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ABSTRACT

A novel propulsion and manoeuvring system for Autonomous Underwater Vehicles (AUVs), the collective and
cyclic pitch propeller (CCPP), has been the focus of recent (numerical) research efforts. The CCPP offers advanced control of the blade pitch to provide effective and
efficient propulsion and manoeuvring forces at both high
and low forward velocities. The current paper reports on
ongoing research, using a three-dimensional periodic unsteady RANS-based numerical model expanded and aims
to (re-)design the forces generated by the CCPP. The force
design focuses on the generation of an effective and efficient manoeuvring force or side-force, as quantified by
the side-force magnitude and phase shift, respectively. The
results, evaluating the effect of a range of collective and
cyclic pitch angles, established that at high (collective)
pitch angles, the generation of a combined effective and
efficient side-force becomes impossible. As the pitch angles become larger, large forces are generated but the occurrence of the associated drag makes the force generation
highly inefficient, i.e. a large phase shift occurs. The threedimensional periodic methodology does prove its ability to
analyse and design the forces involved and will be used for
further design optimisation, aiming to increase the generated side-force magnitude at lower pitch angles.
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1 INTRODUCTION

The Collective and Cyclic Pitch Propeller (CCPP) is a
novel propeller concept developed to allow efficient and
effective propulsion and manoeuvring of Autonomous Underwater Vehicles (AUVs). AUVs exist in a wide range of
shapes and sizes because of the diverse range of missions
and purposes they can be deployed for (Button et al 2009,
Chyba 2009). The use of AUVs has become widespread
within many different industries (Alam et al 2014), further
contributing to the design and functional diversity. Research into the development, design, and performance of
AUVs showed the need for an AUV capable of efficient
long-endurance travel combined with effective operation at
low speeds (Wernli 2000). Through advanced control of
the pitch of the propeller blades, the CCPP offers both and
has thereby showed great potential as an AUV propulsion
and manoeuvring system and alternative.

Efforts to develop the concept of collective and cyclic pitch
control for maritime applications date back to the 1960s.
Over the past decades many different variations were developed and investigated (Haselton and Rice 1966, Simonsson 1981, Murray et al 1994, Chen et al 2008). A detailed
overview of the merits of collective and cyclic pitch, identified through an extended literature review into past research
and patents filed on the concept, was collated as part of an
ongoing PhD-research (Dubois et al 2019a). The aforementioned research, of which this paper is a part, focuses
on a CCPP developed by Humphrey (2005) as the propulsion and manoeuvring system for a torpedo-shaped AUV.
Initial experimental investigation by Humphrey et al (2004)
showed the CCPP’s capability of generating manoeuvring
forces in three directions (surge, pitch and yaw). The CCPP
was investigated further in several research projects at the
Australian Maritime College, University of Tasmania. Initial investigations consisted of experimental testing in a
circulating water basin and the development of a performance prediction program based on unsteady blade element theory (BEMT) by Niyomka et al (2013). Later, a
comparison study between the CCPP’s performance and
traditional propulsion systems, through towing tank experiments, system identification methods, and the development
of a numerical simulation tool was conducted (Tran et al
2015, 2018). In several of the past research efforts, conclusions formulated that the CCPP, despite not representing
the best trade-off in all situations, is still a feasible alternative for AUV propulsion and manoeuvring. The CCPP provides greater manoeuvrability than a traditional manoeuvring system and is capable of providing low enough continuous thrust to allow an AUV to accurately manoeuvre at
low speeds. Nevertheless, all previous works recognise the
need for further research and investigation before the CCPP
can fulfil its full potential as an efficient and effective AUV
propulsion and manoeuvring system.
Follow-up research has been ongoing at the Australian
Maritime College, based on the development and usage of
a numerical methodology (an unsteady RANS approach)
to investigate the CCPP’s hydrodynamic performance in
further detail. The numerical methodology allows for a
straightforward and detailed analysis of the force distributions and flow behaviour, impossible in experimental work,
in a cost-effective manner. The research has been divided
into two main parts. First, a two-dimensional approach was
developed (Dubois et al 2016) and used to show the importance and influence of the collective pitch angle on the

