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Summary

Present paper studies the variation of the blade spindle torque in a controllable pitch
propeller (CPP) during the feathering maneuver, which is one of the rare but most challenging
propeller maneuvers in CPP operation. The knowledge of the spindle torque under different
operating conditions is one of the key features for the CPP controller unit design. The aim of
this study is determining the forces needed to be governed to control the blade motion of a
CPP converted from a fixed pitch propeller and the scale effect on these forces. So as to
obtain a realistic numerical setup, the time-dependent superposed motion of the main rotation
of the propeller and the rotation of each blade around its axis is modeled using a hybrid
overset/sliding mesh technique. The spindle torque values were calculated during the
dynamical variation of the blade pitch in feathering maneuver, and a novel expression is
recommended to non-dimensionalize the predicted spindle torque. The result revealed that the
required torque values to rotate each blade during the propeller maneuver is rising up to a
critical pitch angle. Further increment of the pitch angle results in lower spindle torque values.
Furthermore, this critical pitch angle is inversely proportional to the propeller loading.
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1. Introduction

There are different propulsion systems for commercial and military vessels. In general,
the propulsion systems mounted to the stern are commonly preferred. The propellers are
evaluated by the thrust produced, the amount of torque needed and the efficiency of the
propeller depending on these parameters. Similarly, the most common parameters applied to
define the propeller behaviors are propeller rotation, propeller diameter and vessel velocity. In
recent years, the effects of the parameters on the propeller have been investigated due to high-
speed and maneuvering capability needs [1-4].

Since the propeller revolution is linked to the main propulsion system driving the
propeller, the flexible behaviors might be limited here. The idea to replace the propeller pitch
to improve the propeller performance by keeping the main engine rotation the same appeared
with controllable pitch propellers (CPP) [5]. CPP propellers first appeared in aviation
applications based on the need to change the pitch of fixed pitch propellers during flight. In
earlier times, propellers with different blade and hub materials were manufactured, the pitch
determined for the flight conditions and the pitch was changed on the ground. However, it
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was seen that the speed changes during the flight decreased the efficiency since the
pitch is determined to maximize the efficiency based on the aircraft speed and propeller
rotation. In order to improve this state, the aim was to change the propeller pitch depending
on the aircraft user’s needs during driving [6].

Due to the operational flexibility they offer, CPP’s provide several advantages for
marine applications, especially for naval ships [7]. The main difference between CPP and
fixed pitch propellers is that CPP can rotate around its spindle axis to create different pitches.
Investigating the hydrodynamic behaviors of the CPPs is vital to reveal the data necessary for
propeller design and operation. Nguyen et al. [8] attempted to reveal the CPP general
hydrodynamic structure and the effects of pitch rates on the thrust.

The knowledge gap due to challenges of working on CPPs were generally eliminated
with different pitch propeller performance values in the Wageningen B series fixed pitch
propeller (FPP) database. Despite few experimental studies, the studies on CPPs often focused
on computational fluid dynamics (CFD). Ozturk et al. [9] used the Wageningen B series
propeller database to systematically investigate the effect of propeller pitch on self-propulsion
points in the vessels.

Few examples are encountered for experimental studies on CPP propellers. In studies
that extensively published data on experimental studies on CPP propellers, a limited amount
of spindle torque values were presented [10, 11].

