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Abstract: In marine applications, a cyclic varying pitch (CVP) propeller is a propeller in which the
propeller blade can be cyclic-pitched. This cyclic pitching of the propeller blades is used to adapt to
the local flow conditions in the non-uniform wake field that the propeller operates in, behind the
ship hull. This has the potential to improve the performance of the propulsion system relative to a
propeller which has fixed pitch for each revolution. The potential performance improvements include
increasing the propulsion efficiency and reducing the cavitation, pressure pulses, vibrations and
noise problems. However, the CVP propeller is not on the market today, and several challenges have
to be addressed before the CVP propeller may be realized. One of these challenges is how to design
the individual cyclic pitch mechanism for the propeller. However, before the cyclic pitch mechanism
can be designed, it is necessary to know the requirements for it, such as the required pitching power
and torque. The focus of the current paper is therefore to present a model for the propeller, by which
it is possible to determine the loads acting on the CVP propeller blades during the cyclic pitching,
and hence the actuator force/torque and power requirements. To illustrate the usefulness of the
model, an example is presented, in which the loads on a CVP propeller are determined, together
with the requirements for the individual cyclic pitch mechanism. The efficiency results presented
are, however, not representative of the efficiency improvement that may be obtained, as neither the
propeller nor the pitch trajectory has been optimised. The results do, however, serve to show the
benefit and validity of the model.

Keywords: cyclic varying pitch; propeller; ship

1. Introduction

A cyclic varying pitch (CVP) propeller is a propeller for ship propulsion that can
pitch the propeller blades cyclically, i.e., the propeller pitch may follow a given trajectory
for a single revolution. On the contrary, conventional propellers currently used for ship
propulsion are fixed-pitch (FP) propellers or controllable pitch (CP) propellers. Both
these propellers have a fixed pitch for a given revolution, but the pitch angle may change
simultaneously for all blades for the CP propeller. Thus, the propeller placement behind
the ship hull means that the flow through the propeller is non-uniformly distributed. This
non-uniform flow field is also called the wake field of the ship, and an example is seen in
Figure 1 for a single screw propeller. The wake field in the figure is normalized relative
to the ship’s speed, Vs, where v, is the velocity of the incoming water along the forward
direction of the ship (usually termed the local advance velocity). From Figure 1, we can see
that the velocity distribution varies radially and circumferentially. A minimum of the fluid
velocity is around the top of the wake field, i.e., the 12 o’clock position, and the maximum
is around the bottom of the wake field, i.e., the 6 o’clock position.
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Figure 1. Wake field for a single screw ship. Reproduced from [1] with permission from the authors.

The non-uniform wake field introduces some problems for the FP and CP propellers,
since the local flow conditions around the propeller blade depend on its position in the
wake field. These problems relate to vibrations and transient cavitation, which must be
compensated for when designing these propeller blades. However, reducing the vibrations
and transient cavitation typically comes at the cost of reduced propeller efficiency.

The CVP propeller changes the blades pitch cyclic to adapt to the local flow conditions
of the non-uniform wake field. The cyclic pitching with the CVP propeller is thus used to
compensate for the non-uniform wake field, as illustrated in Figure 2.

[___1FP Propeller Operation
[ 1CVP Propeller Operation

20 = S——¢
— L FP Pitch
E’ﬁ - — —FPAGA
10 & CVP Pitch
= — — —CVP A0A
s -
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Blade Postion in Wake Field [deg]

Figure 2. Illustration of the operation principle of the CVP propeller. Reproduced from [1] with
permission from the authors. AoA is an abbreviation for angle of attack.

The top plot in Figure 2 shows the position of the blade in the wake field as the
propeller rotates. The middle plot shows a cross-sectional view of one of the foil sections
of the propeller blade for a CVP and a CP propeller (for the CP propeller, the pitch angle
is fixed; this is why “fixed pitch” is denoted in the figure). From this foil section view, it
is seen that the pitch of the foil section for the CVP propeller decrease around the blade
top position, while the pitch for the fixed CP propeller is constant. The bottom plot in
Figure 2 shows the pitch of the considered foil section as solid lines and the angle of attack
using the dashed line. It is seen that, for the fixed CP propeller, the pitch is constant, while
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the angle of attack increases around the wake peak. For the CVP propeller, it is seen that
the angle of attack is constant, while the pitch varies around the wake peak. This should
lead to reduced shaft vibrations, increased efficiency and reduced transient cavitation in
the wake peak. The illustration only considers one radial section of the propeller blade.
Therefore, the optimum pitch trajectory for the whole blade will be a trade-off between the
performance of each radial section of the propeller blade.

The potential performance improvement with the CVP propeller was reviewed in [1],
together with a review of the different proposed concepts for the individual cyclic pitch
mechanism. In [2-8], a reduction of the cavitation is shown with the CVP propeller, and
efficiency improvements are obtained in [2,5,7,8]. The studies [2,7] considered using the
CVP propeller instead of a CP propeller, but with the same geometry of the propeller
blades. The efficiency improvements obtained in [2,7] are from 1.5-3%. In [8], the geometry
of the propeller blade was adapted for the CVP propeller depending on the cyclic pitching
motion. With this, an efficiency increase from 6.4-9.4% was obtained. There is hence a
significant energy saving potential by realizing a CVP propeller, thereby helping to reduce
the fuel consumption and CO, emission from the maritime industry—an industry which,
in 2012, was accountable for approximately 2.2% of the global CO; emission [9]. However,
the focus of the current paper is not on the potential efficiency improvements, but on
determining the requirements for the pitch mechanism actuators, as described below.

In [1], four challenges in realizing the CVP propeller are identified, which have not yet
been addressed by the maritime industry and research groups. These challenges concern
the propeller blade design, pitch trajectory, individual cyclic pitch mechanism and reliability.
The focus of the current paper is on the challenges related to developing the individual
cyclic pitch mechanism, where the challenge is how to design a mechanism for the CVP
propeller which can pitch the propeller blades individually in a cyclic manner [1]. However,
to disclose this, it is first necessary to determine the requirements for the mechanism, such
as the required power and torque to pitch the propeller blade according to the desired pitch
motion. The focus of the current paper is hence on determining the requirements for the
pitch mechanism and actuator.