CCPP’s performance under bollard pull conditions (Dubois
et al 2018). Secondly, a full three-dimensional model, allowing for the CCPP’s performance to be evaluated under
captive conditions, was developed (Dubois et al 2017) and
evaluated (Dubois et al 2019b, 2019c). The final model is
now used to investigate, analyse, evaluate, and potentially
improve the CCPP’s hydrodynamic performance, focusing
on the CCPP’s ability to effectively and efficiently generate
propulsion and manoeuvring forces.

the generated side-force, i.e. the parameters together specify the desired AUV manoeuvring direction. Previous research has shown that the assumed direct relation is invalid,
with a (large) phase shift emerging between the intended
and resulting orientation of the generated side-force. Additional discussion of the phenomenon and importance for
the quantification and evaluation of the hydrodynamic performance and numerical force design can be found in the
force design study outline and results discussion.

In the current paper, the next step in the numerical research is documented. Through the simulation and consequent analysis, the influence and effect of different operational conditions on the CCPP’s hydrodynamic performance are quantified. The analysis and evaluation are focused on the generated manoeuvring force or side-force,
breaking the generated force down into two defining performance parameters: the force magnitude and phase shift.
Combined analysis of the force magnitude and phase shift,
and their dependence on tested operational conditions, such
as the collective and cyclic pitch, allows for numerical design of the forces to ensure optimal effectiveness and efficiency. Finally, key observations relating to the magnitude
and phase shift of the manoeuvring force are formulated, in
essence setting up the development and evaluation of future
CCPP design improvements and alternatives.

Figure 1: CCPP and azimuthal cycle definition

2 METHODOLOGY
2.1 CCPP

The collective and cyclic pitch propeller (CCPP), shown
in Figure 1, was designed and developed with two simple
working principles in mind. First, adjust the collective or
mean pitch of all blades together to control the direction
and magnitude of the generated propulsion force, just like
a conventional controllable pitch propeller (CPP). Second,
introduce a pitch oscillation over the azimuthal cycle, i.e.
cyclic pitch, to generate a force imbalance over the cycle.
As a result of the force imbalance, a pitch / yaw moment is
created, allowing the CCPP to manoeuvre an AUV. To further augment the force imbalance behaviour, a blade rake
angle was introduced (angle between the blades and propeller rotation plane). The blade rake facilitates the decomposition of the generated forces and, as such, aids in the
creation of the overall force imbalance. Further discussion
on the CCPP’s working principle, and a full overview of
the CCPP’s behavioural and geometry characteristics, can
be found in previous work on the CCPP.
The pitch of the CCPP’s blades over the azimuthal cycle
Π(φazi ), as defined in Figure 1, is controlled through the
pitch relation specified by Equation (1). The equation specifies a sinusoidal pitch profile controlled by a single collective pitch parameter Πcoll and two cyclic pitch parameters
l
Πcycl / Π↔
cycl . By combining different pitch parameters, the
mean, amplitude, and phase of the pitch profile over the
cycle can be adjusted, and as such the magnitude and orientation of the manoeuvring force (and propulsion force)
is governed. The relation between the two cyclic pitch parameters will define the intended azimuthal orientation of

Π(φazi ) = Πcoll

l

+

Πcycl · sin(φazi + 180◦ )

+

◦
Π↔
cycl · cos(φazi + 180 )

(1)

2.2 Numerical Model

The numerical methodology is based on solving the
unsteady Reynolds-averaged Navier-Stokes equations
(URANS) with turbulence modelled through the k-ω SST
transition turbulence model. A periodic modelling set-up
and a sliding mesh approach were established in ANSYS
FLUENT16.0, allowing for computational efficient modelling of the CCPP’s force and flow behaviour. A visual
representation of the numerical set-up and simulation strategy can be found in Figure 2.