Like the many other studies concerning the propeller design stage, CFD stands as a
powerful tool to investigate the factors affecting the CPP design. Funeno et al. [12] both
experimentally and numerically investigated the CPP pitch and propeller performance in
commercial vessels with a large range. The authors identified the differences between the
numerical results and experimental results for low advance coefficients and points near the
neutral pitch. The authors recommended further studies, especially for neutral pitch points for
the flow around the propeller. Rhee and Joshi [13] verified the DTMB P5168 model CPP test
propeller experimental results by using CFD methods. Although the authors used CPP
geometry, the rotation of the blades around their spindle axis was neglected. Kolakoti et al.
[14] numerically investigated the propeller-body interaction for a CPP. Xiong et al. [15]
investigated the propeller characteristics and the pressure distribution on the blades for open
sea experimental conditions for blade geometries added to the CPP hub. It is possible to see
applications for CPPs where the propeller is put inside a duct to increase the propeller
efficiency. Bhattacharyya et al. [16] investigated the effects of different channel model scales
on CPPs. Usta and Korkut [17] numerically investigated propeller cavitation characteristics
for a CPP and twisted blade geometry. Zhou et al. [18] investigated the change of a CPP
hydrodynamic performance by using different turbulence models. The authors obtained the
closest results based on the experimental data with the RSM turbulence model and the closest
values were with the k-¢ model. The cavitation behaviors which are one of the most
fundamental design parameters for propellers were also investigated in addition to the
hydrodynamic performance. Arifin et al. [19] numerically investigated the cavitation behavior
of CPP geometries with different pitch ratios, blade numbers and propeller diameters.
Pourmostafa and Ghadimi [20] investigated the effects of a CPP hub diameter on the propeller
characteristics with a proposed BEM solver. The authors revealed the propeller characteristic
based on the non-dimensional hub diameter and propeller diameter.

One of the key parameters that limits the fundamental CPP design is the hydraulic
driving units that give the angles to the blades and help them to sustain the given angles.
These hydraulic units should be able to supply the pressure changes. The torque that rotates
the blades and keeps them constant is the hydraulic piston-cylinder setup designed for the
propeller hub and this is obtained with an oil distribution (OD) box that ensures correct
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hydraulic oil distribution. This torque might correspond to different hydraulic pressures
depending on the piston geometry. Altosole and Martelli [21] developed a mathematical
motion model to assign and test oil behavior in a propeller hub for a CPP. The authors
attempted to simulate the propeller operation. However, classic spindle torque data was used
when the mathematical model was developed.

The connection between the blades and propeller hub for the CPP is called the wing
bearing. Each blade can make a rotation movement around its own blade spindle passing
through the blade hub center to create the propeller pitch. The torque that ensures this rotation
movement is called the spindle torque. The propeller spindle torque is based on the thrust of
the propeller and the propeller torque [22].

Since the behavior of the propeller hydraulic driving unit pressure is directly linked to
the hydrodynamic effects on the blade, it is suitable to investigate the propeller spindle torque
for the pressure change in the hydraulic driving unit. Martelli et al. [23] attempted to create a
mathematical and numerical model for a CPP driving mechanism. The propeller spindle
torque in the model was obtained by regression among the open water propeller test data
which is called the semi-time-independent method. The authors determined that the hydraulic
oil pressure in the propeller blade driving unit showed highly similar behavior to the blade
spindle torque. This indicates that blade spindle torque can be used instead of the pressure
behavior for studying hydraulic oil pressure.

There are only a few studies on propeller spindle torque in the literature. Just like all
other propellers, it is expected that the impact of the cavitation in CPPs on the propeller
design should be investigated. Jessup et al. [24] experimentally studied the propeller blade
torque and investigated how the cavitation impacted the load on CPP blades. Tarbiat et al.
[25] investigated the hydrodynamic behaviors of a CPP by using a certain number of pitches
in an open-source CFD program by using the RANS methods. The authors attempted to
answer the friction problem in the blade bearing [26]. The authors showed that the friction
problem occurred when the spindle torque was higher than the friction torque. Liu et al. [27]
investigated the hydrodynamic performance of a CPP under cavitation and non-cavitation
conditions. The authors showed that the propeller blade spindle torque was a parameter linked
to propeller pitch and advance coefficient. Pourmostafa and Ghadimi [28] investigated the
time-dependent transition between the pitches. The authors investigated the effect of the
pitch-changing speed of the blades on the track region behind the propeller. The authors
didn’t investigate the viscous effects due to the model used in the study. The authors showed
that the pitch change created an instant peak value in the propeller thrust and the same effect
was seen in the track region behind the propeller. The authors didn’t investigate the blade
spindle torque change during pitch change.