One goal is to reduce the power consumption for propulsion. To obtain this, it is a
requirement that the power required to pitch the propeller blades is smaller than the power
savings obtained by improving the propeller efficiency. Otherwise, the benefit of the CVP
propeller will only be as a cavitation reducing propeller. In that case, the potential market
for the CVP propeller will change to focus on the navy vessels, cruise ships and research
vessels [1], whereas otherwise, it is all ship types. Furthermore, determining the necessary
power and torque is a prerequisite for making a feasibility study for the individual pitch
mechanism for the CVP propeller. For the CVP propeller, such feasibility studies have
been presented in [10,11], but the prerequisite which [10,11] is based upon is inadequate.
In [10], the friction in the bearing is, for example, neglected, and in [11], the hydrodynamic
modelling is inadequate. Therefore, it is necessary to make a model that may determine the
required power and torque to cyclically pitch the CVP propeller blades if the CVP propeller
is to be realized.

As mentioned above, this paper focuses on presenting a method to determine the
required power and torque to pitch the CVP propeller blade in the desired pitch motion for
a known propeller geometry and operating conditions. Compared to previous models, the
main contributions are that the presented model is complete, accounting for all forces acting
on the propeller, including frictional forces and all inertial effects, while incorporating
a complete hydrodynamic model. Thus, it was previously neglected that we have a
significant influence on the propeller and that the requirements for the pitching mechanism
are included. Furthermore, the model benefits from being based on inverse rigid body
motion, thus enabling the model to be solved iteratively. The method consists of identifying
all the load forces and torques acting on the CVP propeller blades through a free body
diagram and modelling these loads, as described in Section 2. These loads relate to the
inertial loads, hydrodynamic loads, pitch mechanism loads, frictional loads, gravitational
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loads, hub loads and bearing loads. The foundation for the model is knowing the blade
geometry and the operation conditions of the propeller, such as the wake field, ship speed,
propeller speed, pitch trajectory, etc. The model usage is shown in Section 3, where
the model is applied to an example propeller. This is the same propeller as considered
in [8,11,12], as no data exist for an optimized CVP propeller. Similarly, no optimized pitch
trajectory current exists in the literature either. Therefore, the efficiency results presented for
the example propeller analyzed are not expected to represent an optimized CVP propeller’s
actual or maximum obtainable propulsion efficiency. However, the focus of the current
paper is not on the obtainable efficiency, but on determining the requirements for the
pitching mechanism. These are determined by developing a model to describe the forces
acting on the blades. Finally, the model and its application are discussed in Section 4,
followed by the conclusion in Section 5.

2. Model Overview

As described above, the CVP propeller has not been realized for commercial use yet.
Therefore, the CVP propeller considered is a modified CP propeller when modelling the
loads acting on the CVP propeller. Therefore, the study considers the geometry utilized for
a CP propeller and the operating conditions for this CP propeller. The modelling of the
loads acting on the CVP propeller blades is therefore associated with the modelling of the
loads acting on the CP propeller blades, except that the CVP propeller blades make a cyclic
variation of the pitch of the blades, while the CP propeller does not.

The modelling of the loads acting on the CP propeller blades has previously been
presented in [10,13-18]. Common for [10,13-18] are that the models are based on the rigid
body motion of the pitch of the propeller blades and that they account for the loads, due
to the hydrodynamic, centrifugal and frictional loads. The model for the hydrodynamics
varies for each of the articles [13-17], but the friction modelling is generally based on [15,16].
The studies are either made to analyze the dynamic performance of the CP propeller [13,17],
make pitch control for performance improvements [18], or determine the pitch fretting
motion [14-16].

The modelling of the CVP propeller considered is based on inverse rigid body motion
modelling, since the pitch motion for the CVP propeller is known. Therefore, the models’
purpose is to determine the required power and torque to pitch the blades according to the
desired motion. Newton’s second law of motion is used to model the pitching motion of
the CVP propeller blades as:

Finer,x,p thdro,x,p + Fﬂct,x,p + Ffric,x,p + Fbeur,x,p + Fgmv,x,p + Fhuh,x,p

Finer,y,p thdro,y,p + Fuct,y,p + Ffric,y,p + Fbear,y,p + Fgmv,y,p + Fhub,y,p

Finer,z,p _ thdro,z,p + Fact,z,p + Ffric,z,p + Fhear,z,p + Fgmv,z,p + Fhub,z,p (1)
Tiner,x,p Thydro,x,p + Tact,x,p + Tfric,x,p + Tbear,x,p + Tgmv,x,p + Thub,x,p

Tiner,y,p Thydro,y,p + Tacty,p + Tfricy,p + Thear,y,p + Tgravy,p + Thuby,p
_Tiner,z,p_ L Thydro,z,p + Tact,z,p + Trric,z,p + Tgrav,z,p + Thub,z,p

where )| F; , and }_ 7; , are the sum of forces and torques along/around the xyz-axis in the
propeller coordinate system, as defined in Section 2.1. The sum of forces and torques are
also called the inertial forces and torques, hence noted as Fy;y,i p and T, », respectively.
The forces and torques in Equation (1) have three indexes in the subscript, where a comma
separates each index. The first index indicates the load as either; hydrodynamic, gravi-
tational, hub, friction, bearing or actuator. The second index indicates which of the x-, y-
or z-axis the force/torque is along/about. The third index indicates in which coordinate
system the load is defined, which can be either s, p or b for the ship, propeller and blade co-
ordinate system, respectively. This is further elaborated in Section 2.1. The six expressions
in Equation (1) each describe a degree of freedom for the propeller blade. The propeller
blade is only free to rotate about its spindle/pitch axis (i.e., z-axis), which is why there
are no bearing loads for the moment about the z-axis in Equation (1). The other degrees
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of freedom are locked because the propeller blade is fixed to the propeller hub due to the
blade bearing.

The six loads acting on the propeller blade are explained in the following six subsec-

tions. They are:

Hydrodynamic loads: The pressure and viscous effects acting on the propeller blade
due to the interaction between the fluid and the propeller.

Gravitational loads: Due to gravity.

Hub loads: Resulting from the pressure of the lubrication oil inside the hub.
Frictional loads: Between the blade foot and hub.

Bearing loads: Due to the bearing exerting a load on the blade for the blade to follow
the motion.