Figure 2: Numerical modelling strategy

The operational conditions are controlled through setting
of a uniform inflow velocity on the inlet, a rotational velocity for both the inner and outer rotational zone to model the

overall propeller rotation, and an additional rotational motion of the inner zone to simulate the blade pitching. Further details on the development and characteristics of the
numerical methodology, assessment of the numerical uncertainty, and model evaluation can be found documented
in earlier work (Dubois et al, 2018, 2019b, 2019c).

shift will indicate a counterclockwise shift or an azimuthal
delay of the generated side-force, and negative values refer
to a clockwise shift or azimuthal advance.

Fs =

2.3 Force Design - Force Magnitude and Phase Shift

φs =

The hydrodynamic performance of the CCPP can be defined as the efficient and effective generation of both
propulsion and manoeuvring forces. Quantification of the
effectiveness and efficiency of the generated manoeuvring
force or side-force is done through the magnitude and
phase shift of the force, respectively. The effectiveness is
related to the generation of a sufficiently large force, enabling effective manoeuvring. The efficiency is associated
to the side-force orientation, evaluating the ability to efficiently manoeuvre in the desired direction.
Both the magnitude and orientation of the generated sideforce are a result of the vector sum of the forces in the
propeller’s rotational plane. The side-force phase shift is
defined further as a function of the resulting force orientation and the intended manoeuvring direction (as defined by
the pitch control equation). The intended force direction
is determined as a function of the cyclic pitch parameters
and corresponds to the azimuthal position of the maximum
blade pitch value of the oscillating pitch profile. In other
words, the assumption is made that the force imbalance
orientation and the pitch profile are directly related and no
force shift occurs, i.e. no azimuthal delay or advance of
the force orientation occurs. The assumption, however, has
been shown to be invalid in many cases and requires further
investigation (Haselton and Rice 1966, Murray et al 1994,
Niyomka et al 2013, Dubois et al 2018).
The numerical methodology is symmetrical over the perpendicular directions (yz-plane). As such a single cyclic
pitch parameter combination can be chosen and simulated,
providing results for all possible combinations (directional
independence is assured). In the numerical set-up, the
cyclic pitch parameters are chosen to have the maximum
pitch occur at an azimuthal orientation of φazi = 180 [◦ ],
expecting a force in the negative y-direction without a zdirection component (directions as defined in Figure 1). In
order to further remove directional bias, the y- and z-force
components are referred to as the intended and perpendicular force components, respectively. Equation (2) formulates the resulting side-force and main variable of interest
F~s as the vector sum of the intended and perpendicular sideforce components, F~sint and F~sper , respectively.
F~s = F~sint + F~sper

(2)

The magnitude and phase shift of the generated sideforce, Fs and φs , are then derived and formulated in Equation (3) and (4). The phase shift is thus defined as the
angle between the azimuthal orientation of the resulting
side-force and the intended azimuthal orientation (as determined by the cyclic pitch parameters). A positive phase

q

(Fsint )2 + (Fsper )2

l
f (Πcycl

(3)

int
per
: Π↔
cycl ; Fs : Fs )

(4)

Earlier work showed that in the current design a compromise has to be made between the magnitude and phase shift
of the generated manoeuvring force under bollard pull condition (Dubois et al 2018). In the current work, the relation
is investigated further. The work also aims to show why
adjusting the control algorithm, taking into account any
(large) phase shift, is not a viable option for the efficient
and effective generation of usable manoeuvring forces.
2.4 Study Lay-Out

