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1 Introduction

Azimuthing propulsors are increasingly used as main propulsion devices in ships
[1]. They o�er a large degree of freedom in the ship maneuverability, due to the
controllable direction of the thrust. They also o�er bene�ts in lower noises, lower
vibrations and lower fuel consumption. The absence of a propeller shaft and sup-
porting brackets appears to be signi�cant reason to this [2]. However, because the
concept of using the azimuthing propulsors as a ship propulsion device is relatively
new, relatively little knowledge has yet been collected. The operators have been
also cautious in utilizing the azimuthing thrusters due to unexpected mechanical
failures. Yet, the demand for the azimuthing thrusters has been increasing due to
their advantages compared to a conventional propeller attached to a shaft-line.

Usually the azimuthing propulsors are designed comprehensively for its typical
straight-ahead condition. On the other hand, the non-conventional azimuthing an-
gles are not studied as extensively. This thesis deals with with the hydrodynamic
forces e�ecting the propulsor in these oblique angles. Methods of approximative na-
ture, that try to estimate the hydrodynamic forces e�ecting the propulsor in oblique
�ow, usually are de�ned for only small angle di�erences from the straight-ahead
condition. The model tests are expensive and time consuming as are the computa-
tional �uid dynamics or CFD methods. There is thus a need for methods to deal
with this special maneuvering condition for an azimuthing propulsor.

To that end two methods are developed and presented in this thesis. The �rst
is a method utilizing a dynamic pressure correction by experimental correlations
to propeller open-water thrust and torque coe�cients. The second method is a
blade element momentum method or BEM. The BEM method takes advantage
of potential �ow methods, namely panel method to obtain pressure distribution
along the surfaces of the propeller blades at various propeller azimuthing angles
and propeller blade rotation angles. In addition to the calculated propeller thrusts
and torques, the e�ect of the pod structure is also approximated, with the dynamic
pressure correction method.

A number of works have been done in tackling the problem of an azimuthing
thruster in oblique �ow. Experimental measurements were conducted by Hamid,
Matusiak, Islam, Krasilnikov and Yakovlev [1�5]. CFD computations have been
made by Hamid, Krasilnikov, Dubbioso and Yao [1, 4, 6, 7]. To derive the problem
of an azimuthing thruster in oblique �ows, Matusiak [2] related the propeller thrust
and the torque in oblique angles with experimentally derived coe�cients. The blade
element momentum method for an azimuthing thruster in oblique �ow angles has
been implemented in works done by Hamid [1] and Yakovlev [5].

First part of this thesis describes the propeller operation in an oblique �ow and
the fundamentals of potential �ows. As the second part, the azimuthing thruster
is de�ned. Next the two methods to solve the problem of azimuthing thruster in
oblique �ow: the dynamic pressure correction and the blade element momentum
methods are described. Of these methods, �rst the dynamic pressure correction
method is described by taking into account the propeller, the pod structure and
the interaction between them. After which, the blade element momentum method
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consisting of a de�nition of the propeller geometry, the blade element theory and a
correction from the momentum theory. The blade element theory is further divided
into a de�nition of a panel method and a method for correction for �ow separation.
Next, the implementations for the dynamic pressure correction and the blade element
momentum methods are given. Then, the comparative results from experimental
measurements, CFD computations, the dynamic pressure correction method and
the blade element momentum method are given. The results are then discussed and
recommendations for future works are given. Finally conclusions are made.
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2 Background

A rotating propeller generates a pressure di�erence between the face and the back
surfaces of its blades, which are also called pressure and suction sides depending
on pressure di�erence relative to the undisturbed �ow. This pressure di�erence
accelerates the �ow that creates thrust in the opposite direction. Furthermore, the
pressure di�erence creates torque around the axis of rotation. The propeller shape
is designed according to the desired thrust it should generate, the in�ow speed, the
mechanical momentum delivered to it and the �uid in where the propeller resides.
An oblique in�ow is an o�-design condition where the in�ow speed is changed by
changing the angle of the �ow. This causes drastic di�erences to the pressures on
the propeller blade surfaces. As a result of it, the thrust and the moments change
from the design values.

Changing the propeller in�ow angle from a straight-ahead condition increases
the propeller thrust and the torque as has been observed by experiments [1�5] and
by CFD computations [1, 4, 6, 7]. Additionally, a transverse force component act-
ing on the propeller plane has been observed to increase dramatically according to
experiments [1�5] and CFD computations [1, 4, 6, 7]. Forces acting on the propeller
are seen to be large in magnitude in an oblique �ow comparatively to non-oblique
in�ow. This appears to be a signi�cant reason for mechanical failures for azimuthing
propulsor units [1].

In the analysis the whole azimuthing thruster is assumed to operate in a homo-
geneous in�ow conditions. However, if the propeller approaches the in�ow �rst, for
example in the case where the podded thruster is a pulling type thruster, the pro-
peller induces an axial velocity and a rotational velocity that e�ect the �ow e�ecting
the pod structure. The pod of the body experiences an e�ective in�ow which is a
combination of the uniform in�ow and the propeller induced �ow. Similarly, should
the azimuthing thruster's hull be in the front of the whole azimuthing thruster, it
changes the in�ow experienced by the propeller.

From a practical point of view the azimuthing thrusters have physical constraints.
Engines driving the propellers have a maximum torque and a maximum delivered
power. These limit the momentum on the propeller. Additionally, the blades of the
propeller can take only so much bending loads before it starts to lose its structural
integrity, which can result in a breakage. It is therefore important to know what
kind of loads the propeller is subjected during its lifetime.

2.1 Fundamentals of a potential �ow

To describe the fundamentals of the �uid �ow three laws of conservation for physical
systems need to be considered. They are: a conservation of mass, a conservation
of momentum and a conservation of energy. These equations are very di�cult to
solve mathematically. Thus, they are often simpli�ed to obtain solutions for speci�c
engineering problems. The potential �ow theory is one of these solutions. [8]

The conservation of mass or the continuity equation states that the change of
mass in closed system must stay constant as it is not added or removed. The
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equation for the continuity of �uids in general form is

Dρ

Dt
+ ρ∇ ·V = 0 (1)

where ρ is the density, t is the time, V is the velocity. The material derivative D
Dt

is
the time derivative describing rate of change of a property, which here is the density.
The equations are typically divided by the volume, so that instead of working with
the mass, the density is worked on. For potential �ows the density is assumed to be
constant, which reduces the continuity equation to [8]

∇ ·V = 0 (2)

The Conservation of momentum or Newton's second law states that the change of
the momentum of a body is proportional to the forces acting on the body. Similarly
to the conservation of mass, this is expressed in �uid dynamics as divided by the
volume. Which results in

ρ
DV

Dt
= Fbody + Fsurface (3)

where Fbody is the body force applied on the entire mass of the volume and Fsurface
is the surface forces applied to the surface of the volume. The body force consists
of the gravitational force as

Fbody = ρg (4)

where g is the gravitational constant. The surface forces are stresses acting on the
surface of the �uid volume. The stress tensor τij acting on the surface is to be
expressed by velocity V. This is done by relating it to deformation rate law [8]. The
surface forces acting on the volume is

Fsurface = ∇ · τij = ∇ · (−pδij + µ(
∂Vii
∂xj

+
∂Vij
∂xi

) + δijλ∇ ·V) (5)

where δij is Kronecker's delta function, µ is the viscosity and λ is the coe�cient
bulk viscosity. Combining the force equations and inserting material derivative to
the acceleration term the so-called Navier-Stokes equation can be expressed as

ρ(
∂V

∂t
+ V · ∇V) = ρg −∇p+

∂

∂xj
(µ(

∂Vi
∂xj

+
∂Vj
∂xi

) + δijλ∇ ·V) (6)

In addition to the incompressibility assumption, several further assumptions are
made to obtain the potential �ow derivation. The �ow is considered to be inviscid
which reduces the viscous terms. The �ow is also assumed to be in a steady state,
where the time derivatives disappear. Furthermore, it is assumed that the �ow
is irrotational. By taking the vector identity on part of the material derivative
V · ∇V = 1/2∇V2 −V × (∇ ×V), the irrotationality can be enforced by stating
that the curl ∇×V = 0. Which after rearrangements leads to

∇(
1

2
V2 +

p

ρ
+ g) = 0 (7)
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which means that the inner portion of parenthesis must be a constant

1

2
V2 +

p

ρ
+ g = const (8)

This is the Bernoulli equation [8].
The temperature e�ects are con�ned in the energy conservation equation, due to

the simpli�cations that have been made by stating that the �ow is inviscid and in-
compressible. This means that the energy conservation is not necessary to calculate
in potential �ow methods. The pressure and velocity are now solvable in the �ow.