Actuator loads: Due to the actuator used to control the pitch of the blade.

2.1. Inertia Loads

To describe the inertia loads acting on the CVP propeller, different coordinate sys-

tems are used. These are shown in Figure 3, along with the definitions used for the

pitch trajectory.
z
X, AXp
0
i

Defined Blade Geometry
Pitch Displaced Blade

(@ (b)

Figure 3. (a) Ship and propeller coordinate system and definition of the position of the propeller blade in wake field 6.

(b) Propeller and blade coordinate system and definition of the pitch displacement of the propeller blade 0,.

In Figure 3, three coordinate systems are defined, which are the ship, propeller and

blade coordinate systems.

The ship coordinate system (Xs, Ys, Zs) is fixed to the ship with origins in the centre
of the propeller, where the x-axis extends from the propeller centre towards the ship
bow, the y-axis is towards the port side, and the z-axis is upward.

The propeller coordinate system (X,, Y, Z,) (one coordinate system for each pro-
peller blade), in which the z-axis of the coordinate system is aligned with the blade’s
spindle axis. The coordinate system rotates with the propeller, and its x-axis is aligned
with the propeller’s x-axis, which also aligns with the ship’s longitudinal axis.

The blade coordinate (X3, Y3, Z) (one coordinate system for each blade) rotates with
the pitching of the propeller blade. The z-axis of the blade coordinate system is aligned
with the z-axis of the propeller coordinate system.

The transformation between each of the coordinate system is made as:
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F iner,s —

F iner,s —

Piner,s

1
0
0

0 0 X Xpi cos

( ;
—cos(by;) —sin(Op;) | | Ys |, | Yo = |sin(6,;) cos(6,;) O] |Yp, )
sin(6y;)  —cos(0p;)| | Zs Zyi 0 0 1] |Z

, pi

Gs

Ts,p(6p,:) Ty (0p,i)

Here, T is the transformation matrix from the ship to the propeller coordinate
system and T, is the transformation matrix from the propeller to the blade coordinate
system. The transformation matrices Ty and T, are determined as the inverse of the
transformation matrices Ts , and T}, , respectively. 6, ; is the i"th blades position in the wake
field, as shown in Figure 3a. 6, ; is the i"th blades pitch displacement relative to the design
pitch of the blade, as shown in Figure 3b. The pitch of the CVP propeller blades varies
cyclically with the blade’s position in the wake field. The cyclic varying pitch trajectory
(ap) of the propeller blades is described with a Fourier series as:

N
ap(0p) = \a(/)/%— Y ay cos(n6)) + by sin(n 6;) (3)

n=1
‘Xp,d

Op(0y)

where a, 5 is the pitch of the propeller blade (usually considered at the 0.7 non-dimensional
radius of the propeller). a,, and b, are the Fourier series coefficients, where 7 is the harmon-
ics of the Fourier series, with N being the largest harmonic included in the Fourier series.

The inertia loads are determined as the change in the linear and angular momentum
of the propeller blade in the inertial reference frame. It is assumed that the ship coordinate
system is an inertial reference frame. The ship is therefore assumed to have a constant
velocity vector. Furthermore, it is assumed that the propeller blade is rigid.

The inertia force vector (Finer,s = [Finerx,s  Finery,s Finerzs)T) in the ship coordinate
system is equal to the change in the linear momentum vector (Gs) in the ship coordinate
system as:

— Finer,s =my z)CM,s — Finer,s = my i;CM,s —

d . . . ..
mp 2 (Tp,s Tb,p) tcmM —  Fipers = my <Tp,s Typp+2Tps Top+ Tps Tb,p) rem —

TG,s

=my Tgstrem @)

where rcprs and vepy s are the position and velocity vectors of the propeller blades center
of mass in the ship coordinate system. rcy; is the position vector of the propeller blades’
centre of mass in the blade coordinate system where it is constant. m,, is the mass of the
propeller blade. To use the inertia force vector in Equation (1), it has to be transformed to
the propeller coordinate system as:

Finer,p = Ts,p Finer,s = my Ts,p TG,s rem = my TG,p rcm (5)
———

TG,

The inertia torque vector (Tjs) in the ship coordinate system is equal to the change
in the angular momentum vector (Hj,,, ) in the ship coordinate system. To make the
derivation, the angular velocities vectors in the three coordinate systems are defined as in
Equation (6) and the angular momentum vector in each coordinate system is defined as in
Equation (7).
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O ) O éb, cos((6p))
wp= 10| , ws=Tpswp=| 6psin((6})) , wy=Typwp = | —0,sin((6p)) (6)
Hy = I wy
Hp = Ip wp — Tb,p H, = Tb,p I, wy, = Tb,p Ipr,b wp (7)
HS - Is ws — Tp,s Hp - Tp,sTb,p Ipr,b (UP - Tp,s Tb’p Ih Tp’b Tslp Wg
The inertia torque vector in the ship coordinate system is determined as:
. d d
Tiner,s = H, — Tiner,s = it (Is ws) = Tiner,s — at (Tp,s Th,p I, Tp,h Ts,p ws) —
Tp,s Tb,p Iy Tp,b Ts,p
+ TpsprIprstp .
T; = T T ws+Tps Ty y InTyp Tspy w —
iner,s + Tp,s Tb,p Ib Tp,h TS,p s pstoptbLtpb tsp Ws
+ Tp,s Tb,p I, Tp,h TS,p L5
Is,w
Tiner,s — Is,w ws + Is,a‘; ws (8)

For the modelling in Equation (1), it is necessary to have the inertia torques defined
in the propeller coordinate system. The inertia torques are therefore transformed to the
inertia coordinate system as:

Tiner,p = Ts,p Tinerp 7  Tinerp = Ts,p (Is,w ws + Is,w d)s) —
Tiner,p = Ts,p Is,w Tp,s Wy + Ts,p Is,w Tp,s ‘bp - Tiner,p = IP,w Wp + IP,a'J wp )
— ——

1 pw I pw

2.2. Hydrodynamic Loads

The determination of the hydrodynamic loads acting on the CVP propeller blades has
been studied in [2,7,12]. In [2,12], the hydrodynamic loads are determined quasi-statically
by interpolating the quasi-steady hydrodynamic loads for a series of propellers with
different pitch settings. However, this approach does not account for the hydrodynamic
loads’ pitch rate and acceleration dependency. Instead, in [7], the hydrodynamic loads are
determined using a modified unsteady lifting surface program, which should account for
the unsteadiness, due to the pitch, pitch rate and acceleration. In the current paper, the
hydrodynamic loads are instead determined by using unsteady-Reynolds-average-Navier—
Stokes (URANS) computational fluid dynamics (CFD). The benefit of using URANS CFD
simulations to determine the hydrodynamic loads for the CVP propeller is the ability to
account for flows with complex vortex structures and/or viscous effects [19].