CPPs are designed to change the pitch angle to match the different vessel speeds and
cruising conditions. However, these propellers can engage in rare maneuvers for feathering to
cut out the propeller in conditions such as sudden speed decrease and sternway maneuver to
go in the opposite direction, failure of a propulsion group (propeller or propulsion system) in
a multi-propeller vessel. These maneuvers must be faster than the pitch change maneuvers at
normal cruising speed. Therefore, the hydraulic driving units might need more capacity than
under normal operating conditions.

The data for these rare maneuvering conditions for CPPs are highly limited in the
literature. Additionally, most of the studies consider the propeller blade motion around its
own axis time independently (changing the pitch angle on the primary geometry and
analyzing the each angle independently) and the interaction between the propeller’s main
rotation movement and the rotation of the blades around their own spindle axis is neglected.
Through the author’s knowledge, it’s the first time study for the numerical modeling of time-
dependent, superposed CPP motion with the RANS approach.
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The aim of this study is to parametrically investigate the blade spindle torque values
(thus the force needed in hydraulic driving units) in different operating conditions of the
propeller. The superposed transient-rotational motion of the propeller during the maneuver
from full ahead pitch position to feathering position (feathering maneuver), which is one of
the rare but most challenging maneuvers for CPP, was modeled via hybrid overset/sliding
mesh approach. To examine the spindle torque results in a CPP, a novel non-
dimensionalization method was proposed for the sake of better representation of the trends in
the torque variation. Finally, pressure balance along the propeller blades were analyzed to
understand the changes in the spindle torque under different operating conditions.

2. Numerical modelling

2.1. Governing equations

This study employed computational fluid dynamics (CFD) to solve the equations in the
computer environment. The flow field was considered as three-dimensional, viscous, time-
dependent and incompressible.

The governing equations, the continuity and Reynolds-Averaged Navier Stokes (RANS)
equations are:
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here U, is the average velocity vector, u’ is the turbulence velocity vector, (pu{u}) is

the turbulence stress tensor, P is the average pressure, p is the density and u is the
dynamic viscosity.
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i
here z; is the average molecular stress tensor.

Additionally, a realizable k-& turbulence model was preferred to model the turbulence
field.

A commercial CFD tool, Simcenter Star CCM+ version 2020.3 was utilized in the
study. The solver implements finite volume method to discretize the governing equations.
Both spatial and temporal discretizations were done by second order accurate schemes to
increase the accuracy. Well known SIMPLE algorithm was used for pressure-velocity
coupling. Further information about the numerical solution can be found in the solvers manual
[29].
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2.2.Numerical approach
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Fig. 1 Solution domain and the placing of the propeller

The solution domain given in Figure 1 was created for the computations flow around
the propeller. The “D” letter in the figure represents the propeller diameter. The “Inlet” and
“Outlet” boundary conditions in the solution domain were displaced depending on the rotation
direction of the propellers.

The flow inlet surface boundary condition was set as uniform velocity inflow and the
output surface boundary condition was set as “Pressure Outlet”. The “Symmetry plane”
boundary condition was used for the other surfaces. “No-slip conditions” were applied to the
propeller blades and drive shaft surfaces.

This study was designed under open sea propeller test conditions and all analyses were
conducted for this condition. The propeller blade maneuvers were used to change the blade
angles to achieve propeller pitch. Accordingly, this study selected the most challenging

scenario which is the transition from full ahead to feathering pitch position as shown in Figure
2.