The current study aims to analyse, investigate, and in turn
understand the effect of a range of operational conditions
on the CCPP’s hydrodynamic performance, as defined by
the side-force magnitude and phase shift. Through the
analysis and investigation, a numerical (re-)design of the
hydrodynamic forces becomes possible, focusing on the
generation of an effective and efficient side-force, and as
such enable the CCPP to become a viable AUV propulsion
and manoeuvring alternative.
A total of 21 cases (in 2 tiers) were simulated, as outlined
in Table 1. All simulations were conducted at a fixed propeller rotational speed n = 300 [rpm], with parameters selected based on previous experimental work (with the reallife CCPP design in mind). The first tier of simulations was
conducted to provide an overall insight, while the second
tier was added to provide additional resolution at an intermediate cyclic pitch amplitude. Additionally, important to
note is the fact that only a single cyclic pitch parameter is
chosen, because of the directional independence of the simulations (as explained before). As such, through the chosen
numerical set-up, the desired side-force is a non-zero force
in the negative intended direction, without a perpendicular
force component to be generated.
Table 1: Simulated operational conditions
Πcoll [◦ ]

Πcycl [◦ ]

1.2

0.0, 7.5, 15.0, 30.0

0.0, 5.0, 10.0, 20.0

1.2

5.0, 10.0, 12.5, 20.0, 25.0

10

#

u [m/s]

1
2

The analysis part consists of two main parts; a general discussion of the results, and the actual numerical force design
part based on the overall results. Included in the results
discussion is an analysis of the performance of the generated propulsion force, an examination of the mean sideforce results, and a further dissection of the effect of the applied collective and cyclic pitch angle on the mean results
through investigating the azimuthal force distributions.

ponent is observed. Furthermore, applying a cyclic pitch
angle without a collective pitch angle present is shown to
have no effect on the perpendicular force component.

3 RESULTS AND DISCUSSION
3.1 Propulsion Force

The CCPP’s ability to generate forward thrust cannot be
overlooked when quantifying the overall hydrodynamic
performance. Because the CCPP is developed and intended
to function as both a propulsion and manoeuvring device,
the propulsion force, as well as its effect on the generated
manoeuvring force, needs to be analysed accordingly.
In Figure 3, the simulation results show a positive linear
relationship between the generated mean propulsion force
and the applied collective pitch for all cyclic pitch amplitudes up to Πcoll = 15 [◦ ]. At higher collective pitch angles,
the increase in force appears to slow down, and even breaks
down for the larger cyclic pitch amplitudes. The propeller
blades experience stall behaviour, with the applied pitch no
longer able to result in effective lift generation, and thus
propulsion force, generation over the blades. Additionally,
the cyclic pitch angle does have a negative effect on the
propulsion force generation when sufficiently large, an observation which has to be taken into account in the next sections when analysing the manoeuvring force performance.
Based on the propulsion force analysis, the highest collective pitch amplitude is excluded from the extended analysis, as the force design cannot generate an effective and
efficient propulsion force.
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Figure 4: Mean intended and perpendicular forces
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The effects of the observed mean force results on the resulting side-force magnitude are presented in Figure 5a.
An increase of the cyclic pitch angle results, as expected,
in larger side-force magnitudes (linear relation). Notable
however, is the (unexpected) non-linear increase of the
force magnitude as the collective pitch angle increases (exceedingly so at larger cyclic pitch angles). Analysis of the
corresponding side-force orientation, plotted in Figure 5b
(zero cyclic pitch results removed, which are considered
singularities originating from small to non-existing force
magnitudes), displays a reverse relationship with the phase
shift increasing at larger collective pitch angles and a near
independence of the applied cyclic pitch angle.
The observations made confirm earlier experimental and
numerical results (Tran et al 2018, Dubois et al 2018). The
observed increases in side-force magnitude and phase shift,
once a collective pitch angle is introduced, are attributed to
the additional drag generated at the higher collective pitch
angles. Additional analysis, thus far impossible, into the
origins of the force behaviour is now possible because of
the inherent characteristics of the numerical results. Additionally, the periodic three-dimensional methodology can
now be used for further and future design optimisation.