Simulation Set-Up

The URANS CFD simulations of the CVP propeller are made using the commercial
program STAR-CCM+ 12.02.010. The propeller used in the CFD simulations is described
in Section 3. The domain for the CFD simulations is cylindrical, as shown in Figure 4. As
shown in the figure, the domain consists of a stationary region (enclosing the propeller
region) and a rotating propeller region (enclosing the propeller). The rotation of the
rotating propeller region is made with a sliding mesh with an interface between the two
regions. The cyclic pitching of the propeller blades is made by displacing the blade surface
mesh. The rest of the mesh in the rotating propeller region morphs to accompany this
displacement. The wall boundaries are set to non-slip surfaces, and the far-field boundary
is set to a slip surface. The outlet is set as a pressure outlet with constant pressure, and
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the inlet boundary is set to the velocity field. The domain dimensions for the stationary
domain are set to L, = 10.5D,, L, = 12.7 D, and Lf = 4 D,, where Dy, is the propeller
diameter. The domain dimensions L, and L, are determined through a domain study
using a quasi-steady simulation setup. The inlet velocity field is the radial varying wake
field of the ship when using the 0’th harmonics of radial varying Fourier series analysis
of the wake field velocities. The uncertainty in the hydrodynamic loads is included in the
uncertainty analysis of the simulation results. The domain dimension Ly is determined
through a wake field study, where the error in the wake field velocity components at the
propeller is minimized. According to the tank test report, the axial velocity components
of the measured wake field are scaled by the ratio between the effective wake coefficient
and the nominal wake coefficient. This scaled axial velocity field is imposed on the inlet of
the simulation. This measured wake field does not cover the entire domain; it is therefore
extrapolated to cover the full domain. The extrapolation towards the shaft is made, so the
velocity at the shaft is zero due to the non-slip condition. The extrapolation towards the
radial boundary is made linearly for each circumferential position based on the slope of the
two outermost measurements of the wake field and limited to the ships speed. To include
the transverse velocity components in the simulation, momentum sources are included in
the area between the propeller and the inlet. The momentum sources are determined by
scaling the transverse velocity components by a gain. The gain is determined iteratively
through several simulations without the propeller blades, as in [20].

B Outlet @ Farfield H Interface O Wall M Inlet

Figure 4. The domain used in the CFD simulations of the WP propeller in a non-uniform wake field.

The URANS CFD simulations of the CVP propeller are made as unsteady single-phase
simulations, assuming an incompressible fluid and using the segregated flow solver. The
discretization order for both spatial and temporal discretization is second order. Fur-
thermore, the simulations include gravity to account for the hydrostatic pressure. The
turbulence is modelled using the SST kw RANS model without the transition model,
because the simulations are made using the full-scale propeller. A description of the
discretization error is found in Appendix A.
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2.3. Gravitational Loads

The gravitational force acting on the propeller blades is in the negative z-direction in
the ship coordinate system. Therefore, to be applicable in Equation (1), it is transformed to
the propeller coordinate system as:

0
Pgrav,s = 0 — Fgruv,p = Ts,p Pgruv,s (10)
—-mp 8

where g is the gravitational acceleration. To determine the torque components due to
gravity, the cross product of the gravitational force vector and the position vector of the
centre of mass for the propeller blade is taken and transformed to the propeller coordinate
system as:

Tgrav,s = Pgmv,s XTtcMms —7  Tgravs = Pgmv,s X Tp,s Tb,p rem (11)

Terav,p = Ts,p Tgravs —  Tgravp = Ts,p (Pgrav,s X Tp,s Tb,p ”CM) 12)

2.4. Hub Loads

The hub load acting on the propeller blade is due to the lubrication oil pressure inside
the hub. The lubrication oil is used to lubricate the blade bearing. The lubrication oil is
typically pressurized by elevating the tank with the lubrication oil a couple of meters above
the waterline. In the propeller coordinate system, this gives a force contribution in the
z-direction, which is determined as:

0
Fhub,p = 0 (13)
Phub Apf
where,
Phub = Poil § ((hs + Neani) + hpp cos(6p)) (14)

Prub s the pressure of the lubrication oil inside the hub acting on the bottom of the blade
foot. Ay is the area of the bottom of the blade foot. p,; is the density of the lubrication
oil. ks is the submersion depth of the propeller shaft line. hy,, is the evaluation of the
lubrication tank above the waterline, and hy,;, is the distance from the hub centre to the
bottom of the blade foot, cf. Figure 5.

2.5. Frictional Loads

Most measurements of the friction in CP propellers are based on measuring the
pressure difference over the servo piston during changes in the pitch, as shown in [10,21].
These measurements include the friction contribution for all the components throughout the
CP propeller system. Modelling of the friction between the hub and the propeller blade has
been made in [13-17]. The modelling approach used in this paper for the friction between
the hub and propeller blade is one proposed by the current authors. The approach models
the friction loads as static Coulomb friction and does not account for Stribeck or viscous
friction components. This assumption seems reasonable, since the peripheral velocity is
limited, whereby the contribution from the viscous effect is also limited. However, the
available data for the friction coefficients in the blade bearing are limited and uncertain.
Therefore, further research has to be done to determine these coefficients accurately. A
conservative estimate of the Coulomb friction coefficient is used to partially account for the
Stribeck and viscous friction components. This coefficient is 50% larger than the coefficient
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determined in [15], which should cover the potential contributions from the Stribeck and
viscous friction. The frictional loads are determined as:

[Pc’bb] sign () if 6, # 0

[F frichb] _ Te,bb (15)
T fric,bb F
4 c,bb . i A
K Sign(Text,z,pp)  if 0p =0
Te,bb
where,
T,
szin( —extzbb ,1) (16)
Te,z,bb
Text,z,bb = Thydro,z,bb + Tuct,z,hb + Tgmv,z,bh + Thub,z,bb (17)

F fyicpp and T i pp are the frictional force and torque in the blade bearing coordinate system,
see Figure 5. F.;, and T, ), are the Coulomb friction force and torque in the blade bearing
coordinate system, which depends on the bearing loads, Coulomb friction coefficient and
the load distribution assumption. « is a scaling component to account for the friction when
the pitch rate is zero. T,y . yp is the torque used for exciting the pitch motion of the propeller
blade. The friction model can be extended to include the viscous friction by adding B, 6,
to Equation (15) where B, is the viscous friction coefficient.

