝑞(𝑡)
∇ (

1

𝑅(𝑝; 𝑞)
)]

𝑆𝐵

𝑑𝑆

+
1

4𝜋
∬ ∆𝜙𝑤(𝑟𝑞 , 𝜃𝑞 , 𝑡)∇

𝜕

𝜕𝑛𝑞(𝑡)
(

1

𝑅(𝑝; 𝑞)
)

𝑆𝑤

𝑑𝑆 

(3.20) 

 

The total velocity (�⃗� 𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦, 𝑧, 𝑡)) induced on the wake surface is the sum of the inflow velocity, 

�⃗⃗� 𝑖𝑛(𝑥, 𝑦, 𝑧, 𝑡), and the perturbation velocity, �⃗� 𝑖(𝑥, 𝑦, 𝑧, 𝑡).  

 

�⃗� 𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦, 𝑧, 𝑡) = �⃗⃗� 𝑖𝑛(𝑥, 𝑦, 𝑧, 𝑡) + �⃗� 𝑖(𝑥, 𝑦, 𝑧, 𝑡) (3.21) 

 

Based on the total velocity, the unsteady wake alignment model implements the following 

algorithm to align the wake panels in unsteady state. 

 

❖ MODE 1: steady alignment mode (𝑡 = 0) 

1. Solve the steady Boundary Value Problem (BVP) using PSF-2 wake alignment model, which 

considers the induced velocity from the propeller and the contraction of the transitional wake.  

2. Calculate the induced velocities on the wake surface based on the BVP solutions, which are 

already known by solving Equation (3.15). The effects of blade, hub, and wake itself are 

considered in terms of the perturbation velocity. 

3. Calculate the inflow velocities at the same nodal points on the wake surface as step 2 by 

considering only the zeroth harmonic coefficients of the effective wake. The circumferential 

variation of the effective wake is expressed in terms of the harmonic coefficients. The inflow 

velocity is added up to the perturbation velocity from step 2 to calculate the total velocity. 
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4. The full wake alignment model, discussed in Section 3.1 is implemented to find the fully aligned 

wake coordinates using the total velocities. The time step size, δ𝑡, of the shedding vortex is 

determined using the angular velocity (radian per unit time) of propeller and the angular increment 

of the discretized wake sheet, 𝛿𝜃.  

 

𝛿𝑡 =
𝛿𝜃

𝜔
=
𝜕𝜃

2𝜋𝑛
 (3.22) 

 

5. Solve the BVP again to update the solutions by using the newly aligned wake from step 4. Once 

the BVP solved, steps from 2 to 4 are implemented again. This process is repeated until the 

difference of the wake geometries between the two consecutive iterations falls below the 

previously defined criterion.  

6. Save the converged wake geometry and the BVP solutions from the last iteration, with which 

the unsteady alignment mode starts its first iteration as follows. 

 

❖ MODE 2: unsteady alignment mode (𝑡 ≥ 0) 

1. Set the wake from the last iteration of steady alignment mode as the initial wake for all time 

step locations.  

2. Solve the unsteady BVP and update the solutions at the current time step location. Solutions are 

solved only for the key blade.  

3. Calculate the induced velocities on the key wake based on the updated BVP solutions. The 

effects of all blades, their wakes, and hub are considered in terms of the perturbation velocities. 
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4. Calculate the inflow velocities on the key wake. All the harmonic coefficients are considered to 

account for the circumferential variation of the effective wake. Then, the induced velocities are 

added up to the inflow velocities to calculate the total velocities. 

5. Find the locations of wake sheet by aligning it with the total velocity. The FWA is not 

implemented in unsteady alignment mode, although it can be used for the unsteady problems. 

Instead, the new coordinates at 𝑛th strip are determined in a manner of trapezoidal rule: 

 

𝑥𝑛 = 𝑥𝑛−1 +
1

2
(�⃗� 𝑥

𝑛−1 + �⃗� 𝑥
𝑛) ∙ 𝛿𝑡 

𝑦𝑛 = 𝑦𝑛−1 +
1

2
(�⃗� 𝑦

𝑛−1 + �⃗� 𝑦
𝑛) ∙ 𝛿𝑡 

𝑧𝑛 = 𝑧𝑛−1 +
1

2
(�⃗� 𝑧

𝑛−1 + �⃗� 𝑧
𝑛) ∙ 𝛿𝑡 

(3.23) 

 

 

where �⃗� 𝑥
𝑛, �⃗� 𝑦

𝑛, and �⃗� 𝑧
𝑛 are the total velocities in the 𝑥, 𝑦, and 𝑧 directions respectively at the nth 

strip of the wake sheet in Cartesian coordinate system. 

6. Update the key wake and save it at the current time step location. The saved wake will be used 

at the later time step when any of the blades including the key blade is located at the saved location.  

7. Solve the BVP problem with the updated key wake. Update and save the trailing wake strength 

∆∅𝑤(𝑡) of the key wake and the dipole strength 𝜙(𝑡) on the key blade at the current time step 

location (Figure 3.32 through 3.34).  

8. Advance to the next time step (𝑡 + 𝛿𝑡) and update the wake geometries of all blades from the 

previously saved data. The trailing wake strength ∆∅𝑤(𝑡 + 𝛿𝑡), and the dipole strength 𝜙(𝑡 + 𝛿𝑡) 
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of the other blades (excluding the key blade and its wake) are also updated from the previously 

saved data.  

9. Repeat from step 2 to step 8 until the key wake geometries at all time step locations converge.  

 

❖ MODE 3: fully unsteady mode (𝑡 ≥ 0): this mode does not perform wake alignment, but 

uses the aligned wake geometry from the unsteady alignment mode. 