A velocity potential is de�ned as

V = ∇Φ (9)

where φ is the potential function. Expressing the incompressible continuity equation
(4) in terms of potential �ow yields

∇2Φ = 0 (10)

which is called Laplace equation. This leads to a superposition principle, where if
any two potential functions are solutions to the Laplace equation, their sum is also
a solution to the Laplace equation. So, a complex �ow, for example a �ow around
a thin streamlined body, can be modelled by a number of simpler �ows [9].
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3 Azimuthing thruster

An azimuthing thruster is considered to consist of a propeller and a pod body. The
pod body is the superstructure of the system and it can be further divided into a
motor housing, a strut and a �n. To rotate the propeller of the azimuthing thruster,
a motor delivers torque to the propeller. This motor usually resides within the
motor housing. Alternatively, there are also examples in where the motor, which is
delivering the torque to the propeller, is not within the azimuthing unit. In such
cases the torque transfer is typically done with axles. From the perspective of this
work, the motor is important because it imposes a physical limitation of how much
power and torque it can deliver to the azimuthing thruster. The azimuthing thruster
is sketched and it can be seen in �gure 1.

Figure 1: Simpli�ed pod dimensions.

A propeller consists of a number of blades and a hub. To describe the dimensions
of these blades, the blades are divided radially into cross-sections which are called
blade sections. The blade sections are airfoils, which are thin bodies. The positions
of these blade sections are given in this work with terms relative to the propeller
axis of rotation; a radii r, a pitch P , a skew and a rake. The radii r corresponds
to the radial o�set from the propeller hub. The pitch P describes the blade section
rotation on the radial axis of the blade. The skew is the tangential o�set relative
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to the blade. Finally, the rake is the normal o�set relative to the propeller normal.
There are di�erent types of blade sections, but here they are considered to be NACA-
type of airfoils. The point on the blade furthest from the propeller axis of rotation
is called tip.

The blade section length is called a chord length. The blade section dimensions
describing the form of the section are given as a camber and a thickness. The
thickness gives the thickness of the blade section relative to the coordinate along
the meanline of the blade section. The camber describes o�set of from the meanline
relative to a straight-ahead meanline, which creates curvature on the blade section.
Sketch of discretization of a propeller blade into the blade sections can be seen in
�gure 2.

Figure 2: Propeller blade discretized into number of blade sections.
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4 Dynamic pressure-correction method

The aim of the dynamic pressure correction method or DPC is to give a general idea
of the forces developed by an azimuthing thruster in the oblique �ow conditions. The
premise is that the �ow velocity can be divided into components within the Cartesian
coordinates, where their e�ect to the forces acting on the azimuthing thruster can be
approximated independently. It is assumed that this problem statement can yield
results that are good enough for an azimuthing thruster of which capabilities in
typical straight-ahead �ow are known.

Typically the axial velocity relative to the azimuthing thruster is well docu-
mented on how it generates forces. It is expected that there exist propeller open
water coe�cients for the azimuthing thruster, that can be used by the force ap-
proximation by the DPC-method. The velocity is assumed to negligible in the 'up'
direction of the azimuthing thruster. The velocity is then simpli�ed into two com-
ponents on the azimuthing thrusters coordinate system: One in the axial direction
Va and the other in the oblique direction Vy. The axial in�ow generated force Fa

is related to the azimuthing thruster's open water coe�cients. The oblique in�ow
generated force Fy is approximated with the Bernoulli equation.

Similarly the force acting on the pod structure is assumed to be resultant of the
two force components; axial force Fsa and oblique force Fsy. They are derived from
the velocity discretized into the two components Va and Vy. The free body diagram
of the forces and the velocities can be seen in �gure 3.

In addition to the in�ow velocity, several other simpli�cations are made. The
�ow is considered to be incompressible, irrotational and inviscid. An exception
to this is made in that the viscous drag is taken into account when calculating
forces on the thruster's superstructure. The method is a quasi-stationary one by
stating that the change of the azimuthing angle θ relative to time is small so, that
each individual azimuthing angle θ can observed individually. Unsteady forces are
disregarded making the situation independent of time.

4.1 Propeller

It assumed that propeller meets an undisturbed homogeneous in�ow. While not
correct, as the pod structure or the ship the thruster is attached to could have
signi�cant e�ect on the �ow conditions in certain in�ow angles, this assumption
enables to use the momentum equation in an integral form and averaging, as methods
to get to the results. It is assumed that the velocity induced forces can be described
in a linear fashion. The in�ow velocity is divided into two components; axial Va

and oblique velocity Vy on the thruster's coordinate system as seen in �gure 3. The
thrust and the torque are then de�ned as sum of thrust and torque induced from
both of the axial and oblique velocity components as

T = Ta + Ty (11)

and as
Q = Qa +Qy (12)
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Figure 3: Azimuthing thruster's free body diagram in oblique �ow.

The propeller coe�cient curves are assumed to be known, which are used to
derive the propeller's thrust and drag components from the propeller axial in�ow
velocity. This, means that the coe�cient curves need to be de�ned for the whole
range of axial velocity inputs. The thrust from the propeller axial in�ow is obtainable
from the propeller thrust coe�cient curve as follows

Ta = KT (Ja)ρn
2D4 (13)

where KT (Ja) is the thrust coe�cient at an axial advance ratio Ja, n is the propeller
rotational velocity [rps] and D is the propeller diameter [m]. The torque from the
propeller axial in�ow is de�ned as

Qa = KQ(Ja)ρn
2D5 (14)

where KQ(Ja) is the torque coe�cient. The axial advance ratio is de�ned as

Ja =
Va
nD

(15)

where Va is the axial in�ow velocity relative to the direction of azimuthing thruster.
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The forces induced by the oblique velocity component are simply taken as the dy-
namic pressure of the Bernoulli equation (8) on the surface of the propellers blades.
The propeller blade is approximated as a �at plate, which further simpli�es the pro-
peller geometry. The propeller blade characteristics are assumed to be describable
by characteristics of its blade section at r/R = 0.7, as shown by Lerb's equivalent
pro�le method [9]. This requires simpli�cation of the calculation method, but also
reduces the required inputs. The force F acting on a propeller blade consists of two
components; Fn forces that are perpendicular to the propeller blade and Ft forces
that are parallel to the propeller blade.

F = Fn + Ft (16)

Since the propeller blade was taken as a �at plate, the pressure forces parallel
to it are negligible. Additionally, the viscous component of the drag force Ft is
assumed to be small and thus the parallel force component is disregarded entirely.
The pressure force acting in the normal direction on the propeller blade is obtained
from the Bernoulli equation (8), where the force caused by the dynamic pressure
component is dependent on the blade angle θ and it is de�ned as

Fn(θ) =
1

2
ρVy(Vy · n)Ab (17)

where the propeller oblique velocityVy normal to propeller blade n causes a pressure
di�erence on the propeller blade area Ab. To use this function it is necessary to
change it into its derivative form with respect to radius r

dFn

dr
=

1

2
ρc[(Vy sin θ + ωr) sinφ]2 (18)

where ω is propeller rotational velocity, φ is the o�set blade section angle from
propeller plane and c is the blade section chord length. The blade section angle φ
can be calculated from the propeller pitch. The next step is to average the force
acting on the blade section along the propeller rotational axis, which is obtained by
integrating over the angles angles of a circle as

dF avg
n

dr
=

1

2π

2π∫
0

1

2
ρ(Vy sin θ + ωr)2 sin2 φcdθ

= c
ρ

4π
sin2 φ

2π∫
0

(V 2
y sin2 θ + Vyωr sin θ + ω2r2)dθ (19)

The second term in the integral is equal to zero. The third term in the integral
implies that a force component would develop even without a transverse velocity
component. However, the propeller coe�cient curves determine the solution for the
propeller torque and the thrust in a straight-ahead situation, which the third compo-
nent in equation (19) would incorrectly adjust. Thus, the third term is disregarded
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by saying that its sum is equal to zero. So, an average perpendicular force generated
by a blade section of propeller can be obtained from

dF avg
n

dr
= c

ρV 2
y

4
sin2 φ (20)

The average momentum Mavg can then be obtained by integrating the average
force on the propeller blade along its radius as follows

Mavg =

R∫
0

dF avg
a

dr
r sinφdr (21)

where R is the maximum radius of the propeller blade. Based on the Lerb's equiva-
lent pro�le method, the blade section at r/R = 0.7 is assumed to be representative
of the whole propeller. The pitch angle at the blade section r/R = 0.7 is taken
as the same pitch angle as for the whole blade φ = φ0.7. Furthermore, the chord
lengths for the propeller blade are expected to be similar in shape to a square root
of a sine curve. The chord length c0.7 at r