[_IBlade
[ Blade Foot
I Hub

®  Hub Center
X = Blade Foot Center

Figure 5. Blade bearing coordinate system.

The blade bearing coordinate system is used to model the friction to get the appropriate
contact loads in the bearing. The coordinate system is a translation of the propeller
coordinate system along the spindle axis to the centre of the bearing, as shown in Figure 5.
It is assumed that the blade centre bearing is also the centre of stiffness, about which the
blade will tilt due to the x- and y-axis torques. The forces in the blade bearing coordinate
system are the same as in the propeller coordinate system, where the torque vector (tp;) in
the blade bearing coordinate system is determined as:

Tpp = Tp — 1t X Fp (18)

Tp and F), are the torque and force vector in the propeller coordinate system. r; is the
translation vector from the propeller coordinate system to the blade bearing coordinate
system.

The Coulomb friction loads (F 5, and M, ;) are determined assuming that the bearing
force Fpeqy - pp acts uniformly on the axial surfaces of the bearing (i.e., the surface perpendic-
ular to the spindle axis). The bearing forces Fye . y pp and Fpeqy x pp are assumed to act on the
radial surface of the bearing with an elliptical load distribution according to the theory of
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Hertzian contact mechanics. The bearing torques Tjeay, x pp aNd Tpear x pp are assumed to be
distributed on both the axial and radial surfaces of the bearing according to the distribution
ratio (DR):
2 Ryp — Iy

DR = TRy (19)
Ry is the outer radius of the blade bearing, and hy, is the height of the blade bearing.
The bearing torque acting on the axial surfaces is DR Tyeq,xy,p0 and the bearing torque
acting on the radial surface is (1 — DR) Thear,xy,bb- 1he bearing torque in the radial surface
is modelled according to Hertzian contact mechanics. The bearing torque in the axial
surfaces is modelled to be varying linearly in the radial direction and sinusoidally along
the circumference.

2.6. Actuator Loads

The modelling of the actuator loads depends on the topological design of the pitch
mechanism. However, since an actual CVP propeller does not exist, the actuator loads
cannot be modelled according to a specific design. The modelling of the actuator loads is
therefore made as a pure pitching torque contribution as:

T
Fact,p =0, Tatp= [O 0 Tact,z,p] (20)

The actuator forces are zero, and actuator torques consist of only a torque around the
spindle/pitch axis. This actuator model is equivalent to a motor being mounted on each
propeller blade inside the hub. If other actuator topologies are to be investigated, they
must be modelled accordingly and account for the losses due to friction. The modelling
of the actuator loads in Equation (20) is therefore assessed to be the minimum required
actuator loads to pitch the CVP propeller blades according to the desired pitch trajectories.

2.7. Bearing Loads

The loads from the bearings on the blade are not determined explicitly as the previ-
ously described loads. Instead, the bearing loads are determined to satisfy the force and
torque balance in Equation (1). Because the frictional load depends on the bearing loads,
the bearing loads have to be determined iteratively for each blade position in the wake
field. The iterative solving procedure is (Algorithm 1):

Algorithm 1 To determine the loads acting on the CVP propeller blades.

for6, =0...2tdo
Compute:

thdro,pr Thydro,pr Finer,pr Tiner,ps Fgrav,pr Tgrav,erhub,pr Thub,p

Minimise:

e(Fbear,x,p/ Fbeur,y,p/ Fbear,z,p/ Tbeur,x,pf Tbear,y,p/ Tact,z,p)

Where,

Piner,x,p - thdro,x,p - Fact,x,p - Pfric,x,p - Fbear,x,p - Fgmv,x,p - Phuh,x,p

Finer,y,p - thdro,y,p - Fact,y,p - Ffric,y,p - Fbeur,y,p - Fgmvry/]ﬂ - Fhub,y,p
Finer,z,p - thdro,z,p - FﬂCl‘,Z,P - Ffric,z,p - Ffric,z,p - FgVHU,Z,P - Fhub,z,p

e =
Tiner,x,p — Thydrox,p — Tactx,p — Tfric,x,p — Thear,x,p — Tgrav,x,p — Thub,x,p
Tiner,y,p — Thydroy,p — Tacty,p — Tfricy,p — Fbear,y,p = Tgravy,p — Thuby,p
Tiner,z,p - Thydro,z,p — Tactz,p — Tfric,z,p — Tgravz,p — Thub,z,p 12
end for

The above algorithm computes the hydrodynamic-, inertia-, gravitational- and hub
loads using the methods described in the previous sections for each blade position. The
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bearing loads and the actuation spindle torque (Tt ,p) are determined through minimizing
the Euclidean-norm of the error of the system of equations in Equation (1).

3. CVP Propeller Model Application

To apply the model, the propeller considered in [8,11,12] is used. In [8], three pitch
trajectories are determined for the CVP propeller using a quasi-steady analysis method.
The Fourier series approximations of pitch displacement, pitch rate and pitch accelerations
for these pitch trajectories are shown in Figure 6. The blade position in Figure 6 is the
blade’s position in the wake field, as defined in Figure 3a. Therefore, the blade is in
the low-velocity part of the wake field around a blade position of 180°. In [8], the three
pitch trajectories; “Constant”, “Cosine” and “Variable” are determined. The variable pitch
trajectory is determined iteratively using a quasi-steady lifting line approach, whereby
variation in the blade thrust and transient cavitation is almost eliminated while maximizing
the efficiency. The cosine pitch trajectory is the best pitch trajectory containing a single
first-order harmonic, which reduces the variations in the blade thrust and maximizes the
efficiency relative to the constant pitch trajectory. The constant pitch trajectory is equivalent
to the operation of the CP propeller. Furthermore, in [8], the geometry of the propeller blade
is adapted for each of the pitch trajectories to obtain optimum performance of the propeller.
However, the current paper uses the propeller blades’ original geometry for all three pitch
trajectories. Therefore, the difference in the loads is only due to the pitch trajectory.