1. Update the wake geometries, which correspond to the time step 𝑡, of all blades from the saved 

results in the previous mode. 

2. Update ∆∅𝑤(𝑡) and 𝜙(𝑡) of the other wakes and blades at the time step 𝑡. 

3. Solve BVP for the solutions on the key blade and update ∆∅𝑤(𝑡) and 𝜙(𝑡). 

4. Advance to the next time step (𝑡 + 𝛿𝑡) and repeat from step 1 until the last revolution. 

 

 To obtain the converged propeller performance, the unsteady alignment mode is repeated 

up to 2 revolutions, and the fully unsteady mode is solved at least up to 4 revolutions. 
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Chapter 4  

Application to Ducted Propeller 

4.1 Ducted Propeller with Square Blade Tip and Sharp Trailing Edge Duct 

In this section, FWA is applied to a square-tip ducted propeller to investigate the effects of 

the blade wake on the predicted propeller performance. For this application, KA4-70 ducted 

propeller (Figure 3.8) is adopted. The design advance ratio of this propeller is Js=0.5 and zero gap 

is assumed between the duct inner side and the blade tip. As shown in Figure 4.4, velocity vectors 

are plotted on the blade/duct wake to visualize the total velocity vectors induced at each nodal 

point. This visual checking is done based on the assumption that the velocity vectors are the local 

flow velocity with which the wake panels are supposed to be aligned. Also, the magnitude of the 

cross products between the vortex segment and the velocity vector is calculated to check the 

validity of FWA in a numerical way. The better wake panels are aligned to the local velocities, the 

closer the magnitude of cross products approaches to zero with iterations in FWA.   

The predicted force performance from the panel method are compared with the results from 

the experiments, done by MARIN [Bosschers 2008]. Also, the results from panel method with the 

two repaneling options are compared with those from full-blown RANS simulations and the 

experiments for a range of the advance ratios from Js=0.3 to Js=0.7. The effect of the repaneling 

options to the convergence history of the blade forces, particularly at the low advance ratio is 

investigated.  

Toward the end, the emphasis of this chapter is shifted to the distribution of the wake panels 

behind the duct and blade trailing edge. As mentioned in the earlier section, wake panels represent 
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the concentrated shedding vortex behind the trailing edge of the blade and duct. These are 

intensively correlated with the two-dimensional plots of the vortex magnitude from full-blown 

RANS simulations.  

4.1.1 Lower Order Panel Method 

To discretize the propeller geometry, 60×20 (chordwise×spanwise) panels are used for the blade 

and 160×20 (chordwise×circumferential) panels are used for the duct geometry, respectively. 

Convergence study of the blade forces with different panels numbers are also conducted and the 

corresponding results are shown in Figure 4.1. As shown, panel method is invariant of the number 

of panels that are used to discretize the ducted propeller. The infinite hub is assumed, and the 

radius of the hub is set to be the same as the inner most radius of the blade. For the blade/duct 

wake, panel numbers are equal to the spanwise and circumferential panel numbers of the blade 

and duct respectively. The wake geometries are generated for the advance ratios ranging from 

Js=0.3 to Js=0.7 as shown in Figure 4.2. In this case, FWA is applied to both the blade wake and 

the duct wake. 
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Figure 4.1 Convergence study of the predicted blade thrust and torque coefficients with a number 

of panels on the blade and duct. B(c60s20) and D(c160c’20), for example, represent 60×20 

(chordwise×spanwise) panels on blade and 160×20 (chordwise×circumferentially) panels on the 

duct. 
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(a) 

 

(b) 

 

(c) 

Figure 4.2 (Continued next page). 
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(d) 

 

(e) 

 

Figure 4.2 Blade and duct wake geometries from FWA at (a) 𝐽𝑠 = 0.3, (b) 𝐽𝑠 = 0.4, (c) 𝐽𝑠 = 0.5, 

(d) 𝐽𝑠 = 0.6, and (e) 𝐽𝑠 = 0.7. 100 panels are used to discretize both the blade wake and the duct 

wake. KA4-70 ducted propeller is tested. 

 

 Figure 4.4 through 4.7 present the convergence history of the wake panels during the wake 

alignment scheme applied on both the duct/blade wake using 100 panels at design advance ratio, 

𝐽𝑠 = 0.5. Concentrated shedding vortex is plotted on the planes which cut through the center of 

propeller geometry to show the detailed distribution of the wake panels. FWA starts its first 

iteration based on the helical and cylindrical shapes for the blade wake and duct wake respectively. 

Then, the solutions based on these initial geometries are used for the next iteration until the 

predicted thrust and torque converge. Figure 4.4 also shows the contour plots of the magnitude of 
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cross product between the direction of vortex segment and that of the total velocity induced on the 

segment. The velocity vectors are also shown on the wake panels to visualize the relative directions 

of the two vector quantities, i.e. velocity vector and wake panel (vortex segment). The value of 

zero for the cross product magnitude means the wake panels are fully aligned to the local velocity 

based on the following equation: 

 

𝐶𝑟𝑜𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 = 𝑽𝑡𝑜𝑡𝑎𝑙,𝑖×𝒔𝑖. (4.1) 

 

 

 

 

 
 