Spindle

Propeller s
. Rotation |
Main
Shaft .
Axis
Blade
Full Ahead ~ Rotation
Spindle Torque F oSition
Measurement Blade
Rotation
Feathering
Position

Fig. 2 Pitch maneuver investigated in the study

CPPs require additional motion model design compared to FPPs since the blades rotate
around their own axis. The main rotation of the propeller around the drive spindle axis was
modeled with “Rigid-Body Motion” which separates the volume from the solution with a
cross-sectional surface. The rotation of the propeller blades around their axis was modeled
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with an “Overset mesh” motion method. For propeller blade maneuver, these two motion
models were super positioned in a hybrid form.

Throughout the study, the time step was selected to match the Courant-Friedrich-Lewy
(CFL) number CFL < 1 condition, which corresponds to the maximum 6 degrees of propeller
rotation.

2.3. Grid structure

Unstructured hexahedral elements were used to construct the solution domain, as seen
in Figure 3. Several volumetric refinement regions were created around and in the slipstream
of the propeller. Prismatic layer elements were used over the propeller surface, to accurately
predict the high velocity gradients in the boundary layer.

g %
H P |~

Fig. 3 The mesh structure and the refinement regions

The first node point near the wall was placed as to provide wall y* (y* = u*y/v where u*
is the reference velocity, y is the normal distance from the centroid to the wall in wall-
adjacent cells and v is the kinematic viscosity.) between 50 and 120. Figure 4 shows the Wall
Y+ distribution on the CPP DTMB 4119 propeller blades for J = 0.5.
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Fig. 4 CPP DTMB 4119 propeller Wall Y+ distribution for J = 0.5

The values used in the mesh dependency and time step dependency studies are given in
Table 1.

Table 1 Mesh dependency and Time step dependency Values

Cell Count | Trust[N]
Finer 3301742 642.72 Timestep Trust [N]
Fine 1641564 641.67 Fine 0.0005 641.67
Medium 809705 639.3 Medium 0.001 641.67
Coarse 404496 636.4 Coarse 0.002 637.91
Coarser 200855 632.79

3. Problem description

3.1. Propeller Geometry

In this study David Taylor Model Basin (DTMB) 4119 test propeller model was
modified with a computer-aided design and an FPP was converted into a CPP. The main idea
here is to take a propeller model that was originally designed to serve as a FPP and see
whether it is possible to use it as a CPP or not. The FPP form of this propeller was included
in numerous studies and this propeller was preferred as the test propeller for hydro-acoustic
and cavitation fields in recent studies [30]. The propeller characteristics for the basis propeller
are given in Table 2.

Table 2 DTMB 4119 Propeller Characteristics

D (m) 0.3048

V4 3

Blade Section NACAG66 a=0.8
Rotation direction |Right

The FPP DTMB 4119 propeller selected as the test propeller and the converted CPP
DTMB 4119 propeller are depicted in Figure 5.
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b)

a)

Fig. 5 a) FPP-DTMB 4119, b) CPP-DTMB 4119

There are small geometrical manipulations that were applied to the original DTMB
4119 propeller model to convert it to CPP. When Figure 5 is investigated, the FPP is cut from
the stem part where the blades are connected to the main drive spindle and remounted to the
main drive spindle to permit these blades to rotate around their own axis.

3.2. The Validation

Five different advance coefficients, J=0.500, J=0.700, J=0.833, J=0.900, and J=1.100,
were tested to investigate the agreement of the numerical calculations with the experimental
and numerical datas [31,32]. Figure 6 shows the comparison of the experimental data (EFD)
and the numerical data (CFD).
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Fig. 6 Comparison of the numerical and the experimental data

The numerical and the experimental results show a fairly good agreement. After
validating the numerical methodology with the DTMB 4119 propeller model, the CPP and
FPP versions of the propeller were compared, to investigate possible performance variations
arising from the conversion to CPP. The results of this comparison are given in Figure 7.