Constant Cosine Variable ‘

n
N
-
o
o

/
N\
\

(o))
o

F
|
|

Pitch Displacement [deg]
IN ro
Pitch Rate [rad/s]
o
Pitch Acceleration [rad/sz]

6 -2 -50
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Blade Position [deg] Blade Position [deg] Blade Position [deg]

Figure 6. Pitch displacement, pitch rate and pitch acceleration of the pitch trajectories determined
in [8].

The propeller design parameters and the parameters used for the modelling of the
CVP propeller are listed in Table Al in Appendix B. The inertia, gravitational and hub
loads are determined using the parameters in Table A1, and the modelling approaches
described in Section 2 for each of the pitch trajectory in Figure 6. The hydrodynamic loads
and their uncertainty are determined using the simulation approach described in Section 2
for each of the pitch trajectories. These loads are shown in Figure 7.

From Figure 7, it is seen that for the constant pitch trajectory, the hydrodynamic loads
change significantly around the wake peak at 180°. The change in the hydrodynamic loads
for the cosine pitch trajectory is generally reduced, which is expected from the results in [8].
Finally, it is seen that the hydrodynamic loads for the variable pitch trajectory do not match
with the expectation from [8]. The variation in the hydrodynamic loads is here not reduced
further than for the cosine pitch trajectory. Instead, the variation in the hydrodynamic
loads is significantly increased for the variable pitch trajectory. This is likely due to the
quasi-steady approach used to determine the pitch trajectories, which does not account for
the dynamic effects in the hydrodynamic response. It, therefore, does not seem appropriate
to use the quasi-steady approach to determine the pitch trajectory that should minimize
the variation in the hydrodynamic loads. Furthermore, the uncertainty of the URANS CFD
simulations is generally the largest when the propeller blade is at the wake peak.
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Figure 7. The hydrodynamic loads acting on the CVP propeller blades for each of the three pitch
trajectories determine URANS CFD simulations.

The bearing, frictional and actuator loads are determined by using Algorithm 1 and
are determined for each of the three pitch trajectories. The determined torques about the
spindle axis are shown in Figure 8 for each of the pitch trajectories.

‘ Hydro Act Fric Grav Hub Iner ‘
Constant Cosine Variable
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Figure 8. Determined torque components for the propeller blade to pitch according to the pitch
trajectories. The results for each pitch trajectory are shown in each of the plots according to their title.

From Figure 8, we can see that the main contributors to the actuator torque are the
inertia, hydrodynamic and frictional torques. However, this does not imply that the loads
due to gravity and the lubrication oil may be neglected, as they may influence the required
actuator torque through the frictional load, which is again due to the frictional dependency
on the bearing loads. To assess whether these loads may be neglected may require a
sensitivity study.

The requirements for the actuator are made concerning the required actuator power
and torque. The actuator power (P,;) is determined as:

Puct(eb) - Tact,z,p(eb) Gp(eb) (21)

The actuator power and torque include the uncertainty of the URANS CFD simula-
tions, which are shown in Figure 9, with the average, minimum and maximum values
given in Table 1.
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Figure 9. Required actuator torque and power with their uncertainties due to the uncertainty in the
hydrodynamic loads for each of the three pitch trajectories.

Table 1. Average, maximum and minimum actuator torque and power, along with the uncertainties
resulting from the uncertainty in the hydrodynamic loads for each of the pitch trajectories.

Pitch Trajectory Constant Cosine Variable
Average Actuator +5.6 +5.8 +7.3
Torque [kNm] 97'6—7.7 36'6—7.4 63'9—10.0

Maximum Actuator +4.6 +8.7 +10.8
Torque [kNm] 113'9—4.7 139'4—6.6 2765 —6.4
Minimum Actuator +17.5 +13.8 +23.3
Torque [kNm] 51'2—27.8 _76'5—21.1 _254'5—24.7
Average Power [KW] 0.0 167711 637774
—-14 —6.2
. +2.0 +48.7
Maximum Power [kW] 0.0 41 .3_2'2 392.3_23'2
- +0.0 +24.6
Minimum Power [kW] 0.0 0'0—0.0 _113'5—28.1

From Figure 9 and Table 1, we can see that the required actuator peak torque is the
smallest for the constant pitch trajectory followed by the cosine pitch trajectory. In contrast,
the variable pitch trajectory requires the highest peak actuator torque. Therefore, the size
of the actuator system has to be the largest for the CVP propeller with the variable pitch
trajectory. Therefore, depending on the space available in the propeller hub, it may be
necessary to compromise on the CVP propeller’s performance to fit the actuator system
inside the propeller.

The variable pitch trajectory is the pitch trajectory that requires the most power, both
on average and in peak conditions, as shown in Figure 9 and Table 1. Furthermore, the
minimum required actuator power with the variable pitch trajectory is negative. This gives
the possibility to regenerate some of the power used. In comparison, the average power
requirement for the variable pitch trajectory is approximately four times the average power
for the cosine pitch trajectory. For this to be beneficial, the propeller efficiency improvement
should be larger when using the variable pitch trajectory than when using the cosine pitch
trajectory to overcome the extra power required for the variable pitch trajectory for the
CVP propeller. Otherwise, the overall propulsion efficiency will go down with the CVP
propeller. However, even in this case, it may sometimes still be desirable to use the CVP
propeller if other performance metrics like cavitation, pressure pulses, vibrations, and
noise are important for a given application.
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For the considered application, the propeller efficiency (77,) and the resulting propeller
efficiency (1), which includes the power consumption of the actuator, is determined as:

o thdro,x,p Va

Mp (22)

6b ?hydro,x,p
thdro,x,p Va
O ?hydro,x,p + Pact(gb)

Nrp = (23)

where thdro,x,p is the cyclic average propeller thrust, V; is the average velocity of the water
into the propeller, 6, is the rotational speed of the blade, and Thydro,x,p 18 the cyclic average
propeller torque. The propeller and resulting propeller efficiency for each of the pitch
trajectories are shown in Table 2.