Figure 4.3 Unit direction vector of vortex segment and the velocity vector that is used to align the 

vortex segment. The angle between the two vector quantities are denoted as 𝜃. 
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Figure 4.4 Convergence of the blade/duct wake using 100 wake panels (streamwise direction) at 

the first iteration: KA4-70 ducted propeller, Js=0.5, and ∆𝑡 = 6°. Velocity vectors are plotted on 

the wake panels (upper) with the contour plots of the cross product magnitude, |𝑉𝑡𝑜𝑡𝑎𝑙,𝑖×𝑆𝑖| 
(lower). Only parts of wakes are plotted for clarity. 
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Figure 4.5 Convergence of the blade/duct wake using 100 wake panels (streamwise direction) at 

the 10th iteration: KA4-70 ducted propeller, Js=0.5, and ∆𝑡 = 6°. Velocity vectors are plotted on 

the wake panels (upper) with the contour plots of the cross product magnitude, |𝑉𝑡𝑜𝑡𝑎𝑙,𝑖×𝑆𝑖| 
(lower). Only parts of wakes are plotted for clarity. 
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Figure 4.6 Convergence of the blade/duct wake using 100 wake panels (streamwise direction) at 

the 20th iteration: KA4-70 ducted propeller, Js=0.5, and ∆𝑡 = 6°. Velocity vectors are plotted on 

the wake panels (upper) with the contour plots of the cross product magnitude, |𝑉𝑡𝑜𝑡𝑎𝑙,𝑖×𝑆𝑖| 
(lower). Only parts of wakes are plotted for clarity. 
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Figure 4.7 Convergence of the blade/duct wake using 100 wake panels (streamwise direction) at 

the 30th iteration: KA4-70 ducted propeller, Js=0.5, and ∆𝑡 = 6°. Velocity vectors are plotted on 

the wake panels (upper) with the contour plots of the cross product magnitude, |𝑉𝑡𝑜𝑡𝑎𝑙,𝑖×𝑆𝑖| 
(lower). Only parts of wakes are plotted for clarity. 
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As it can be seen, the first iteration of FWA starts with the velocity vector and the vortex 

segments, which are diverging into totally different directions. However, with iterations, the vortex 

segment starts to be aligned to the velocity vector making the magnitude of the cross products fall 

close to zero. It is interesting to observe that the convergence starts from the region close to the 

blade and advances toward downstream.  

4.1.2 Full Blown RANS Simulation 

Full Blown RANS simulations are conducted using ANSYS/Fluent with periodic 

interface, which requires only a quarter of the whole fluid domain to simulate the four-

bladed ducted propeller. For a better resolution of the boundary layer structures along the 

propeller surface, structured meshing model is adopted. To reduce the possible artificial 

diffusivity, structured meshing model is used for both the blade wake and duct wake.  

Detailed description of the calculation parameters is presented in [H. Fan 2015], so 

the summary is presented in this section. As listed in Table 4.1, κ − ϖ SST turbulent model 

is adopted. QUICK scheme and SIMPLEC scheme are used for the spatial discretization 

and the pressure correction respectively. Over 6 million polyhedral cells are used to 

calculate the domain with periodic boundary condition. It took over 32 hours on 32 Intel 

Xeon 2.54 GHz CPUs to make the residuals fall below 1.0E-6.   
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Table 4.1 Parameter settings in RANS simulations and the computational time, adjusted 

from Table 4.1 of [H. Fan 2015] 

 
 

Figure 4.8 shows the mesh gridding of KA4-70 ducted propeller. Only a quarter of the 

whole geometry is presented since the periodic boundary condition is applied. Also, a plane 

in the 𝑥 − 𝑦 direction is used to show the two-dimensional contour plots of shedding vortex 

magnitude. These plots are compared to the aligned wake sheets, which are also plotted on 

a plane in the 𝑥 − 𝑦 direction, from the panel method as shown in Figure 4.9. 

 
 

Figure 4.8 Gridding of blade, hub, and duct in RANS simulation (right) and the two-dimensional 

plane cutting through the propeller geometry with an angle of zero degree (left). 
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Figure 4.9 Schematic view of plotting wake sheet from the panel method on two-dimensional plane, 

which slices the center of propeller geometry in the 𝑥 − 𝑦 direction.  

 

4.1.3 Correlations 

Two-dimensional contour plots from RANS simulations are presented in Figure 4.10 for a range 

of advance ratios from 0.3 to 0.5. As it can be seen, the higher the advance ratio is, the more 

shedding vortex behind blade and duct trailing edge diffuses. Also, the case with the lower advance 

ratio shows stronger shedding vortex near the trailing edge of duct than the case with the higher 

advance ratio. The shedding vortex gradually diffuses as it flows into downstream with local flow.  
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(a) 

 
(b) 

 
 

(c) 

Figure 4.10 Two-dimensional contour plots of KA4-70 ducted propeller and shedding vortex with 

diffusion for advance ratios of (a) 0.3, (b) 0.4, and (c) 0.5. 
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Now, Figure 4.11 and 4.12 show the correlations of the wake distribution between the results from 

panel method and RANS simulations. The range of the investigated advance ratio is 0.4 to 0.5. 

The locations of the concentrated vortex from panel method are in good agreement with those of 

the shedding vortex predicted by RANS simulations. These agreement are more addressed 

especially near the duct trailing edge. Also, the curling behavior of duct wake due to its close 

distance to the tip of blade wake is well predicted by both methods with good agreement. This 

curling comes from the strong tip vortex, which is shed from the blade tip and therefore located at 

the tip of the blade wake. As shown in the same figures, the strength of the curling gets weaker as 

the shedding vortex flows into downstream due to diffusion. The same happens to the shedding 

vortex from the blade as it flows along with the local flow.  