3.3 Continued Collective Pitch Influence Examination

The effect of the collective pitch angle is investigated further by analysing the force evolution over the azimuthal
cycle at Πcycl = 10 [◦ ] (angle deemed appropriate based on
earlier results). To aid the evaluation of the force evolutions
of both the intended and perpendicular side-force components, as well as the total side-force magnitude resulting
from both components, the total pitch angles (actual and
absolute) over the cycle are plotted in Figure 6.
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angle), the intended side-force becomes orientated in the
‘wrong’ direction. The evolution of the perpendicular sideforce component, plotted in Figure 7b, displays a similar
degradation of the overall signal symmetry (point symmetry over first and second half) at larger collective pitch angles. As the total pitch angle is increased over the first half
of the cycle, the force magnitude follows, with the peak
shifting towards T ∗ = 0.250 [−]. The overall increase in
mean perpendicular force (Figure 4b) originates from both
the force increase at higher pitch angles in the first half and
last quarter of the cycle, which cannot be compensated by
the opposite increase around and just after T ∗ = 0.500 [−].
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Figure 6: Total pitch angle over azimuthal cycle (1)
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Figure 5: Mean side-force magnitude and phase shift

Figure 7a reveals how, as the collective pitch angle is increased, the symmetry of the intended side-force component signal (plotted as a function of the dimensionless time
T ∗ = t/Tp , relating the time t to the pitch period Tp ) over
the first and second half of the cycle disappears and a peak
occurs in the first half (where the pitch angle is largest).
The peak itself can be seen shifting over the cycle, originally coinciding with the largest pitch angle at T ∗ = 0.250
[−]. As such, the relationship between the highest pitch
and the occurrence of the highest intended force breaks
down and the peak occurs later in the cycle at the higher
collective pitch angles. Additionally, the zero-crossing can
be observed to shift away from T ∗ = 0.500 [−] as the
collective pitch angle exceeds 10 [◦ ]. The overall cycle is
balanced by the lower forces in the second half, resulting in
the mean remaining unchanged (as observed in Figure 4a).
However, as the total angle becomes positive in the second
half of the cycle (collective angle exceeds the cyclic pitch

The overall force behaviour, i.e. force symmetry, magnitude, and shift, of both components can be explained by
looking back at earlier work. Dubois et al (2018) showed
that the performance of the CCPP’s side-force generation
under bollard pull condition is governed by the lift and drag
generation over the pitching blades. Through evaluation
of the force break-down model, relating the side-forces to
the lift and drag, the intended and perpendicular force behaviour can be interpreted. As the collective pitch angle is
increased over the first half of the azimuthal cycle, the lift
generated over the blades increases, resulting in an increase
of the intended component and, analogously, the opposite
happens over the second half of the cycle. The shift of the
peak at higher pitch angles is attributed to the increased
drag, as such contributing to the magnitude of the intended
force component. The drag plays an even bigger part in
the behaviour of the perpendicular force component. At
Πcoll = 0 [◦ ] almost no drag is generated and the force is a
result of the generated lift, with zero crossings at the mean
and extremes of the pitch profile. However, at higher collective pitch angles, substantial drag forces produce an ever
growing mean perpendicular force, as a result of the force
increase over the first half of the azimuthal cycle.

magnitude grows substantially to close to 50% of the total
side-force magnitude, at Πcoll = 15.0 [◦ ], in turn resulting
in the observed 45 [◦ ] side-force phase shift.
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Figure 7: Intended and perpendicular force evolution

Further analysis of the combined effect of both side-force
components is undertaken by analysing both the bladebased and force-based distribution of the side-force magnitude over the azimuthal cycle. Figure 8a shows the sideforce magnitude generated over the azimuthal cycle, without taking into account the directionality of the force. The
observed force behaviour matches the absolute pitch angle
(Figure 6b) almost identically and demonstrates that the
presumed direct relation between the angle and the force
magnitude can indeed be assumed true. However, when
plotting the force-based distribution of the side-force magnitude, the importance of the directionality of the generated
force becomes apparent.
Figure 8b shows the force-based distributions of the total
side-force, by connecting all endpoints / heads of the resulting side-force vectors (as a result of the intended and perpendicular components, i.e. the y- and z-axes, respectively,
with their origins / tails at the axis intersection). As such,
the plotted lines visualise how the side-force is actually
distributed over the azimuthal cycle, removing the link between the blade position and force orientation. The results
show that as the collective angle is increased, the (vertical)
asymmetry in the intended force direction grows, resulting
in the observed (unexpected) increase of the mean sideforce magnitude as function of the collective pitch (Figure 5a). Additionally, (vertical) asymmetry in the perpendicular force direction is introduced as the collective pitch
becomes larger, in turn explaining the observed increase of
the force phase shift (Figure 5b). The contribution of the
perpendicular side-force component to the total side-force
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Figure 8: Side-force magnitude evolution (1)
3.4 Expanded Cyclic Pitch Influence Analysis