R
= 0.7 is expected to be known. The

distribution of chord lengths are then

c = c0.7

√
sin( r

R
π)

sin(0.7π)
(22)

Equation (21) can be expanded as

Mavg =
ρV 2

y

4
sin3 φ0.7c0.7

R∫
0

r

√
sin( r

R
π)

sin(0.7π)
dr (23)

The integral can be reduced to a more manageable and universal form by doing
following operations: First the radius variable outside of the square root is expanded
r = R r

R
. The maximum radius R is a constant and as a second step it is taken out of

the integral. The third step is to make a variable change x = r/R, which is de�ned
in a range of 0 to 1. The integral term is then changed as dr = Rdx. The function
can be expressed as

Mavg = c0.7
ρV 2

y

4
sin3 φ0.7R

2

1∫
0

x

√
sin(xπ)

sin(0.7π)
dx (24)

By numerically integrating the right-hand side of equation (24) yields an equation

Mavg = 0.3935c0.7
ρV 2

y R
2

4
sin3 φ0.7 (25)

The total torque is
Q = Qa +Mavg

n ZcQ (26)
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where cQ is the experimentally de�ned torque coe�cient.
Similarly to the torque derivation, the thrust force is obtained from the average

blade normal force as

T avgn =

R∫
0

dF

dr

avg

n
cosφdr (27)

which using the same derivation as above leads to

T avgn = 1.187c0.7
ρV 2

y R

4
sin2 φ0.7 cosφ0.7 (28)

The total thrust can now be predicted as a sum of the axial in�ow induced thrust
Ta and the average oblique in�ow induced thrust T avgn . The total thrust is obtainable
from

T = Ta + T avgn Zct (29)

where Z is the number of the blades and ct is an experimentally de�ned thrust
coe�cient.

The force acting parallel to the propeller plane is predicted by a relation given
by Matusiak [2]. The prediction is based on an actuator-disk presentation of the
propeller in addition to the momentum equation. The force is considered to be ob-
tainable from the momentum �ux trough the propeller actuator disk. The transverse
force as given by Matusiak is

Fy = ρAp(Va + ua)Vycy (30)

where Ap is the actuator disk area, ua is the axial induced velocity and cy is an ad-
ditional experimentally de�ned transverse force coe�cient. More information about
induced velocity derivation is given in section 5.3. Here the axial induced velocity
is given as

ua =
1

2
Va(−1 +

√
1 + CT ) (31)

where

CT =
8KT

πJ2
(32)

When Va = 0 the axial induced velocity tends to ua = 0 as CT →∞.
The wake of the propeller is required to be known, an tangential induced velocity

of the propeller needs to be calculated. A procedure to obtain the tangential induced
velocity as explained by Sanchez-Caja [9] is utilized

∆ω =
1

2
(ω −

√
ω2 − 2

ρπr

dT

dr
) (33)

where the angular velocity is ω = 2πn and the change of angular velocity is ∆ω. The
change of the angular velocity is used to obtain the tangential velocity as ut = r∆ω.

As previously, Lerb's equivalent pro�le method states that the blade section at
r/R = 0.7 is assumed to be a representative of the whole propeller. Based on
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that assumption the thrust of the propeller at a blade section r/R = 0.7 can be
used to obtain the propeller tangential induced velocity. Sanchez-Caja [9] gives an
approximation of the optimum distribution of the propeller thrust for a Wageningen
series propeller. The thrust at section r/R = 0.7 is given as

T0.7 =
dT

dr 0.7
= 3.633

T

D
(34)

The tangential induced velocity is now obtainable at the section r/R = 0.7. To
further simplify the distribution of the tangential induced velocity of the propeller
along the propeller blade radii is taken as a constant value given by the same blade
section of r/R = 0.7.

4.2 Pod structure

Forces on the pod structure are divided to pressure and viscous forces. The pressure
forces are calculated by utilizing geometrically similar structure components and
their experimentally measured pressure forces. The viscous forces are taken as skin
friction. Compared to propeller forces the viscous skin drag is calculated due to the
fact that pod structure can be comparatively large. The viscous forces are appended
with consideration for �ow separation, where an experimentally de�ned �at plate
normal force in separated �ow is used.

The pod structure consists of three components: a strut, a torpedo and a �n.
Geometrically the strut and the �n are similar. The cross-sectional pro�le of the
strut and the �n is assumed to be a constant symmetrical NACA foil. The dimen-
sions of the strut and the �n are described with their height and chord lengths at
their respective ends on the interfaces at the ship, the torpedo and the tip of the
�n. The torpedo is considered as a circular cylinder with two cones at each end of
the cylinder. The propeller hub is taken to be one of these cylinders and as such a
part of the torpedo component.

To calculate the pressure induced lift and drag forces of the strut and the �n,
a method introduced by Yakovlev is utilised [5]. Experimentally de�ned lift (CL)
and drag (CD) coe�cients as a function of an angle of attack α of a NACA 0012
pro�le is used to de�ne the two foils characteristics. However, the experiments are
typically made for angles below the foil's stalling angle. Therefore, to take the stalled
conditions into account a �at plate is considered to be good enough approximation
for a thin foil in separated �ow conditions. The following Rayleigh formula for the
normal force on �at plates in separating �ow conditions is given as

Cn = C0
2π sin(α)

4 + π sin(α)
(35)

where the experimentally de�ned pressure coe�cient C0 is taken from relation in-
troduced by Gurevich as

C0 = 1.0 + Cstag +
c2s

8(π + 4)
(36)
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The pressure coe�cient corresponding to the stagnant zone pressure Cstag can be
approximated from test data of the �at plate as

Cstag = 1.5209 sinα + 0.1667 sin 3α (37)

The calculated force points in the normal direction on the foil, which implies that
there are no pressure drag forces in stalled conditions for a �at plate [5].

The skin friction drag parallel to the foil is applied with recommendations given
by International Towing Tank Committee or ITTC [10], which give following ITTC-
57 formula as

CF =
0.075

(log10Re− 2)2
(38)

where Re is the Reynolds number.
To obtain the lift and the drag forces of the foils coe�cients need to be made

into dimensional form where the lift force is

FL = CL
1

2
ρV 2S (39)

where S is the planform area. The drag force is then

FD = CD
1

2
ρV 2S + CF

1

2
ρV 2Swet (40)

where Swet is the wetted area.
Similarly to the two foils the forces acting on the torpedo is divided into pressure

and viscous forces. They are calculated using experimental results and the skin
friction, which is de�ned by ITTC [10]. As the torpedo structure is de�ned as a
cylinder with two cones, its pressure forces are assumed to be a combination of the
pressure forces acting on the cylinder and a bullet or a streamline shaped body.
Yet at a straight-ahead angle the pressure force of the torpedo should not exist,
because the coe�cient curves of the propeller take the impact of the propeller hub
into account. This requires a special consideration on calculating the induced drag
force at the torpedo.

The pressure induced forces of lift of the torpedo structure is calculated from a
linear combination of a lift coe�cient of circular cylinder in inclined angles of attack
α or the so called "cosine law" as given by Chiu [11]. However, calculations done
during the making of this thesis have shown that the cosine law underestimates the
pressure forces in this work. It is corrected by dropping its exponent. The cosine
law is then de�ned in the reference plane used in this work as

CL = CD0 sinα (41)

where CD0 is the drag coe�cient of a cylinder at perpendicular �ow conditions.
The pressure drag component of the torpedo is assumed to behave similarly to

the cosine law used in this work in oblique angles of attack. However, as before the
coe�cient curves of the propeller de�ne the impact of the frontal cone of torpedo.
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To partially exclude the pressure drag at a straight-ahead angle, a sine function is
added as a coe�cient. The pressure drag coe�cient is thus expressed as

CD = CD0 cosα sinα (42)

where CD is the drag coe�cient of the assumed shape of a bullet or a streamlined
body at a zero angle of attack. The viscous drag component is calculated from the
same skinfriction equation (38) as applied for the foils.

To make these coe�cients into their dimensional form the equations used in
calculating the foils dimensional values, equations (39) and (40) are used. The
planform area S is taken as the torpedo's projected area in the direction of the force
it projects.

4.3 Propeller and pod interaction

For the DPC method the interaction between the propeller and the pod body is
limited by taking the propeller induced velocities into account. The e�ects on the
�ow due to the pod body, such as a �ow separation, are too localized to be taken
into account in the propeller calculation.