 The curling behavior of the wake panels is well represented near duct trailing edge where 

the shedding vortex starts to leave. However, in the region where the shedding vortex gets spread 

far downstream, distribution of the wake panels by panel method with FWA cannot well represent 

the diffusion effects. Due to this drawback, the predicted thrust and torque on the blade are over 

predicted compared to the experiments especially at the lower advance ratios, as shown in Figure 

4.13.  

On the other hand, cylindrical shape of duct wake produces better correlations with the 

experiments. It is because of a constant distribution of duct wake, which is somewhat artificial and 

requires radius control on the aligned blade wake to avoid penetration. As shown in Figure 4.13, 

cylindrical duct wake with the two repaneling options shows very good agreement with the 

experiments over the most advance ratios down to Js=0.30, while Option 2 under predicts the blade 

torque, even though not considerably.  
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Figure 4.11 Correlations of two-dimensional contour plots of the shedding between the results 

from RANS simulations and panel method (black solid line) for the advance ratios of 0.4. 
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Figure 4.12 Correlations of two-dimensional contour plots of the shedding between the results 

from RANS simulations and panel method (black solid line) for the advance ratios of 0.5. 
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Figure 4.13 Predicted force performance of KA4-70 ducted propeller from the experiments and 

panel method. FWA is applied to both the duct/blade wake, but a cylindrical duct wake is assumed 

when the repaneling options are adopted. 
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Figure 4.14 Circulation distributions of KA4-70 ducted propeller from panel method with FWA 

on both blade wake and duct wake for the advance ratios from 0.3 to 0.7. Repaneling Option 2 is 

adopted here. 

 

Given that the current FWA scheme is based on the iterative manner as introduced previously, 

convergence history which shows not only the accurate but also the stable results is essential. 

Figure 4.16 and 4.17 show the convergence history of the predicted thrust and torque coefficients 

using the two repaneling options, and duct wake here is assumed to be cylinder. As it can be seen, 

both options show stable convergence histories not only at the high advance ratios but also at the 

low advance ratios, even though only Option 2 keeps stable at very high loading condition, i.e. 
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Js=0.2. This is due to the fact that the wake panels, which do not advance farther to downstream 

become very compact near blade and duct inner side. The unmatched panels (Figure 4.15 (a)) 

between the duct inner side and the outer edge of blade wake in Option 1, thus cause the unstably-

induced velocities on the wake panels. On the other hand, the matched panels (Figure 4.15 (b)) in 

Option 2 produce relatively stable convergence histories even at the very high loading condition.  

 
(a) 

 
(b) 

Figure 4.15 Matched (a) and Unmatched (b) panels between the duct inner side and the outer edge 

of blade wake from Option 1 and 2, respectively. 
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Figure 4.16 Convergence histories of the predicted thrust coefficients on the blade using FWA 

with the two repaneling options. The horizontal axis indicates the number of iterations in FWA. 
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Figure 4.17 Convergence histories of the predicted torque coefficients on the blade using FWA 

with the two repaneling options. The horizontal axis indicates the number of iterations in FWA. 

 

Figure 4.18 presents the pressure distribution along the several blade sections at design 

advance ratio, Js=0.5. Correlations are made between the results from RANS and panel method. 

The predicted results show that panel method in general shows very good agreement with RANS 

simulations over the most blade sections. Only the result from RANS at the section near the blade 

tip (r/R=0.958) seems to wiggle due to the unstructured mesh around the thin blade tip. Panel 

method, however, shows the reasonable results which are consistent with the other results 

evaluated at inner sections. 
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 Now, the pressure distribution over duct is investigated by correlating the results predicted 

by panel method, RANS, and RANS/VLM coupling method [Kinnas et al. 2013]. The 

RANS/VLM coupling method, developed by Ocean Engineering Group at UT-Asutin, couples a 

potential flow based vortex-lattice method with an axisymmetric-swirl RANS solver for the 

analysis of propulsion system. More details of the coupling method are left aside in this thesis and 

can be found in [Kinnas et al. 2013]. As shown in Figure 4.21, the prediction of the 

circumferentially averaged pressure distribution by panel method is in good agreement with the 

result from RANS/VLM coupling method. The result from RANS slightly deviates from the other 

two methods, even though not significantly.  

 It is worthwhile to compare the results from panel method with Option 1 and Option 2. 

Both are in good agreement along the suction side and around front and mid part (Figure 4.19 

depicts the subdivision on the duct) on the pressure side of the duct. However, they show apparent 

deviation at the after part on the pressure side. In this region, the predicted duct pressure by Option 

1 shows the unnatural protrusion, while Option 2 shows the consistent pressure distribution as the 

other parts on the pressure side. It is because the duct panels which are very close to the outer edge 

of the blade wake are effectively avoided in Option 2 when evaluating the duct pressure due to the 

panel alignment between the wake and the duct, as shown in Figure 4.20. However, if those panels 

are not aligned as in the case of Option 1, the singular behaviors coming from the close distance 

between the wake and the duct are inevitably included in the evaluation of the duct pressure. These 

unnatural pressure peaks in Option 1 are more addressed in Figure 4.22 which shows the pressure 

distribution along the chordwise strips on the duct. This result clearly shows that the repaneling 

Option 2 should be used when the accurate evaluation of the duct pressure is required.  
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Figure 4.18 (Continued next page). 

 



94 

 

 

Figure 4.18 Correlation of the pressure distributions between the results from RANS and panel 

method at several blade sections. The radial location of each section is indicated in the figure.  
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Figure 4.19 Description of subdivided parts on duct. Hub geometry is not included in this figure. 