Table 2. Propeller efficiency, resulting propeller efficiency and their uncertainty for each pitch trajectory used in the CFD

simulations of the CVP propeller. The percentage number in parenthesis is the relative uncertainty.

Constant Cosine Variable
Propeller Efficiency 0.647 £+ 0.015 (£2.31%) 0.647 £+ 0.017 (£2.62%) 0.637 £+ 0.021 (£3.30%)
Resulting Propeller Efficienc 0.647 +0.211 4 0.085 0.639 +0.297 +0.113 0.604 +0.332 +0.118
& trop y (432.60% =+ 13.16%) (446.49% + 17.73%) (455.00% =+ 19.55%)

In Table 2, one should note that propeller efficiency in the top row only includes the
uncertainties in the CFD calculations, due to the force in the x-direction and torque around
the x-axis. In contrast, the second row showing the resulting propeller efficiency is based
on the forces and torques in all directions, including the much higher resulting uncertainty.
The results may be compared by looking at the propeller efficiency and resulting propeller
efficiency for the constant trajectory, which is the same. Still, the uncertainties are much
higher when including the force and torque uncertainties in all directions. Considering the
propeller efficiency, the variation in efficiency is small between each pitch trajectory and
within the uncertainties in the calculations. Hence, there is only minimal variation in the
obtained thrust relative to the propeller torque with the different trajectories. However,
when including the actuator’s power required, the resulting propeller efficiency of the
variable pitch trajectory drops by roughly 4% with the used propeller. At the same time,
the uncertainty in the calculations is significantly higher, as it includes the calculation
of the forces and torques in all directions. However, the above results indicate that an
efficiency improvement is not obtained for the considered case, as expected from the
literature. This may be because the propeller blade geometry is not reconsidered for each
of the cyclic varying pitch trajectories, as done in [8]. However, the latter also builds on
models assumptions, which may prove inaccurate.

Furthermore, the variable trajectory used is not optimized for efficiency alone. Instead,
it is a compromise for the different radial sections of the blade and the performance metrics,
i.e., efficiency, cavitation, and shaft vibrations. Thus, keeping a constant or relatively
constant angle of attack may aid the reduction of vibrations and transient cavitation, but
at the potential cost of reduced propeller efficiency, as the best propulsion efficiency of
a propeller comes from the least propeller wake kinetic energy. However, this requires
further studies outside the current scope, but for which the present work will be beneficial.
However, with the presented case and assumptions regarding an unaltered propeller
design, the considered CVP propeller cannot improve propeller efficiency. Therefore,
future investigations have to clarify if adapting the propeller blade geometry with the
cyclic varying pitch may improve propulsion efficiency, while also including the power
consumption of the cyclic pitch motion.



Energies 2021, 14, 6554

16 of 20

4. Discussion

In the above, a general model for determining the actuator requirements for the CVP
propeller has been presented, and results for a given operating condition (fixed pitch,
cosine and variable) have been presented. However, for the design of the actuator system
for a CVP propeller, the whole range of operating conditions needs to be considered, as
otherwise, the CVP propeller may not function as desired in all operating conditions.

However, the model itself, which has been presented, is general, and is not limited to
determining the requirements for a CVP propeller. It may also be used to, e.g., determine
the requirements for the actuator system for CP propellers. It should, in this regard, be
noted that the size of the actuator system used in CP propellers is primarily determined
through experience. Therefore, if the model may accurately determine the requirements for
the actuator system, then it may also be used to reduce the size of the actuator system and
thereby increase the propeller’s efficiency due to the reduced hub diameter. However, the
model’s accuracy has to be determined through future experiments, and experimentally
validating the model within the required accuracy is in no way straightforward.

Because the model is based on inverse rigid body motion and not rigid body motion, it
is unsuitable for determining the blade motion, e.g., control purposes or to predict fretting
motion. If the model needs to be used for these purposes, two aspects must be reconsidered
to address this issue. One is the discontinuity of the static friction model used, and the other
is solving the CFD simulation. The discontinuity of the static friction model may relatively
easily be addressed by using a dynamic friction model, as described in [16]. On the other
hand, solving the CFD simulation may require extra work. The simulation either has to be
solved online as the rigid body motion is solved, or as an alternative, a modelling approach
has to be used, which determines the hydrodynamic loads explicitly. To determine actuator
requirements for a propeller, the model is, however, acceptable as it is.

5. Conclusions

In this paper, a general model for the cyclic varying pitch propeller was presented,
which described all the forces and torques working on the propeller. This model may be
used to determine the actuator requirements for the propeller. As opposed to previous
research, the model presented here is a complete model that benefits from including friction
and all inertia effects and incorporating a complete hydrodynamic model—effects that
significantly influence the propeller loading.

To use the model, it is necessary to know the propeller geometry, cyclic pitch trajectory
and operation conditions. The model accounts for inertia-, hydrodynamic-, hydrostatic-,
gravitational-, actuator-, bearing- and frictional forces and torque. Of these, the inertia,
gravitational and partly the hydrostatic effects are accounted for explicitly. The hydro-
dynamic and partly hydrostatic effects are determined through a series of URANS CFD
simulations. These also determine the uncertainty of the model, due to discretization and
a finite domain size. Finally, the bearing, actuator and frictional forces are determined
through an iterative algorithm.