102



The numerical investigation of spindle torque Ahmet Yurtseven, Kaan Aktay
for a controllable pitch propeller in feathering maneuver

1.0
® Kr—FPP
0.9 — kr—cpp
Y 10Ko-FPP
0.81 == 10kg-cCPP
* m—FPP
0.7 x *

—- M -CPP

Fig. 7 The comparison of the FPP and the CPP versions of the propeller

It is seen that the thrust coefficient obtained from the CPP showed similar values to
FPP. However, higher values for the torque coefficient were observed for lower advance
coefficients while lower thrust coefficient values were obtained for higher advance
coefficient. Therefore, the propeller efficiency was calculated at a low level. The lower thrust
values were subjected to the geometrical adjustments at the blade near the hub connection.

4. Results

This section presents the CPP DTMB 4119 propeller hydrodynamic results for open sea
propeller test conditions.

Non-dimensional coefficients to investigate the propeller performance are as advance
coefficient (Eqg. 4), thrust coefficient (Eg. 5), torque coefficient (Eq. 6) and propeller
efficiency (Eq. 7):

Vv
?
K, :# (5)
Ko=—355 ©
o= E—QZ"—” ™

Additionally, the propeller rotation and blade spindle torque coefficient obtained from
the rotation of the blades around their own spindle axis is shown in Eq. 8 [12].
Q
Qub.lit :pnTtbs (8)
Figure 8 compares the dimensional blade spindle torque values and coefficients non-
dimensionalized with different approaches. However, when the trend of the dimensional

torque values graph in Figure 8.a is examined, it is seen that the coefficient in the literature
does not explain the results well. To increase the clarity and readability of the results, also
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provide a better physical representation, modified blade spindle torque coefficients given in
Eq. 9 were recommended.

Kaon = % €))

Here T (N) is the propulsion, Q (Nm), D (m) is the propeller diameter, n (rps) is the
propeller rotation, o (kg/m3) is the density and V, (m/s) is the average flow speed entering
the solution volume. Additionally, Q, (Nm) is the blade spindle torque. The data were

reprocessed for the recommended blade spindle torque coefficient (Eq. 9) and shown in
Figure 8.c. As seen from the figure, the data is close to the trend when the data in Figure 8.a
and the similarity in physical behavior is clearer. This expression was employed as the blade
spindle torque coefficient for the remaining sections of this study.
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Fig. 8 a) Dimensional blade spindle torque. b) Blade spindle torque coefficient calculated with Eq. 8 ¢) Blade
spindle torque coefficient calculated with Eq. 9

It is seen that the propeller main shaft rotation rate is eliminated in the newly proposed
dimensionless blade spindle torque coefficient. Blade spindle torque coefficient graphs
obtained by doubling the propeller main shaft rotation rate and doubling the ship speed to
keep the advance coefficient constant are shown in Figure 9.

— }=0.500-2n
0.01757 = |=0.700-2n
—- |=0.833-2n
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0.0125} — j=1.100-2n
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0.0025

—0.0025
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0 10 20 30 40 50 60
Blade Angle [°]

Fig. 9 Blade spindle torque coefficient calculated with Eq. 9 using doubling propeller main shaft rotation
rate
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The time-dependent solutions of the motion obtained from superposition were
compared with the time-independent results, to investigate the time dependency of the
solutions. The comparison and the satisfactory agreement between the results can be seen in
Figure 10.
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Fig. 10 The comparison of time-dependent and time-independent solutions (J =0.5)

The spindle torque coefficient dynamically calculated during the transient motion from
full ahead pitch position (0°) to feathering position (62°) of a CPP at different advance
coefficients is shown in Figure 8.c.