The wake generated by the propeller is assumed to in�uence the in�ow of the
pod structure within the propeller projected area in the direction of the �ow. The
contraction of the propeller wake slipstream due to the conservation of a a mass
�ow [12] is not taken into account. Therefore, the foils are e�ected by two in�ows:
one which is in the propeller wake and another that is in the uniform �ow. Yet
at larger azimuthing angles only a portion of a chord length of the foil is in the
propeller slipstream due to the propeller projection only partially hitting the foil.
Consequently, the foils are divided into two portions with following equation

Cwake =
D/2− rmh

hf
cos θ (43)

where rmh is the torpedo radius and hf is the foil height.
In the case of the torpedo the axial induced velocity of the propeller is added

to the uniform in�ow. However, as the propeller induced rotational velocity �ows
along the surface of torpedo, it does not induce velocity that is in normal direction
relative to the torpedo axial axis. Thus, the rotational induced velocity is not taken
to e�ect the in�ow on the torpedo.
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5 Blade element momentum theory

To calculate forces acting on the propeller surface, a method using blade element
momentum theory or BEM theory is presented. BEM is a combination of the blade
element theory and the momentum theory [13]. To estimate force distributions on
the propeller surface, the blade element theory in this work utilises a panel method.
The blade element theory is further corrected by experimental factors to take into
account separated �ow conditions, as recommended by Yakovlev [5]. This work
follows the blade element momentum theorem given by Ingram [13].

In blade element theory the resultant force acting on a propeller blade is sum
of forces acting on the blade sections of the propeller blade. However, the blade
element theory assumes that the in�ow is uniform. This is not the case as the
propeller induces velocity disturbances in in�ow acting on the propeller. To estimate
the induced velocity on the propeller, the blade element theory is combined with
the momentum theory. When the induced velocities generate the same amount of
thrust and torque with the blade element theory and the momentum theory, the
solution is found. The free body diagram of velocities and forces acting on the blade
section can be seen in �gure 4. In the �gure the Vi

a and Vi
n correspond the axial

and normal induced velocities, respectively.

Figure 4: Blade section free body diagram diagram.
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In the blade element theory the propeller is divided into blades, which are divided
into radial cross-sections or as they are called blade sections. The values for the
propeller are assumed to be a sum of values obtained on each of its blades. The
values on the blades in turn are assumed to be presentable from the results of each
of the blade sections. In the blade element momentum method only the propeller is
taken into account, so that the e�ect of azimuthing thruster's hull consisting of the
torpedo, strut and �n is not taken into calculations. Furthermore, the e�ect of the
hub and tip vortices generated by the propeller blade tips are disregarded.

The momentum theory evaluates the force acting on the propeller as a change
of momentum. The propeller is modeled as a thin disc that induces velocity on the
in�ow. This change of velocity causes a pressure di�erence on the surfaces of the
propeller disc. A pressure di�erence in turn can be reduced to a singular force acting
on the propeller disc.

To estimate forces acting on the propeller surface, a two dimensional panel
method is used in with the blade element theory. In the panel method a two di-
mensional �ow is modeled using potential theory. In this work the Hess-Smith [14]
panel method is used. In the panel method the surface of the blade sections is dis-
cretized into a number of panels. The velocity at each of these panels is calculated.
The velocities can be related to pressures using Bernoulli equation. The pressure
distribution can be reduced to a singular force acting on the blade section, which is
required by the blade element theory. [15]

The panel method is limited in its application to separation-free �ows. At larger
�ow angles relative to the tangent of the blade section or as it is called an angle of
attack, the �ow on the surface of the blade section can separate. The separated �ow
on a blade section di�ers from the separation-free �ow, which causes a signi�cant
di�erence in forces generated on the blade section. To �nd if the �ow has separated
a method given by Yakovlev is used [5]. To estimate the force acting on the blade
section in separated �ow conditions, an experimental Rayleigh formula is used.

The panel method is further limited to �ows where the trailing edge of the blade
section is known. As the blade sections are assumed to have a sharp trailing edge,
it can be safely assumed that the trailing edge of the �ow and the trailing edge
of the blade section are the same at moderate angles of attack. At larger angles
of attack the �ow is assumed to be separated. In such angles the separated force
calculations can be used. The situation is simpli�ed by stating that the �ow around
each of the blades is independent of the �ows around the other blades. The e�ect
of pod is disregarded. And as with the DPC-method the �ow is considered to be a
quasi-stationary where the time dependent variables are not taken into account.

5.1 Geometry de�nition

In the blade element momentum method, initially the propeller geometries are di-
vided into the propeller, blades, blade sections and panels. The propeller consists
of a number of blades, which have the same dimensions. The individual blades are
discretized into cross-sections along their radii. These are the blade sections. The
blade sections are further discretized into panels as required by the panel method.
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The dimensions of the blades, the blade sections and the panels are de�ned so that
their locations and facing directions can be used in the calculations. A panel is
located in the space, where it has a normal direction pointing away from the blade
section and a tangential direction along its length. The blade section similarly has
a normal direction and a tangential direction relative to its central location in the
space. Additionally, its plane is de�ned with a vector which is perpendicular to the
blade section tangent and normal directions. Finally, the blade is located at the
propeller hub, where its normal points in the same direction the propeller points
and its plane vector points towards the blade's radii.

There are di�erent airfoil shapes used in the propeller blade cross-sections. Here
they are assumed to be of a similar shape to a NACA-foil. In discretizing the blade
section according speci�cations given by the NACA-foils, it is necessary to take into
account the requirements of the panel method. The panel method requires that the
surface of the blade section closes. The accuracy of the panel method is dependent
on the number of panels. Furthermore, as larger velocity gradients exist at the
ends of the foil, the accuracy is improved more e�ciently by increasing the number
of panels at these ends. For this reason, instead of using a constant step in the
chordwise direction in the panel discretization so-called cosine spacing is used [15].

The panel discretization can be seen in �gure 5. The panels are constructed
into a list starting from trailing edge TE and ending at the same point. The panels
rotate from bottom of the foil to the top by going trough leading edge LE. They
are numbered 1...N . Each of these panels has a controlpoint at their respective
midpoint.

Figure 5: Blade section discretization into N number of panels.

To compute the locations, directions and velocities of the azipod system, prac-
tices used in computer graphics are applied to the problem [16]. A brief explanation
is given of these practices. The locations and the directions are given by a four
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dimensional vector and their transformations are given by a 4× 4 matrices as
B0,1 B0,1 B0,2 tx
B1,1 B1,1 B1,2 ty
B2,1 B2,1 B2,2 tz
p q r s



x
y
z
w

 =


x′

y′

z′

w′

 (44)

Here terms B0,1 - B2,2 correspond to a rotation matrix and terms tx, ty and tz cor-
respond to translation in cartesian coordinates. The last row of the transformation
matrix is used in a perspective projection and in case of only doing 3D-coordinate
transformations it should be left as [0, 0, 0, 1]. A vector [x, y, z, w] is either the cur-
rent direction, if w = 0 or the location, if w = 1. Other values of the last term
w of the vector e�ect the scaling of translations of the transformation matrix. The
multiplication of the transformation matrix and the current location or the direction
vector results in a new location or direction of [x′, y′, z′, w′]. In order to combine mul-
tiple transformations matrices they are simply multiplied together, after which the
current location or direction is multiplied by the resultant transformation matrix.

The locations and the directions of the system can be structured in a skeletal
frame where the transformations are applied recursively. The skeletal frame is con-
structed so that each location has an o�set to its joint given by its initial dimensions.
The joint locations of the panels are their blade sections locations, which joints are
in turn on their blade's location and so on. For example, the modi�ed location l′

of a panel, where the system azimuthing thruster has rotated Ba and the blade has
rotated Bb can be calculated from its original location l as follows

BbBal = l′ (45)

As an example �gure 6 represents a propeller that has been rotated.

Figure 6: Propeller initial dimensions and rotated dimensions of 35◦ azipod rotation
and 45◦ propeller rotation.
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5.2 Blade element theory

In the blade element theory the force generated by the propeller is equal to the
sum of forces generated by the propeller blades. Each of these blades is discretized
radially into blade sections. Each of these blade sections generate a force relative to
the shape of the blade section and the in�ow.

The force Fb generated by a blade is expressed as

Fb = Fbsdr (46)

where the forces generated by the blade sections Fbs are integrated over the span of
the blade. Similarly the torque generated by the blade Qb is equivalent to

Qb = Fbsrdr (47)

5.2.1 Panel method

As described before, potential �ow methods allow for summing of multiple solvable
and simple potential �ows to denote a more complex �ow. Utilizing a set of �ow
singularities, such as an uniform �ow, a source and a vortex, potential �ows can be
used to describe a �ow around a geometry, if the �ow satisfy the conditions of the
potential �ows; the �ow must be in-compressible, insviscid and irrotational. For a
�ow around an airfoil at moderate angles of attack, the potential �ow description of
the �ow has given satisfactory results [15].