 

 

Figure 4.20 Relative distribution of the blade wake and duct panels. Very close distance between 

those panels might cause the singular behavior in Option 1 (left) unless they are aligned as in 

Option 2 (right). 
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Figure 4.21 Correlation of the predicted circumferentially averaged pressure distribution on the 

duct between panel method (Option 1 and 2), RANS/VLM coupling method, and RANS 

simulation at Js=0.50.  
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Figure 4.22 Description of the strips which are adopted for the pressure plotting on the duct (upper) 

and the corresponding pressure distributions on each strip from Option 2 (lower left) and Option 

1 (lower right). 
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Chapter 5  

Application to Open Propeller 

This chapter will investigate the predicted performance of open propeller in uniform, non-uniform, 

and inclined flow. For the first two steady cases, FWA is applied to evaluate steady performance, 

while unsteady performance in inclined flow is evaluated using unsteady alignment model. DTMB 

4661 propeller is adopted for a test model as shown in Figure 5.1. DTMB 4661 propeller is a five-

bladed propeller with a high skew distribution, and the design advance ratio is 𝐽𝑠 = 1.14.  

[Boswell et al. 1984] conducted experiments using DTMB 4661 propeller in 10° and 20° 

inclined flow. Also, [Kinnas and Pyo 1997] evaluated the performance of DTMB 4661 propeller 

using VLM, based on the geometrical inclination. In other words, the trailing wake sheet was 

inclined by the inflow angle. The results from the experiment and VLM method are correlated 

with those from current method. On the other hand, panel method with unsteady alignment model 

was also applied to DTMB 4661 propeller by [H. Lee 2002], in which tip cavitation model is 

included, and the Euler-explicit scheme is used to align the wake sheet.     

 In section 5.1, first, DTMB propeller will be placed in uniform and non-uniform flow to 

predict its performance in steady state. Convergence study is made on the predicted forces with 

number of wake panels. Then, unsteady wake alignment model will be used in uniform flow case 

to correlate its results with what is from the steady alignment model. The aim of this test is at 

validating the results from unsteady alignment model and steady alignment model correspond to 

each other in the case of steady flow.  

 In section 5.2, unsteady performance of DTMB 4661 propeller is evaluated using panel 

method in 10° inclined shaft flow. The predicted unsteady performance of the thrusts and torques 
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coefficients on the blade are correlated with those from the two different methods, i.e. experiments 

and VLM. The numerical calculation is performed at the design advance ratio, 𝐽𝑠 = 1.14.  

5.1 Steady Wake Alignment 

5.1.1 Uniform Inflow  

Figure 5.1 through 5.5 show DTMB 4661 propeller with fully aligned wake sheet with different 

number of wake panels. Two-dimensional plots showing the shedding vortex after the trailing edge 

of blade are also presented. As shown in the figures, the shedding vortex from blade tip curls as it 

flows into downstream, while that from the root of the blade does not because of the wall effect 

from hub geometry. 80×30 (chordwise×spanwise) panels are used to discretize blade, and infinite 

hub is assumed with the radius same as the inner most radius of the blade. No tip cavity model is 

assumed in this case. The convergence of loading on the blade with number of wake panels is 

shown in Figure 5.6. It shows the independency of panel method on the panel numbers of the wake, 

and based on this, only the case with 80 wake panels is used for the rest of investigation.  

Convergence history of full wake alignment is shown in Figure 5.7 through 5.10 with the 

cross products magnitude plotted. As similar to the ducted propeller case, the magnitude of the 

cross products gets closer to zero from near blade to downstream. Note that the smaller the 

magnitude is, the further wake panel is aligned to the local velocity (yellow arrows, in Figure 5.7). 

The wake sheets are fully aligned up to one before the last strip with magnitude of cross products 

less than 0.01 after the 8th iteration. Discontinuity (colored in red) at the last strip is due to the 

truncation of wake sheet, although it does not affect the final results. 
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Figure 5.1 Wake geometries aligned using FWA with 60 wake panels in uniform flow: 𝐽𝑠 = 1.14. 
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Figure 5.2 Wake geometries aligned using FWA with 80 wake panels in uniform flow: 𝐽𝑠 = 1.14. 
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Figure 5.3 Wake geometries aligned using FWA with 100 wake panels in uniform flow: 𝐽𝑠 = 1.14. 
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Figure 5. 4 Wake geometries aligned using FWA with 120 wake panels in uniform flow: 𝐽𝑠 = 1.14. 
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Figure 5.5 Wake geometries aligned using FWA with 140 wake panels in uniform flow: 𝐽𝑠 = 1.14. 
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Figure 5.6 Convergence of circulation distribution over blade with number of wake panels for 

DTMB 4661 propeller: ∆𝑡 = 6° and 𝐽𝑠 = 1.14, 𝑈𝑅 = √𝑉𝑠
2 + (0.7𝑛𝜋𝐷)2. 
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Figure 5.7 Convergence of wake panels at the first iteration in full wake alignment with 80 panels. 
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Figure 5.8 Convergence of wake panels at the second iteration in full wake alignment with 80 

panels. 
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Figure 5.9 Convergence of wake panels at the fifth iteration in full wake alignment with 80 panels. 
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Figure 5.10 Convergence of wake panels at the eighth iteration in full wake alignment with 80 

panels. 
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5.1.2 Non-uniform Inflow 

Now, DTMB 4661 propeller is subject to the circumferentially averaged mean inflow, which is 

not uniform along the radial direction. Two extreme cases, i.e. one with its lowest and highest 

velocity near hub and blade tip respectively, and the other with the opposite composition, are 

adopted for this test. The numerical calculation is performed at design advance ratio, 𝐽𝑠 = 1.14 

and 𝐹𝑛 = 4.0. Variations of the incoming velocity along the radial direction for each case are 

shown in Figure 5.11 and Figure 5.14. 