As observed, the collective pitch angle will (unexpectedly)
affect the magnitude of the generated side-force through
the added drag generated at higher pitch angles. However,
the applied cyclic pitch angle remains the main control parameter to ensure the generation of a ‘clean’ side-force. In
order to analyse the effect of cyclic pitch variation further,
force evolutions the resulting side-force magnitude for two
collective pitch settings, Πcoll = 0.0 and 7.5 [◦ ], are investigated further. Similar to the previous analysis, the absolute
pitch angles over the cycle are plotted for both in Figure 9.
Figure 10a and b reveal a direct relation between the bladebased distributions of the side-force magnitude and the absolute pitch angle (visualised in Figure 9). As the pitch
angle is increased, the side-force magnitude increases accordingly. Furthermore, the asymmetry between the first
and second half of the pitch profile, when introducing a
collective pitch angle, is mirrored in the side-force magnitude distribution. The increased force magnitude over the
first half of the cycle and lower force in the second half do
compensate each other, resulting in a similar increase of the
mean side-force generated between both plotted collective
pitch settings (mean results seen in Figure 5a).
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before, the numerical force design focuses on the generation of an effective and efficient side-force, as quantified by
the side-force magnitude and phase shift.

0.0
0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

Figure 9: Total pitch angle over azimuthal cycle (2)

More interestingly, at Πcoll = 7.5 [◦ ], seen in Figure 9,
a constant side-force is created over the entire cycle without applying a cyclic pitch oscillation. However, because
of the constant nature of the force, no net mean side-force
is generated over the cycle. The side-force itself has to be
associated with the lift and drag generated over the blade
at a constant pitch angle. At zero collective pitch and when
applying a net collective pitch angle, the sole generation
of a propulsive force. i.e. force in x-direction only, is not
ensured because of the specific CCPP design. The blade
rake angle, essential in the side-force generation, causes a
constant generation of a side-force as a result of any force
generated over the propeller blades. As such, the collective
pitch angle effect, discussed before, is again identified.
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Figure 10: Side-force magnitude evolution (2)
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Finally, the results in Figure 5b show that at Πcoll = 7.5 [◦ ]
the cyclic pitch amplitude does affect the resulting side0.0 (causing an increase of over 15 [◦ ] from
force phase shift
◦
Πcycl = 5.0 [ ] to 20 [◦ ]. Visualisation of both side-force
components, 10.0
as done earlier in Figure 7 but not included
here for the sake of brevity, shows that a significant increase of the perpendicular side-force over the first half of
20.0
the cycle lays at-20.0
the root
behaviour.
The
-10.0 of the
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force increase can again be related to a drastic increase in
drag generation at larger (absolute) pitch angles.
4 NUMERICAL
-20.0FORCE DESIGN