An airfoil geometry is described as a set of boundary conditions. The �ow may
not pass trough the solid surface of the airfoil. Consequently on the surface of
the airfoil the �ow must be tangential to it. In addition, the airfoil must generate
downwash, so that it generates lift. This is achieved by stating that the �ow at
trailing edge must leave smoothly, that is the airfoil shares the same velocity on the
upper and on the lower sides of the airfoil at the trailing edge. This is called the
Kutta-condition [14].

There are a number of di�erent panel method implementations. The Hess-Smith
panel method for two dimensional �ows is used in this work [14]. A comprehensive
derivation of this panel method is given in Mason's book [15]. The blade section is
discretized into a number of panels. These panels have distribution of sources and
vortices with a constant strength. The boundary conditions of �ow tangency are
satis�ed at the midpoint of the panel. These midpoints are called controlpoints.

The velocity potential Φ as used in the Hess-Smith panel method is written as

Φ = Φ∞ + ΦS + ΦV (48)

where the potential is sum of the uniform �ow potential Φ∞ and singularity poten-
tials: source potential ΦS and vorticity potential ΦV induced by the panels. The
uniform �ow potential in a two dimensional case is

Φ∞ = Vxx+ Vyy (49)
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where Vx and Vy are velocity components and x and y are coordinate directions.
The Source potential described in a circular system is

ΦS =

∫
s

σ(s)

2π
ln rds (50)

where σ(s) is the source strength and r is the distance from a point to the source,
which are integrated over the surface of the panel. The vorticity potential in the
circular system is

ΦV =

∫
s

γ(s)

2π
θds (51)

where γ(s) is the vorticity strength and θ is the angle to the point from the vortex,
which are integrated over the surface panel. By taking the gradient of the potential,
the velocity is obtained as follows

V = ∇Φ =
∂Φ

∂x
i +

∂Φ

∂y
j +

∂Φ

∂z
k (52)

The variable strength of the sources is allowed to vary between the panels, while
the variable vortex strength is constant for all of the panels. The �ow should be
tangential to each panel, which is a result of the boundary condition on the surface.
As the number of variables that need to be solved is one greater than the number
of panels N , the number of equations is N + 1. The last equation is the Kutta-
condition which states that at the trailing edge of the blade section the �ow must
exit smoothly. This means that the velocity and pressure at trailing edge is same
on both sides of the blade section, which is the Kutta-condition mentioned above.
Therefore, at each panel i the normal velocity component must be

Vi · ni = 0 (53)

where Vi is the velocity at the panel control point and ni is the surface normal of
the panel. This is obtained when the induced velocity from the panel singularities
counteracts the velocity of the uniform �ow at each panel in their normal directions.
In a vector form an equation satisfying the �ow tangency condition at panel i is

N∑
j=1

σj(ln
|ri,j−1/2|
|ri,j+1/2|

tj ·ni+βi,jnj ·ni)+
N∑
j=1

γ(− ln
|ri,j−1/2|
|ri,j+1/2|

nj ·ni+βi,jtj ·ni) = −V∞ ·ni

(54)
where the angle βi,j is the angle subtended at the control point of the ith panel to
ends of panel jth, |ri,j−1/2| is the distance from the control point of the ith panel to
�rst corner of the jth panel and the |ri,j+1/2| is the distance from the control point
of the ith panel to end corner of the jth panel.

Furthermore, at the trailing edge tangential velocity components must be equal
on each side of the blade sections

Vi · t1 = VN · tN (55)
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This can be similarly said that the sum of the induced velocities by the singularities
at the two panels at the trailing edge must counteract the sum of tangential velocities
of the two panels there. The vector form of the equations is


N∑
j=1

σj(ln
|r1,j−1/2|
|r1,j+1/2|

tj · t1 + ln
|rN,j−1/2|
|rN,j+1/2|

tj · tN + β1,jnj · t1 + βN,jnj · tN)+

N∑
j=1

γ(− ln
|r1,j−1/2|
|r1,j+1/2|

nj · t1 − ln
|rN,j−1/2|
|rN,j+1/2|

nj · tN + β1,jtj · t1 + βN,jtj · tN) =

−V∞ · t1 −V∞ · tN

 (56)

This set of equations can be reduced to a system of linear equations, which is can
be solved. The system of equations is

A1,1 . . . A1,N A1,N+1
...

. . .
...

...
AN,1 . . . AN,N AN,N+1

AN+1,1 . . . AN+1,N AN+1,N+1



σ1
...
σN
γ

 =


b1
...
bN
bN+1

 (57)

where the source strengths σ and the constant vortex strength γ are solved. They
are used to �nd the tangential velocities Vti on the panels.

The tangential velocities are used to �nd the pressure coe�cient on the panels
along the blade section as

Cp = 1− (
V 2
ti

V 2
∞

) (58)

which results from the Bernoulli equation. The pressure coe�cient can be expressed
as a pressure di�erence as

∆pi = Cp
1

2
ρV2
∞ (59)

To get the resultant force on the blade section, the pressure di�erences are added
together as

dF

dr
=

N∑
i=1

∆pieini (60)

where ei is the panel length and ni is the normal vector of the panel.
A common way so solve the equation (57) is a lower-upper decomposition method,

due to the matrix being completely �lled and diagonally dominant [17].

5.2.2 Flow separation

Flow separation is a phenomenon, where the �ow detaches from the surface of an
object. It causes signi�cant increase of drag, which is why it is necessary to model.
A �ow over surface causes an adverse pressure against the direction of the �ow on
the boundary layer of the �ow. If this pressure di�erence causes the velocity of the
�ow to drop nearly to zero, the �ow detaches from the surface of the object. The
detached �ow takes a form of vortices, which is characterized with nearly a constant
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pressure distribution of the free-stream pressure over the airfoil [5]. A sketch of the
�ow separation can be seen in �gure 7, where a representation of a boundary layer
�ow loses its velocity on the surface of the blade section due to the adverse pressure
gradient caused by the viscous drag. At some point the �ow changes direction,
where it detaches from the surface of the blade section creating large vortices and
signi�cantly changing the �ow characteristics.

Figure 7: The boundary layer �ow over a blade section resulting in the �ow separa-
tion.

In order to take the �ow separation into account it is necessary to �nd out if the
�ow separates and what is the e�ect of the separation on the �ow. Flow separation
is a localized phenomenon, where a portion of the blade section surface might be
in separated �ow and some other portion might not. Yakovlev [5] de�nes the �ow
around a blade section in two portions: one where the �ow is completely separation
free and one where the whole blade section is e�ected by the separated �ow. In
terms of the lift coe�cient relative to the angle of attack α of the blade section,
the lift faces drastic drop around an angle of 10 − 15◦. This is attributed to a
massive �ow separation on the blade section and the condition is called a stalling
point. Therefore, forces acting on the blade section is calculated with two methods
depending on the �ow condition. The stalling point de�nes the discontinuity point
between the two di�erent �ow conditions. [5]

To �nd if �ow separates recommendations given by Elizarov [18] is used. The
�ow on a panel is separated if

f0 ≥
a

|v(s)|b
dv

ds

∫ s

stag

|v(s)|b−1ds (61)

here coordinate s corresponds to the distance along the arc of the blade section,
where equation is applied on. The velocity derivative dv

ds
refers to the velocity

derivative along that distance. The arc coordinate sstag is the stagnation point
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on the surface of the blade section. Elizarov de�nes several di�erent experimental
coe�cients, of which the following are used in this work: a = 7

6
, b = 4.54 and

f0 = −3.
The velocity distribution obtained from the panel method is utilized in �nding the

stalling point. Furthermore, as the panel method is de�ned only on the angles where
the geometrical trailing edge of the blade section corresponds the �ow's trailing edge
as described above, an additional critical angle is given where the �ow is assumed
to be fully separated. The blade section is considered to be fully in a separated �ow
when the angle of attack α ≥ 25◦. The stalling point is found by relating it to the
number of panels that are in the separated �ow region. The stagnation point sstag
is de�ned as the connecting point of the two adjacent panels, that have tangential
velocities in di�erent directions along the surface of the blade section. Typically
the panel method yields good results with around 40 panels [15], but the need to
determine the stagnation point accurately increases the amount of the panels.

Here the pressure is approximated from normal force coe�cient given by equation
(35) in section 4.2. The axial force coe�cient is discarded by assuming that the blade
section is thin.

5.3 Momentum theory

The momentum theory calculates the force acting on the propeller from the Bernoulli
equation. The propeller is approximated as a thin disc as seen in �gure 8. The
propeller plane induces a velocity on the �ow. The velocity change causes a pressure
di�erence across the propeller plane, which in turn results in generated thrust. For
the momentum theory derivation, work done by Matusiak [19] is followed.