As discussed in Chapter 3, the FWA has been modified such that it can consider the 

variation of incoming flow in steady state. Based on the modification, the emphasis of this test is 

on generating reasonable wake geometries, which correspond to the profiles of the 

circumferentially averaged mean inflow. Comparison of circulation distributions on blade between 

the three cases, i.e. uniform and two exreme cases, is presented in Figure 5.17. Apparently, peak 

value of the circulation is shifted toward the region where the velocity is minimum. Axisymmetric 

inflow case II (denotations are defined below) shows the lower peak value of circulation than case 

I since the minimum inflow velocity of case II is faster than that of case I. 

 

 

 

 

 

 

 

 



111 

 

Axisymmetric inflow case I 

 
 

Figure 5.11 DTMB 4661 propeller in axisymmetric inflow, which has its highest and lowest 

velocity at near hub and blade tip, respectively. 

 

 

Convergence history of full wake alignment is shown in Figure 5.12 and 5.13 with the cross 

products magnitude plotted. Only the key wake is presented and the other wakes are plotted on 

two-dimensional slices for clear view of the wake profile. The wake sheets are fully aligned up to 

one before the last strip with the magnitude of cross products less than 0.01 after the 13th iteration.  
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Figure 5.12 Convergence of wake panels at the second iteration in full wake alignment in 

axisymmetric inflow. Yellow arrow denotes the total velocity induced on the wake panel. 
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Figure 5.13 Convergence of wake panels at the 13th iteration in full wake alignment in 

axisymmetric inflow. Yellow arrow denotes the total velocity induced on the wake panel. 
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Axisymmetric inflow case II 

 

 

Figure 5.14 DTMB 4661 propeller in axisymmetric inflow, which has its highest and lowest 

velocity at the blade tip and near hub, respectively. 

 

Convergence history of full wake alignment is shown in Figure 5.15 and 5.16 with the cross 

products magnitude plotted. Only the key wake is presented and the other wakes are plotted on 

two-dimensional slices for clear view of wake profile. The wake sheets are fully aligned up to one 

before the last strip with the magnitude of cross products less than 0.01 after the 19th iteration.  

Compared to case I, case II went through more iterations before satisfying the convergence 

criterion. It is because of the wake panels with the low inflow velocities around hub. As shown in 

Figure 5.15, wake panels which have the low inflow velocities stay closer to hub surface. This 
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allows the perturbation velocities from hub to intensively perturb the wake panels in close distance, 

requiring FWA to go through more iterations to fully account for those velocities. Eventually, it is 

shown that the wake panels are fully aligned to the local velocity after the 19th iteration.  
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Figure 5.15 Convergence of wake panels at the second iteration in full wake alignment in 

axisymmetric inflow. Yellow arrow denotes the total velocity induced on the wake panel. 
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Figure 5.16 Convergence of wake panels at the 19th iteration in full wake alignment in 

axisymmetric inflow. Yellow arrow denotes the total velocity induced on the wake panel.  
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Figure 5.17 Circulation distribution over blade using uniform and non-uniform inflow for DTMB 

4661 propeller: ∆𝑡 = 6° and 𝐽𝑠 = 1.14, 𝑈𝑅 = √𝑉𝑠
2 + (0.7𝑛𝜋𝐷)2. Cases I & II correspond to non-

uniform inflows as described in the text. 
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5.2 Unsteady Wake Alignment 

5.2.1 Uniform Inflow 

Before moving to unsteady alignment in 10º inclined shaft flow, unsteady alignment model is 

firstly applied in uniform flow. Figure 5.18 shows the circulation on the blade from steady and 

unsteady mode calculations. Unsteady mean circulation corresponds very well to unsteady 

circulations from 60-time steps (one time step is equal to 6º), as expected. Steady circulation is in 

good agreement with unsteady circulation in general, although very little deviation is detected 

toward the blade tip. It is because of the difference in alignment algorithm between the two 

different modes (FWA for steady calculation and trapezoidal rule (Equation (3.22)) for unsteady 

calculation). The same trend can be found in Figure 5.19, which shows that the thrust and torque 

coefficients from steady mode are slightly underpredicted than those from unsteady mode, even 

though not considerably.  

  Wake geometries in unsteady mode are identical between each time step in uniform flow. 

Therefore, time step at zero angle is adopted for a comparison with steady result in Figure 5.20. 

As it can be seen, wake geometries are in good agreement. 
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Figure 5.18 Circulation distribution on the blade predicted by steady and unsteady mode using 

DTMB 4661 propeller with 80 wake panels: ∆𝑡 = 6° and 𝐽𝑠 = 1.14. 
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Figure 5.19 Thrust and torque coefficients predicted by steady and unsteady modes using DTMB 

4661 propeller with 80 wake panels: ∆𝑡 = 6° and 𝐽𝑠 = 1.14. 
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Figure 5.20 Wake geometry predicted by steady (red) and unsteady (blue) alignment modes using 

DTMB 4661 propeller with 80 wake panels: : ∆𝑡 = 6° and 𝐽𝑠 = 1.14. Only the two wake sheets 

are presented for clarity in the left figure. 

 

5.2.2 Inclined Shaft Flow 

The geometrical arrangement in the experiments [Boswell et al. 1984] is presented in Figure 5.21. 