The model has been applied on a propeller previously considered to hereby study the
model and its validity. As no data exist for an optimized propeller or pitch trajectory, a
single propeller blade geometry has been evaluated with three different pitch trajectories
and one operating condition. The results show that the required average power, peak
power, and torque increase as the variations in the pitch trajectories increases with the
considered propeller. However, these results are influenced by using a CP propeller, as
no suited or optimized CVP design and trajectory exist. The results are therefore mainly
included to show the validity of the presented method. Therefore, the actuator system size
also increases for the example system as the cyclic variation in the pitch increases. With the
considered case, the results show that with the given propeller design used, the benefit of a
cyclic varying pitch propeller is limited. Still, the variations are within the uncertainty of
the model, but do indicate that an energy efficiency improvement is not obtained with the
given propeller. However, the results would probably change if a proper CVP propeller
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design was available. The overall efficiency improvement will, in this connection, be a
result of the potentially improved propulsion efficiency and the power required for pitching
the propeller blades. However, these considerations do not influence the presented model,
which is not necessarily limited to the CVP propeller but may also be used to describe, e.g.,
a CP propeller in cases where the trajectory is known.
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Abbreviations

The following abbreviations are used in this manuscript:

AoA Angle of attack

CFD Computational fluid dynamics
cp Controllable pitch

cvp Cyclic varying pitch

FP Fixed pitch

URANS Unsteady Reynolds average Navier—Stokes

Appendix A. Discretization Error

The spatial discretization of the domain is made using STAR-CCM+’s unstructured
polyhedral mesh with prism layer cells near the walls. The prism layer cell height is
made, such that the average y+-value is about 100 for the first prism layer based on
the boundary layer development of a flat plate. Because the viscous sublayer is not re-
solved, STAR-CCM+’s all y+ wall function is used. The simulations are made with four
to five different spatial discretizations and three to four different temporal discretisations
to determine the discretization uncertainty due to the spatial and temporal discretiza-
tion. The spatial discretization varies from ~1.5 million cells to ~13.6 million cells. The
chosen temporal discretization depends on the propeller’s rotational speed such that the
propeller’s displacements for a one-time step become 1°, 2°, 4° and 8°. Selecting these
temporal discretizations resulting in the same blade positions were evaluated for each
revolution With the considered propeller speed, this temporal discretization corresponds
to time steps of ~1.38 ms, ~2.75 ms, ~5.51 ms and ~11.01 ms, respectively. This should
be seen in relation to the maximum pitch rate and pitch acceleration of approximately
2 rad/s and 85rad/s? respectively for the variable pitch trajectory. The former, correspond-
ing to a maximum pitch change of ~0.17° per time steps, which ensures that convergence
criteria, are met as discussed below. The simulations with the finest spatial discretizations
are made for all the different temporal discretizations, while the others are only made with
the most refined temporal discretization. The discretization error is estimated for each
time instance for the roughest temporal discretization, because all the different temporal
discretizations are evaluated at these instances. The discretization error for the unsteady
simulations is approximated as [22]:

€p; X Og; = Pi — Po = ay hfi + &g hff (A1)
€¢, is the discretization error of the i'th simulation value, and éy, is the approximation of
it. ¢; is the value/values of interest for the i’th simulation, which, in this case, are the
hydrodynamic loads. ¢y is the actual value of the hydrodynamic loads. a; and «; are the
discretization error gains for the temporal and spatial discretization, respectively. p; and ps
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are the observed orders of temporal and spatial convergences. k; ; and h;; are the temporal
and spatial discretization metrics for the i’th simulation, which are determined as:

At; Neeis1
he: = —Lth , hi=h 3| Yeells,1 A2
t,i At1 t1 8,1 s,1 Ncells,i ( )

At; is the i'th simulation time step, and a subscript of 1 is for the finest refinement. N, ;
is the number of cells in the 7'th simulation, and the subscript of 1 is for the finest refine-
ment. h;1 and kg1 are the metrics for the finest refinement of the temporal and spatial
discretization, which are both 1.

The discretization error in Equation (A1) is approximated through a least square
estimation for the parameters ¢y, a¢, a5, pr and ps. If the estimated order of convergence
is unrealistic according to the discretization scheme chosen, alternative formulations of
the discretization error are determined instead. These alternative formulations are first-
and second-order polynomials of the temporal and spatial discretization errors. The
estimated discretization error with the lowest standard deviation is used to determine the
discretization uncertainty. This approach is similar to the one presented in [22]. From the
approximated discretization error, the discretization uncertainty is determined as:

1.25 ey, | +20  foro < Ay
U (o) — ; A3
disc (i) {3Af7¢ (|€¢i +20’) for o > Ay o
where,
Ay = max(¢;) — min(¢;) (A4)

ng—l

Uyjsc is the discretization uncertainty of the ¢;. o is the standard deviation of the least
square estimation of the discretization error, which is multiplied by two to get a 95%
confidence interval, due to the regression under the assumption of a normal distribution
of the scatter in the simulation results. Finally, n¢ is the number of simulations used to
determine the discretization error.

The discretization error is only determined over a single revolution of the propeller.
The simulation should, therefore, have obtained periodic convergence before the simulation
results are used. Periodic convergence means that the results for two propeller revolutions
following each other should not change significantly. To determine if periodic convergence
has been obtained for each simulation, the method proposed in [23] is used. In this method,
a Fuzzy convergence set between 0 and 1 is defined, which should be larger than 0.95 for the
simulation to have obtained periodic convergence. This Fuzzy convergence set considers
the mean value, the discrete Fourier transform, the cross-correlation and power spectral
density for each signal of the hydrodynamic loads. Hence, six signals are considered for
each propeller blade per revolution to determine if the periodic convergence has been
obtained. The results of the URANS CFD simulation of the CVP propeller are shown in
Section 3 for the considered application.
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Appendix B. Case Parameters for the CVP Model

Table Al. Parameters used to model the loads acting on the CVP propeller blades in the

considered case.

Propeller
Propeller diameter D, 5.4 [m]
Number of blades Zy 4
Power 5839 [kW]
Hub diameter 1.46 [m]
Blade area ratio 0.64
Propeller speed np 121 [rpm] =~ 2.02 [rps]
Shaft immersion hs 5.07 [m]
Blade speed 0, ~12.67 [rad/s]
Blade
P/Datr/R 0.7861
Skew 40°
Forward skew 19°
Rake 0°
Center of mass rem 117 —176 1198] T [mm]
6100 275 —450
Blade moment of inertia I 275 5635 678 | [kg m?2]
—450 678 812
Blade mass i 3049 [kg]
Operation Condition
Ship speed Vs 16.55 [knots]
~8.51 [m/s]
Water density 0 1025.5 [kg/m?]
Kinematic viscosity of water v 1.19110°¢ [m?2/s]
Nominal wake coefficient Whom 0.278
Effective wake coefficient Werf 0.266
Misc
Inner blade bearing radius o 412.5 [mm)]
Outer blade bearing radius Ryp 412.5 [mm)]
Height of blade bearing hpp 115 [mm]
Bearing translation T 0 0 527.5] T [mm]
Coulomb friction coefficients Ue 0.15
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