Figure 8: Propeller actuator disk presentation.
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It is assumed that far up front of the propeller plane and far behind the it the
pressures are equal to the free stream pressure p∞, and that the velocities in front
and behind to the propeller plane are equal. By utilizing the Bernoulli equation the
pressures and the velocity change can be related as

paf − pab =
1

2
ρ(V 2

if − V 2
ib) (62)

where paf − pab is the pressure di�erence the propeller disc generates, Vif is the
velocity far in front of the propeller and Vib is the velocity far at the propeller wake.
The pressure di�erence can be expressed as the thrust on the propeller plane

dT = (paf − pab)dA (63)

The axial induced velocity at the propeller plane is generally accepted to be half
of the total induced velocity [9], which yields

Vib = Vif + 2ua (64)

where ua is the induced velocity.
The thrust derivative equation (63) on the actuator disk can be expressed in

terms of the induced velocity resulting in

dT = −2ρ(Vifua + u2a)dA = −4ρ(Vifua + u2a)πrdr (65)

which can be understood as a change of mass �ow trough the actuator disk. In this
work, the change of the mass �ow is assumed not to be a�ected by the loses caused
by the generation of propeller tip vortices and the loses caused by the propeller hub.
Furthermore, the e�ects of a skewed wake is disregarded.

Similarly to the axial momentum, the rotational momentum needs to be con-
served. Initially the �ow is not rotating. However, the propeller induces rotational
velocity on the �ow, which is related to the torque. Torque in terms of the momen-
tum is

Q =
dL

dt
(66)

where the angular moment L is
L = Iω (67)

and ω is the rotational velocity at the propeller disc. Inertia I for a circular disc is

I = mr2 (68)

where m is the mass. Combining equations (66) - (68) yields

Q = ṁr2ω (69)

where ṁ is the mass �ow. Derivative of the torque can be expressed as

dQ = dṁr2ω (70)
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Relating the derivative of the mass �ow to terms used in calculating the axial
induced velocity yields

dṁ = ρ(Vif + ua)dA = ρ2πr(Vif + ua)dr (71)

The derivative of the torque is equal to

dQ = ρ2πr3(Vif + ua)ωdr (72)

As the �ow is not rotating initially the induced rotational velocity ωi at the propeller
plane is equal to the rotational velocity ω at the plane. The resulting induced
rotational velocity is

ωi =
dQ

2ρπ(Vif + ua)ωr3dr
(73)

which reduces the e�ective tangential in�ow at the blade section.
The axial induced velocity is obtained from equation (65) applied to quadratic

formula, resulting in

Vif =
−Vif ±

√
V 2
if − 4dT

ρπrdr

2
(74)

Due to the physical basis, the positive portion is taken.
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6 Implementation

Two programs are coded in order to implement the DPC and BEM methods for the
oblique �ow calculations. Java was chosen to be the programming language. As the
number of calculations is not excessive for modern computers, it is not necessary
to use languages that are more e�cient in performance, such as Fortran or C++.
Object-oriented language is considered to be bene�cial to be more easily implement
the program in smaller parts. Java is also bene�cial, because it has a considerable
number of free to use libraries available.

In the implementation of the programs two program libraries are used. The
vector math library javax.vecmath-1.51 [20] is used. To plot the results in three
dimensional plots, plotting library Jzy3d-0.9 [21] is applied.

6.1 Dynamic pressure correction

The dynamic pressure correction method is programmed and its outline can be seen
in �gure 9. The geometry of the azimuthing thruster unit and the calculation pa-
rameters are given to the program. The program then calculates the propeller forces
according to the methods of section 4.1. If the calculated propeller torque is greater
than the given maximum torque for the propeller, propeller rotational velocity is
reduced until the calculated propeller torque is equal to the maximum torque of the
propeller. After, a satisfactory propeller thrust and torque are obtained, and its
induced velocities are calculated as described in section 4.1. The combination of the
induced velocities and the uniform �ow based on the propeller to pod interaction
at section 4.3 are given to calculate the pod structure forces as described in section
4.2. The forces are then obtained as a result.

As was stated above, the azimuthing thruster has a physical limitations of how
much forces it can deliver and withstand. The maximum torque Qmax is likely to be
exceeded at the oblique �ow angles. Therefore, the propulsion inputs are limited as
regards to the maximum torque. It is assumed that the propeller rotational speed
reduces until the maximum values are reached if they would otherwise exceed them.
Therefore, for the dynamic pressure correction method the following iterative scheme
is implemented in order to limit the torque.

To accomplish this a successive approximation scheme is implemented, which
yields the rotational speed. If the maximum value of the torque is exceeded, the
rotational speed is adjusted until the torque corresponds to its maximum value. In
the case where the maximum torque is exceeded, the following equation is iterated

0 = Qmax −KQ(nk, v, θ))ρn
2
k+1D

5 (75)

where the next iterated rotational velocity is solved as

nk+1 =

√
Qmax

KQ(nk, v, θ)ρD5
(76)

When the di�erence between two consecutive iterations of rotational speed nk and
nk+1 is small, the correct rotational speed is assumed to be found. Here the di�erence
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of the two rotational speeds nk and nk+1 is considered to be small if it is less than
10−5.

Figure 9: A �ow diagram to determine the forces on a propeller at the oblique �ow
angles with the DPC method.
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6.2 Blade Element Momentum Method

The blade element momentum method is programmed and its outline can be seen in
�gure 10. With the given geometry inputs and computation parameters the program
�rstly rotates the geometry of the propeller with the methods outlined in section
5.1. Then for each blade and each blade section of the blades the resultant forces
are calculated for the given in�ow. The resultant forces of the blade sections of a
blade are numerically integrated along the blade's span to get the blade resultant
force as seen in section 5.2. The resultant forces of each of the blades are simply
added together to yield the results for the whole propeller.

To solve the blade section resultant forces, an iterative thrust optimizing scheme
is implemented and its outline can be seen in �gure 11. The calculation of thrust
generated by a blade section of a propeller is di�cult, because the induced in�ow at
the blade section is reliant on the thrust and the torque it generates and vice versa,
as described in section 5. Therefore, it is necessary, that an iterative procedure is
made to solve the problem. Because the propeller operates in oblique �ow angles,
the problem of �nding the induced velocities at each blade section is even more
complex. However, it is assumed that the induced velocities at the blade section
only reduce the thrust generated by the blade section and the thrust cannot change
direction. Based on that assumption, a binary search algorithm is implemented.

In order to calculate the resultant forces on each blade section, the �rst task is to
reduce the propeller rotational speed and the uniform velocity at each blade section
to two dimensions given by the blade section plane. Initially the thrust generated by
the blade section is calculated as if there are no induced velocities. A lower thrust
Tlow is set equal to zero, an upper thrust Tupp is set equal to the initial calculated
thrust and an initial guessed thrust is set as Tgue = Tcal/2. The guessed thrust and
torque are given as parameters to momentum method to solve the induced velocities
as described in section 5.3. The blade section in�ow is adjusted by the calculated
induced velocities. Next, the blade section pressure and velocity distributions are
calculated with the panel method as described in the section 5.2.1. Based on the
methods given by the section 5.2.2, the velocity and pressure distributions are used
to �nd if the �ow on the blade section has separated and what is its resultant force
if it has separated. The blade section generated thrust Tcal and the guessed thrust
Tgue are compared as a relative di�erence

dr =
|Tcal − Tque|
|Tque|

(77)

which signi�es the �tness of the optimization. If the relative di�erence dr is |1−dr| <
10−4, the correct induced velocities are assumed to been found and the results for
the blade section are returned. If the relative di�erence is dr > 1, the lower thrust
is set equal to the guessed thrust Tlow = Tgue. If on the other hand the relative
di�erence dr < 1, the upper thrust is set equal to the guessed thrust Tupp = Tgue. A
new guess is made for the guessed thrust as

Tque =
Tupp − Tlow

2
(78)
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Figure 10: A �ow diagram to determine the forces on a propeller at the oblique �ow
angles with the blade element momentum method.

Next the process is repeated with the new guessed thrust, until the relative di�erence
dr reaches its value or the number of iterations exceed 100.

Similarly to the assumption that the induced velocities can only reduce the thrust
generated by the blade section without induced velocities, it is assumed that the
torque behaves in a similar fashion. Therefore, to improve the convergence of the
optimization scheme, the torque used in approximating the induced velocities is
set to never exceed the initial torque. Furthermore, to improve the convergence of



31

optimization scheme, the rotational induced velocity is disregarded in case the �ow
has separated at the blade section.