As shown, the direction of incoming flow is in horizontal direction, and the shaft is inclined with 

a certain angle. In panel method, however, the axis of shaft is horizontal, and the inflow comes 

into the propeller plane through the inclined angle. Quadratic hub that closes upstream, and 

cylindrical hub that has the increasing radius into downstream are used in the experiments.  
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Figure 5.21 Experimental arrangement of 4661 propeller in inclined shaft flow, taken from Figure 

5 of [Boswell el al. 1984]. 

 

 Different from the axisymmetric inflow, inclined shaft flow inherently accompanies the 

interaction between the inclined shaft and wake sheets. Therefore, the predicted propeller 

performance might differ depending on the hub geometry. In the case of the inclined shaft with 

infinite length, especially, penetration of wake panels might occur on the hub surface. Modeling 

wake sheet around the inclined shaft might use the same algorithm, which was used for the 

numerical simulation of propeller/rudder interaction [L. He 2010].  

In the real case, even short hub with conical ends might require a numerical modeling of 

hub vortex cavitation, which needs to be handled as extended hub geometry as shown in Figure 

5.22. Hub vortex cavity is a vortex type cavitation, which occurs around rear part of hub due to 

shedding vortex from the blade roots. The detachment point where vortex cavity starts to leave 

from hub might be determined by the algorithm, which was introduced by [Kinnas et al. 1997; 
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Mueller and Kinnas 1997; Mueller 1998; Mueller and Kinnas 1999; Young and Kinnas 1999b, 

2001a].  

 
Figure 5.22 Modeling of hub vortex cavitation, taken from Figure 5.1 of [H. Lee 2002]. 

 

In this thesis, four different hub geometries are adopted to investigate the effect of hub 

geometry on the unsteady performance of 4661 propeller as follows:  

(a) Hub 1: Quadratic hub that closes downstream but opens upstream. 

(b) Hub 2: Elliptic hub that closes both upstream and downstream. 

(c) Hub 4: Quadratic hub that closes upstream but opens downstream. 

(d) Hub 5: Infinite hub that has both ends opened. 

When the penetration occurs, the radial distance of wake panels which are inside hub surface is 

controlled to be the same as that of hub radius in this thesis. Wake panels behind the short hub are 
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free from a physical barrier, which exists if infinite hub is used. However, the influence of the 

short hub on wake sheets is still considered in terms of the perturbation velocity. The projected 

views of the aligned wakes with each hub geometry are shown in Figure 5.23, which clearly shows 

the inclination of the wake sheets. 

 

 
(a) 

 

 
(b) 

Figure 5.23 (Continued next page). 
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(c) 

 

 
(d) 

 

Figure 5.23 The projected view of aligned wake geometries for DTMB 4661 propeller with (a) 

Hub 5, (b) Hub 4, (c) Hub 2, and (d) Hub 1: 𝐽𝑠 = 1.14 and 𝛼 = 10°. 
 

 

  Convergence study is performed on the predicted thrust and torque coefficients with 

number of wake panels in Figure 5.24. As shown, steady forces for all hub geometries seem to 

converge with sufficient panel numbers more than 100. Based on this result, wake sheet with 100 

panels is used for the correlation with the experiments and other methods. The predicted 𝐾𝑇 and 
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𝐾𝑄 from Hub 5 and Hub 2 show the biggest difference, and those from Hub 1 and Hub 4 are located 

in between with about the same values each other. Unsteady and unsteady mean forces are also 

shown in Figure 5.25. Their magnitudes show the same trend as the steady forces.   

 Figure 5.26 shows the first harmonic amplitudes of the forces and moments acting on one 

the blade of DTMB 4661 propeller in inclined angle of 𝛼 = 10°. The evaluated values are from 

the panel method (indicated by Current Method in the legend of figure), experiments by [Boswell 

el al. 1984], and the vortex lattice method (VLM) by [Kinnas and Pyo 1997]. As shown, the axial 

forces predicted by VLM shows very good correlations with those from the experiments, although 

VLM overpredicts at lower advance ratios. The panel method overpredicts axial forces and 

tangential moments compared to the experimental values. However, the panel method predicts 

better the tangential force and the axial moment than VLM. Among the hub geometries that panel 

method used, HUB 2 shows the best correlation of the force and moments with the experiments, 

although the predicted values using the other hub geometries are not significantly different from 

those using HUB 2. For the lowest advance ratio, the forces and moment predicted by panel method 

show better correlations with the experiments than those predicted by VLM. Now that the panel 

method in this study considers the incoming velocity as a constant with 10° of inclination, the 

detailed variation on the inflow due to the experimental environment might not be fully considered. 

The deviation observed here, therefore, might be further improved by taking into account the 

experimental conditions as mentioned in [Boswell et al. 1984] more accurately. 
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Figure 5.24 Convergence of the predicted steady thrust and torque coefficients using DTMB 4661 

propeller with number of wake panels for four different hub geometries: ∆𝑡 = 6° and 𝐽𝑠 = 1.14. 
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Figure 5.25 Unsteady and mean thrust and torque coefficients using DTMB 4661 propeller using 

four different hub geometries: ∆𝑡 = 6° and 𝐽𝑠 = 1.0. 
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Figure 5.26 (Continued next page). 
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Figure 5.26 The first harmonic of the forces and moments acting on one blade for DTMB 4661 

propeller. 

 



132 

 

Chapter 6  

Conclusions and Recommendations 

6.1 Conclusions 

 In this thesis, several improvements are made on the full wake alignment (FWA) scheme 

so that it can be applied to open and ducted propellers in steady and unsteady state. Since the 

alignment algorithm in FWA aligns the trailing vortices to the local velocity, one of the 

modifications was to allow for a general wake inflow. Based on that inflow, an iterative alignment 

algorithm is developed which uses the perturbation velocities to adjust the inflow wake. In addition, 

special treatments are introduced to the panels on the duct and duct wake.  