It is seen that the blade torque coefficients decreased with the increment in advance
coefficients. This decreasing trend is associated with the reduction of the propeller loading
due to the change in the advance coefficient. The spindle torque coefficient first increases
with the start of the maneuver and then decreases after reaching a peak value (or a critical
pitch angle). This curved behavior occurred in all advance coefficients. However, the peak
value decreased with increasing advance coefficients. Furthermore, the blade angle at the
peak value had larger angles with an increased advance coefficient. The pressure distribution
on the propeller blade is investigated to explain how the peak values are created (Figure 11).
The blade pressure surfaces and pressure distribution on the vacuum surfaces for different

blade angles.
d e
Pressure St ‘
Face \g W L
Vacumme
Face
Pressure (Pa)
-90000 -54000 -18000 18000 54000 90000
[ [ .
Fig. 11 a) 0°,b) 14°, ¢) 31°, d) 48°, e) 62° blade angle blade pressure and vacuum surface pressure distributions
(J=0.5)

The pressure distribution on the pressure and vacuum surfaces are balanced for the full
ahead pitch position. However, the pressure values start to decrease on the vacuum surface
near the leading edge especially in Figure 11.c and Figure 11.d with the increasing angle.
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Figure 11.e shows that the low-pressure region on the vacuum surface at the feathering
position spread to the back of the blade. To understand that the torque value was affected by
pressure distribution displacement, Figure 12 shows the equal surface (iso-surface) of vacuum
surfaces at a certain pressure distributions.

a b C
Fig. 12 a) 14°, b) 48°, ¢) 62° angles at vacuum surface for -60000 Pa value equal surface regions (J = 0.5)

Figure 12.a shows that a low-pressure region starts to form near the leading edge on
the vacuum surface, the edge of the vacuum region expands to a larger region (Figure 12.b)
and the vacuum region shifts from the edge to the back of the blade (Figure 12.c). The torque
value on the blade is obtained by multiplying pressure difference regions and the distance of
the obtained force to the rotation center. Thus, it can be seen that the low-pressure region was
close to the edge until the peak angle value and high torque values occurred. When stalling
occurred from this point to a higher angle value, the vacuum region shifted to the back of the
blade and was distributed on the rotation center. This led to decreased torque value compared
to the rotation axis of the blade.

The change of the propeller characteristics during the entire maneuver is given in Figure 13.

3.5 = Kr e
— = 10Kp ’—’-‘
-
—_m ”,
3.0 L :

0 10 20 30 40 50 60
Blade Angle [°]

Fig. 13 Characteristic values of the propeller during the maneuver (J=0.5)

The propeller torque coefficient increased during the entire maneuver, this increase was
rapid until the peak blade torque value pitch angle and the increase continued after reaching
this angle despite the decreased rotation speed. Therefore, the propeller efficiency decreases
during the entire maneuver and converges to zero.

5. Conclusion

This study presents the numerical investigation of the spindle torque variations on a
CPP during the feathering maneuver. The feathering maneuver is a rare but challenging move
in CPP operation and it is not well investigated yet. In order to generate a realistic numerical
model, the time-dependent whole motion from full ahead position to feathering position was
calculated dynamically using an overset/sliding mesh hybrid technique. DTMB 4119
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propeller model, which is originally designed for the FPP use, was included in computations
to see the availability of the FPP-CPP conversion. Results reveal that torque values are
slightly lower in CPP use for the same propeller model, due to the geometrical modifications
needed in the hub connection region. A novel non-dimensionalization equation to calculate
the spindle torque values of a CPP was proposed. It is seen that the new equation’s
performance is better in the manner of representing the physical behavior and the trends in
spindle torque variations. For the increasing pitch angles, spindle torque values for the CPP
increases to a critical pitch angle, then decreases dramatically. This critical pitch angle
reaches to higher values with the increment of advance coefficient. The flow characteristics in
the hydraulic unit that controls the controllable-pitch propellers are directly related to the
hydrodynamic performance. Therefore, it is recommended to consider the behavior of the
hydraulic drive unit based on the data obtained in this study and the changes in blade angles
in future studies. New hub designs are aimed to be examined to rotate the blades around the
spindle axis. The damping behavior of flow-induced vibrations caused by the blades in fixed-
pitch propellers in controllable-pitch propellers is also of interest. Additionally, examining the
cavitation behavior on the blade and the acoustic output during superposition motion would
also be valuable.
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