Figure 11: A �ow diagram to determine the forces on a blade section of a propeller
in oblique �ow angles.
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7 Results

The results of the panel method within the blade element momentum theory is
compared to experiments made by Pinkerton, Ladson and Sheldahl [22�24]. To
compare the panel method results for a wide range of angles, the normal force
coe�cient Cn of experiments conducted by Pinkerton for a foil NACA 0012 at angles
of attack α = 0− 180◦ are compared to the results obtained from the panel method
implemented for this work. The comparison can be seen in 12. The lift coe�cients
calculated by the BEM method compare satisfyingly with the measurements.

Figure 12: Normal force coe�cients for a NACA 0012 airfoil at angles of attack of
α = 0−180◦ from experimental results conducted by Pinkerton [22] and as calculated
by the panel method implemented in this work.

To compare the foil NACA 0012 chordwise pressure distribution, the pressure
distributions for angle of attacks of α = 12◦ and α = 4◦ are calculated with the
panel method implemented in this work and they are compared to experiments
conducted by Ladson. The comparison can be seen in �gure 13. To further compare
the panel method, at angle of attacks of α = 4◦ and α = 0◦ a foil NACA 4412
pressure distributions are compared to measurements conducted by Pinkerton at
Re = 900 000. The results for those can be seen in �gure 14. The lift coe�cients as
measured by Pinkerton are CL = 0.82 and CL = 0.41 with angle of attacks α = 4◦

and α = 0◦ respectively. With the panel method the lift coe�cients are CL = 1.03
and CL = 0.55 respectively. The pressure distributions as calculated by the panel
method gives good comparison with the case of the foil NACA 0012. The case of
the foil NACA 4412 gives pressure distribution that lead to higher lift coe�cients
with the panel method compared to the measurements.
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Figure 13: Pressure distribution on a NACA 0012 airfoil at an angle of attack of
α = 12◦ and of α = 4◦ from experimental results conducted by Ladson [23] and as
calculated by the panel method implemented in this work.
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Figure 14: Pressure distribution on a NACA 4412 airfoil at an angle of attack of
α = 4◦ and of α = 0◦ from experimental results conducted by Sheldahl [24] and as
calculated by the panel method implemented in this work.
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To compare the analytical results presented in this work, a number experiments
given by various authors was reviewed [1�5]. Islam [3] conducted a large set of model
tests for an azimuthing thruster in static and dynamic azimuthing conditions. As
in his work the azimuhting angles varied extensively from 0−360◦, it is chosen for a
comparison to be presented here. Furthermore, to complement these results a set of
CFD computations conducted by ABB Marine is utilized. Two CFD computations,
case 1 and case 2 were made. Case 1 was made with a pod hull and the case 2
was without a pod hull. For both cases a sliding mesh on the propeller was utilized
with around �ve million computational cells. The turbulence model used in the
computation was the SST k − ω model. The turbulence intensity E = 0.01 and
turbulent viscosity ratio µt/µ = 10 The program used for the CFD case 1 was
Star-CCM+ [25].

The propeller and the pod structure used in the experiments conducted by Islam
has the dimensions given in table 1. The propeller can be seen in �gure 15, which
has been plotted by the method presented in this work.

Table 1: The main dimensions of the podded thruster used in the experiment con-
ducted by Islam [3] .

Unit Value
D 0.2m
Z 4

Ae/A0 0.6
P/D 1.0
lmhtotal 0.3185m
lmhmid 0.28m
rmhmid 0.0501m
hstrut 0.075m
cstrutmh 0.232m
cstrutship 0.0501m
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Figure 15: The propeller used in the experiments conducted by Islam [3] as dis-
cretized by the blade element method presented in this work.

In the work done by Islam [3] the propulsive performance curves are given for
positive advance coe�cients. However, as the experiments were done for angles
where the propeller is also in facing the opposite direction to its design direction,
the performance curves needed to be appended to have some values at a negative
advance coe�cient. This is due to the requirements of the DPC method applied in
this work. Thus, thrust and torque coe�cients at J = −0.5 were added from the
experiments conducted by Islam at an angle of θ = 180 ◦. The resulting propulsive
performance curve data was square-�tted using Microsoft Excel as

KT (J) = 0.4863− 0.2284J − 0.4911J2 + 0.5133J3 − 0.2098J4 (79)

and
KQ(J) = 0.0682− 0.0274J − 0.0564J2 + 0.0625J3 − 0.0312J4 (80)

Islam conducted the experiments at the propeller rotational velocity of n = 15 rps
and at an advance coe�cient of J = 0.5. The results were given for axial and
transverse forces at the reference plane for the whole unit, which is compared to
DPC method. For the propeller the thrust and the torque were given at the propeller
plane, which are compared to DPC and BEM methods. The comparisons can be
seen in �gures 16 and 17. The results from the DPC method compare satisfyingly
to the experiment. The BEM method on the other hand compares poorly to the
experiments.
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Figure 16: Comparison of thrust and torque of the propeller for results calculated
by the DPC and BEM methods presented in this work and the experimental results
given by Islam [3].
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Figure 17: Comparison of axial and oblique forces of the azimuthing thuster unit for
results calculated by the DPC method presented in this work and the experimental
results given by Islam [3].
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The CFD case 1 was made on a propeller that had main dimensions as given
by table 2. It is compared to the DPC method. The propellers performance curves
were approximated with the polynomial functions

KT (J) = 0.461− 0.2854J − 0.191J2 + 0.2475J3 − 0.1667J4 (81)

and
KQ(J) = 0.0593− 0.0029J − 0.0515J2 + 0.0139J3 − 0.0230J4 (82)

Compared to the experiments conducted by Islam [3], the CFD computations had a
maximum torque, which needed to be taken into account. The CFD case 1 compu-
tations were simply iterated with lower rotational speeds until the maximum torque
was no longer exceeded. The DPC method had a designated maximum torque of
Qmax = 108 kNm where it was limited to and the rotational velocity was reduced
according to the methods described in this work.

Table 2: The main dimensions of the podded thruster used in the CFD case 1.

Unit Value
D 2.79m
Z 5

Ae/A0 0.604
P/D 1.05
lmhtotal 4.75m
lmhmid 2.2m
rmhmid 1.0m
hstrut 1.2m
cstrutmh 3.15m
cstrutship 2.5m

hfin 1.2m

cfinmh 1.2m

cfintip 0.6m

The results are compared between CFD case 1 and calculations made by the
DPC method. For the propeller the thrust coe�cient and the torque coe�cient at
speci�c angles are shown in �gure 18. For the whole unit the total axial force and
the total transverse force coe�cients at speci�c angles are plotted in �gure 19. The
forces applied on the hull of the pod can be seen in �gure 20. The results for the
whole pod unit and propeller compare well between the CFD calculation and the
DPC method. Because, the propeller rotational velocity was iterated by hand with
the CFD calculations, the torque was allowed to have slight di�erence compared to
the maximum allowed torque. The axial force component of the pod hull force with
the CFD calculations change direction depending on which direction the unit was
rotated to. This behavior is not caught with the DPC method. However, its impact
on the overall results is small. Therefore, the di�erence is acceptable.
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Figure 18: Comparison of thrust and torque for the propeller calculated by the DPC
method presented in this work and CFD case 1 results.
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Figure 19: Comparison axial and oblique forces on the azimuthing thruster unit
calculated by the DPC method presented in this work and CFD case 1 results.



42

Figure 20: Comparison axial and oblique forces on the azimuthing thruster pod hull
calculated by the DPC method presented in this work and CFD case 1 results.
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The CFD case 2 was made on a propeller that had main dimensions as given by
table 3. The propeller can be seen in �gure 21. The propellers performance curves
were approximated with the polynomial functions

KT (J) = 0.584− 0.2646J − 0.4287J2 + 0.4108J3 − 0.1592J4 (83)

and
KQ(J) = 0.0899− 0.0023J − 0.0745J2 + 0.0681J3 − 0.0284J4 (84)

As before, the CFD case 2 utilized a sliding mesh on the propeller with around �ve
million computational cells. As with the CFD case 1 rotational velocity was limited
so that the maximum torque of Qmax = 1600 kNm was not exceeded. Here, the
DPC-method used the same rotational velocities as the CFD case 2 used.

Table 3: The main dimensions of a propeller used in the CFD case 2.

Unit Value
D 5.7m
Z 4

Ae/A0 0.585
P/D 1.21

Figure 21: The propeller used in the CFD case 2 as discretized by the blade element
method presented in this work.
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The results are compared between CFD case 2 and calculations made by the
DPC and BEM methods. For the propeller the thrust coe�cient and the torque
coe�cient at speci�c angles are shown in �gure 22. Here, the BEM method gives a
poor relation to the CFD calculations. The DPC method compares satisfyingly to
the CFD calculations at smaller angles of attack. At larger angles the di�erences
increase. From the perspective of the DPC method, the di�erence between case
1 and case 2 is that, the propeller rotational velocity is calculated with the DPC
method with case 1 and with the case 2 the DPC method uses the same propeller
rotational velocities as the CFD calculations did.