The two repaneling options, i.e. Option 1 and Option 2 have been applied to a ducted 

propeller with square tip blade and a sharp trailing edge duct. It is shown that using the duct and 

duct wake panels which are adapted to the blade tip and its wake improves not only the accuracy 

but also the convergence rate of the results. The predicted force performance of a square tip ducted 

propeller with both repaneling options shows very good agreement with the experimental 

measurements. Especially, Option 2, which repeatedly adapts the duct panels to the blade wake 

shows stable convergence history even at the very lower advance ratio. Also, the panel matching 

between the blade tip and duct inner side enables FWA to produce reasonable and more accurate 

blade circulation toward the blade tip, compared to the case without panel matching.  

For Option 2, control points on the duct panels should be readjusted such that the control 

points have the same radial locations of the control points on stretched panels. To this end, a special 

treatment is discussed to stretch the twisted panels. This helps Option 2 avoid singular behavior, 
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which comes from the close distance between the control point and the outer edge of the blade 

wake. As a result, the abnormally induced velocity on the blade wake is effectively avoided, and 

therefore the convergence of the panel method has been improved.  

 Considering that the duct wake is also a material surface, which has to flow along with the 

local flow, the duct wake is also aligned using FWA. By aligning the duct wake, the current panel 

method can represent the behavior of the trailing vorticity trajectory behind the duct trailing edge. 

To validate the predicted results from panel method, distribution of the trailing vorticity in 

downstream has been correlated with those from RANS simulations. That shows that not only the 

locations but also the curling behaviors of the wake are in very good agreement with the results 

from RANS except for the region where the wake diffuses downstream. The predicted 

performance from panel method with FWA applied on both the blade wake and the duct wake 

deviates from the experimental values at the high loading. However, when cylindrical duct wake 

is assumed to duct wake, panel method showed very good agreement with the experiments. What 

that tells us is that the over prediction of force performance might be attributed to the wake panels 

which cannot well represent high diffusion of shedding vortex at far downstream, remaining 

further investigation. 

 FWA is also applied to DTMB 4661 open propeller in steady and unsteady state. In steady 

state, convergence history of the panel method showed the predicted circulations on the blade are 

invariant to number of wake panels, and so are the predicted blade forces. It is also shown that 

FWA can handle the circumferentially averaged mean inflow. Convergence history of FWA shows 

that wake panels are fully aligned to the local flow in a progressive manner. Further validation is 

made by observing that the magnitude of cross product between the vortex segment and the total 

velocity approaches to zero, ideal state of the alignment. 
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In uniform flow, the predicted results from both the unsteady wake alignment scheme and 

steady wake alignment scheme are in good agreement. Distribution of the aligned wakes from the 

two schemes is also in good agreement, validating both schemes are consistent with each other in 

steady flow. For the inclined shaft flow, four different hub geometries are adopted to DTMB 4661 

propeller to investigate the effects of hub geometry on the predicted propeller performance. It was 

found that the hub geometry does not cause significant difference on the predicted results. Wake 

panels for all hub cases seem to follow the local stream, which is inclined by 10°. The predicted 

thrust and torque on the blade also converged when enough panel numbers are assumed to 

represent the wakes. First harmonic amplitudes of the forces and moments predicted by panel 

method are somewhat over predicted compared to the experimental measurements especially the 

axial force and tangential moment. However, for the lower advance ratios, panel method predicts 

better correlations with the experiments than VLM.  

6.2 Recommendations  

 For the future work, it is necessary to apply FWA to different propeller geometries, 

including ducted propellers with round tip blade, as well in the case of cavitating flow. 

Experimental data in steady state would be a good source of correlation with the panel method.  

 It is shown that the hub geometry does not bring a significant difference to the predicted 

propeller performance in unsteady state. However, the numerical problem might happen around 

the region where hub and wake panels intersect. In this thesis, if the aligned wakes fall inside the 

hub geometry, the wake panels are redistributed such that the radius of the wake is the same as the 

hub radius. In the real case, however, there might be significant interactions between the wake and 

hub, especially in the case of the inclined flow. In the cavitating case, the interaction might become 
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more significant due to the hub vortex cavitation which flows along with the local flow. This fact 

should be taken into consideration in FWA to better predict the behavior of shedding vortex in 

unsteady state.  

 For the duct wake alignment, although FWA can well represent the trailing vorticity near 

the trailing edge, when it comes to the region where wakes are truncated in downstream, both the 

blade wake and the duct wake are unnaturally entangled with each other. This numerical 

inaccuracy might be attributed to the diffusion, the natural behavior of trailing vorticity. Although 

FWA aligns the duct wake, and that prevents penetration of the blade wake on the duct wake, 

curling on both the wakes eventually causes them to penetrate with each other as their curling 

becomes bigger downstream. The fact that at lower advance ratio more curling is shown compared 

to the higher advance ratio is consistent with the results of the severe panel penetration at the lower 

advance ratio. This numerical issue needs to be overcome to better predict the distribution of wake 

sheets. The force predictions are also expected to be improved once this issue is resolved.  

Additionally, the effects of viscosity on the propeller geometry must be examined more 

extensively, as described in the paper of [Kinnas et al. 2016]. Three-dimensional viscous/inviscid 

interactive method, introduced by [Yu 2012], [Purohit 2013], and [Kinnas et al. 2012] can be 

applied to the current panel method to evaluate the viscosity effect on the duct and the blade.  
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