The observed results can be used to evaluate the CCPP’s
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working principle
and design, while also enabling the further numerical design of the generated forces. As discussed
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Dubois et al (2018) showed that the dynamic stall phenomenon, i.e. a delayed occurrence of lift reduction over a
pitching foil past the static stall angle, plays an important
role in the CCPP’s force generation. The dynamic effect
resulting in the generation of increasingly larger forces at
moderate pitch angles, however at the larger applied angles the effect breaks down, and a substantial drag force
and pitching moment result. In the current work, the aforementioned is most obvious as the collective pitch angle is
increased. At larger collective pitch angles, large effective side-forces can be generated however substantial phase
shifts result simultaneously, rendering the force generation
inefficient. Furthermore, the propulsion force is observed
to be affected past Πcoll = 15.0 [◦ ], providing additional
justification to avoid large(r) pitch angles.
Compensating for the observed force shifts through control
of the pitch profile over the azimuthal cycle is not considered a viable option either. Although the forces generated
are effective, the origins of the forces are found in the generation of (high) drag forces. Additionally, at higher collective pitch angles, the torque moment increases significantly, doubling quadratic in magnitude from Πcoll = 0.0
to 15.0 [◦ ], lowering the overall propulsive efficiency. Evidently, the proposed mechanism of relating the force magnitude to the applied pitch angle does not result in the efficient generation of forces past a certain threshold angle.
Therefore, a different approach has to be taken to ensure
sufficiently large forces at lower pitch angles, ensuring a
combined effective and efficient force generation. The solution can be found by looking at the so-called ‘lift equation’ and definition of the lift coefficient. The lift coefficient relates the lift dependence on different effects in a
single equation, stating that the lift is equal to the lift coefficient multiplied by the fluid density, the flow velocity
squared, and the foil / blade area. The numerical threedimensional periodic methodology is, as such, to be used
to evaluate future design alternatives, establishing an effective tool to numerically design and optimise the forces
involved in the CCPP’s operation. Future work will look
into adapting the CCPP’s operational and physical design
based on the lift equation in attempt to improve the force
generation’s effectiveness, while simultaneously ensuring
the force generation remains efficient.
5 CONCLUDING REMARKS

A previously used two-dimensional numerical methodology has been expanded to a periodic three-dimensional
model and has successfully been used to investigate the
forces involved in the CCPP’s operation under different
collective and cyclic pitch settings. Earlier made observations on the side-force effectiveness and efficiency, quantified through the force magnitude and phase shift, were confirmed and the numerical methodology is shown to enable
further design feature investigations.

In summary, the results demonstrated that high collective
pitch angles affect both the propulsion and the side-force
generation. Collective pitch angles above 15.0 [◦ ] result
in a break-down of the generated propulsion force, while
below the 15 [◦ ] threshold the side-force continuously increases with larger collective angles for all cyclic pitch settings. The cyclic pitch angle does control the magnitude
of the generated side-force at each separate collective pitch
angle but comes at the cost of an increasingly large sideforce phase shift at the collective pitch angles of and above
7.5 [◦ ]. Essentially, the dominance of drag forces at high
(collective) pitch angles makes creating efficient forces impossible, despite resulting in highly effective forces at those
higher angles. In other words, creating large intended sideforces without generating large perpendicular forces, i.e.
without a large side-force phase shift occurring, was observed to be unattainable. The observed phase shift could
be compensated by a simple adjustment of the propeller
pitch control algorithm, however the drag origin of the
large force magnitude means that such adjustments are inefficient from an overall propeller efficiency perspective.

Dubois, A., Leong, Z. Q., Nguyen, H. D. & Binns, J. R.
(2018). ‘Hydrodynamic performance analysis of a collective and cyclic pitch propeller under bollard pull
condition by numerical evaluation of two-dimensional
pitching hydrofoils’. Journal of Ship Research 62(4),
pp. 200–222.

Future design work is needed to achieve high side-force
magnitude generation at lower collective pitch angles, resulting in a side-force that is both effective and efficient. The developed three-dimensional periodic model
has shown to be capable of predicting the effect of physical and operational design changes aimed at achieved the
aforementioned objective. Alternative design features can
include, but are not limited to, increasing the size of the
propeller blade as well as adjusting the profile of the applied cyclic pitch over the azimuthal cycle.

Haselton, F. R. & Rice, R. S. (1966). ‘Tandem propeller
concept of submarine propulsion and control’, Journal
of Aircraft 3(2), pp. 180–184.
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