Figure 22: Comparison of thrust and torque for the propeller calculated by the DPC
and BEM methods presented in this work and CFD case 2 results.
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In addition to the thrust and torque comparisons, pressure distributions from the
CFD case 2 and the BEM method are shown for oblique angle of attack of 60◦. The
pressure distribution of the front of the propeller can be seen in �gure 23 and of the
back of the propeller in �gure 24 for the BEM method. The pressure distributions
for the CFD case 2 can be seen in �gures 25 and 26, respectively. The propeller
azimuthing rotation has been done in di�erent directions, which is why the bottom
blade on the CFD results has the largest forces and the largest forces with the BEM
method apply to the blade at the top position. The largest pressure di�erences are
at bottom blade with the CFD calculation and the largest pressure di�erences are
at the top blade with BEM calculations.

Figure 23: Pressures distribution on propeller front side at propeller azimuthing
rotation of 60◦ as calculated by the blade element method presented in this work.
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Figure 24: Pressure distribution on propeller back side at propeller azimuthing
rotation of 60◦ as calculated by the blade element method presented in this work.
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Figure 25: Pressures distribution on propeller front side at propeller azimuthing
rotation of 60◦ as calculated by the CFD case 2.

Figure 26: Pressure distribution on propeller back side at propeller azimuthing
rotation of 60◦ as calculated by the CFD case 2.
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8 Discussion

8.1 Results

The results of the DPC method are satisfactory, considering the degree of simpli�-
cations that were made. This is somewhat explained by the de�ned coe�cients CQ,
CT and Cy for the propeller forces for the oblique velocity component Vy. Yet for
both cases they utilized similar coe�cients for the thrust and the torque as they
were taken as the length of the propeller's circle. Where as the transverse force
coe�cient used the same constant for both cases.

Considering the di�erence of results on the DPC method and the CFD compu-
tations: case 1 and case 2, it can be seen that something should be done to improve
the DPC method. The propeller thrust and torque with the DPC method compare
well to each other, but the DPC method underestimates the impact of the propeller
rotational velocity at larger angles and near its maximum torque with full scale pro-
pellers. This can be alleviated by using an additional coe�cient with the propeller
rotational velocity to increase it at the oblique angles for the DPC method.

For the pod structure the force di�erences are larger for the CFD case 1. How-
ever, the results from the CFD computations in case of the axial force components
seem dubious, as the axial force component behaves erratically. Nevertheless, for
the overall situation the force acting on the azimuthing thruster unit compares well.

On the other hand, the result from the BEM method disagree by a signi�cant
margin from the experimental and CFD results for the propeller forces. As the
results for the blade section normal force and pressure coe�cients are satisfactory,
which suggests that the problem resides in calculation of the induced velocities.
At the oblique angle of attack of 60◦, the BEM method approximates most of the
propeller as being in separated �ow, which yields a constant distribution of pressure.

From the perspective of a propeller designer it is important to note that the
resultant force and the torque of a propeller increase at the oblique �ow angles.
Furthermore, as the propeller blades are unevenly loaded, as seen in the �gures 25
and 26 or by calculating the magnitude of velocity from the in�ow and rotational
velocity for each blade angle at the oblique �ow angle, it is evident that one blade's
impact on the instantaneous resultant force of the propeller is greater than the force
generated by the other blades. Therefore, at the oblique �ow angles a propeller
blade is subjected to a force that is signi�cantly greater than the thrust and the
torque of the whole propeller would suggest.

8.2 Recommendations for future work

The presented DPC method gives a good agreement to the experiments and the CFD
results considering the simpli�cations. Nevertheless, the methods used in calculating
the forces on the pod structure could use re�nement. Special consideration could be
taken on the calculation of the propeller induced velocities. As always, there could
be more experimental data to be compared to, where in this problem the focus
should be on extensive range of azimuthing angles at static conditions with various
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propulsion unit sizes. The CFD results can give good results, but the problem of
propulsion unit in oblique angles is very complex, where the CFD computations
could use comparative data.

For future work in relation to the potential �ow methods and propellers at oblique
�ow angles, there are some methods that should increase the accuracy of the results.
Additionally, the interactions between the propeller and the pod in oblique angles
deserve investigation. There are 3D-panel method implementations. Consequently,
propellers in the oblique �ow angles are potential places for its implementation.
However, the �ow separation is an important phenomenon that should be taken
into account, and some methods should be derived to do so. The calculation of
streamlines with a 3D-panel method could yield a relation to the separation with
the method given by Elizarov [18].

While the e�ects of pod-to-propeller and propeller-to-pod interactions on the
�ow were not considered with the BEM method, it is a situation that should be
taken into consideration. The calculation of propeller-to-pod induced velocities is
one step forward. A further important matter is to quantify the �ow turbulence
and its impact on the results. A good example of the need for the quanti�cation
of turbulence is, as it is called in the aerocraft industry, a deepstall situation. At
moderate angles of attack in pushing conditions the pod structure can cause a sig-
ni�cant separated �ow region e�ecting the propeller, which has a large impact on
the resultant forces of the propeller. The deepstall situation is sketched in �gure 27.

Figure 27: Azimuthing thruster in a deep stall conditions [1].

The method used to �nd the induced velocities could be extended into a two
dimensional optimization scheme, where the induced axial velocity and the induced
tangential velocity are iterated. Furthermore, if the optimization scheme is robust
enough, there are several correction factors, that are used in blade element momen-
tum methods to better de�ne the distribution of the mass �ow along the radii of the
blade. They are Prandtl correction factors for tip and hub losses and corrections
for impact of a skewed wake [1]. At the tip and the hub of the propeller blades, the
mass �ow should be less than the momentum theory suggests. At the oblique �ow
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angles, the wake of the propeller is skewed, which causes the pressure �eld behind
the propeller to be skewed. The pressure �eld in turn e�ects the mass �ow along
the propeller disk.

The distribution of the normal force coe�cient acting on the blade sections dur-
ing the separated �ow conditions is given as a constant value of the experimentally
de�ned normal force coe�cient of a �at plate at inclined angles of attack. However,
the blade section should be e�ected by a momentum around its axis. This implies
that the normal force distribution is not a constant value, while it might be nearly
so. A method to get a linear distribution of the normal pressure could be to relate
it to the constant pressure and some experimental equation for the momentum on
an inclined �at plate.
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9 Conclusion

The purpose of this thesis was to provide a method to solve the problem of an
azimuthing thruster operating in an oblique �ow. To that end two methods were
developed: the dynamic pressure correction method utilizing propeller open water
coe�cients and the blade element momentum method extended to a two-dimensional
�ow case. The DPC method divides the velocities on the azimuthing thruster unit to
axial and tangential components, which are used to calculate the forces e�ecting the
unit. The BEM method calculates the pressure distributions on the blade sections
with the Hess-Smith panel method, which is corrected for the case of �ow separation.
The induced velocities on the propeller blade sections are calculated with momentum
theory, where the thrust of the propeller is iterated.

The comparison of the results show that a simple coe�cient based approximation
can give results that are satisfactory for preliminary design and operation estimates,
as here is done with with the DPC method. While the BEM method seem promising,
as shown by the work done by Yakovlev [5], the present implementation of one
variable optimization scheme does not give good results relative to expectations. The
problem likely resides with the optimization scheme where the induced velocities are
iterated. The panel method with the corrections for the �ow separation estimates
the blade section forces with a su�cient accuracy.

Because the azimuthing thruster system at oblique �ow angles is a complex entity,
it is not likely that there can be an accurate method to solve it without using CFD
simulation with extensive meshing strategy. The interference between di�erent hull
and propeller blade forms in the azimuthing thruster makes it necessary to quantify
their wakes and the signi�cance of the turbulence in the wake. Furthermore, as
in practice the oblique �ow angles are likely experienced in when the velocities are
large, such as a crash-stop, the resulting velocity di�erences within the system will
be large.

The thrust, transverse force and torque of the azimuthing thruster unit increase
at oblique �ow angles relative to the straight ahead angle. It was seen that the
propeller blades are unevenly loaded in the oblique �ow angles. With the increase
of the resultant forces and the uneven loading between the propeller blades the
largest resultant forces applied to a single propeller blade is signi�cantly increased
compared to the straight ahead angle. Therefore, it is important to understand the
resultant forces at such a maneuvering situation, if the azimuthing thruster is used
so. This work has shown one view to the problem.
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