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6 Propeller & Pitch Change Mechanism
One of the major targets for the propeller design is a high propeller e�ciency, but

is also important to optimize the propeller for noise, vibration, and cavitation.
A controllable pitch propeller (CPP) is indeed more complex than a �xed pro-

peller; it contains more parts, many of themmoving, and it would be unrealistic to ex-
pect that there is no extra risk entailed in installing CPPs rather than �xed propellers.

Unlike �xed pitch propellers, whose only operational variable is rotational speed,
the controllable pitch propeller provides an extra degree of freedom in its ability to
change blade pitch. However, for some propulsion applications, particularly those
involving shaft-driven generators, the shaft speed is held constant. This reduces the
number of operating variables, again, to one. It is important to evaluate a correct rela-
tionship between shaft speed and pitch angle. This relationship is called a combina-
tory curve.

Using the combinatory curve, the e�ciency ismaximisedand the risk of cavitation
is minimized.

In the last forty years, the controllable pitch propeller has grown in popularity
from representing a small proportion of the propellers produced to its current very
substantial market share.

This growth is illustrated in Fig. 6.1, which shows the proportion of controllable
pitch propeller systems when compared to the total number of propulsion systems
classi�ed in Lloyd’s Register during the years 1960 to 2004, taken at �ve-year intervals.

Figure 6.1:Market share of controllable pitch propellers

Fig. 6.1 shows the relative distribution of controllable pitch propellers within cer-
tain classes of ship type.

From Table 6.1, the controllable pitch propeller is currently most favored in ves-
sels with several operative speed pro�les such as passenger ships and ferries, general
cargo ships, and tugs and �shing vessels.
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Table 6.1: Percentage of CPP compared to the total number of propellers by ship type

6.1 Pitch Change Mechanism

Controllable pitch propellers are generally actuated by hydraulic oil power systems
due to their high power/volume ratios. Usually, the simplest hydraulic-mechanical ac-
tuator is used: the piston in a cylinder. The oil �ows from the tank to the OD box in a
normal pipe inside the engine room. The OD box is a directional valve located on the
shaft fromwhich oil �ows through a twin pipe inside the shafting to the propeller hub
piston. Inside the CPP hub, a double e�ect hydraulic cylinder is actuated by the oil
pressure in a longitudinal direction. Two actuating chambers are needed to move the
blade at both positive and negative pitch angles.

The pitch can be measured with the feedback pipe, a potentiometer attached to
the inner transmission line. For a more accurate pitch measurement, the sensors can
be positioned inside the hub. The chosen pitch angle is achieved by the proportional
pitch controller that compares the actual pitch set-point with the real pitch and ma-
nipulates the oil valve.

The system layout is schematized in Fig. 6.2.
The propeller blades are connected to the hub with di�erent kinds of suspension.
Usually, the blades are connected to the hydraulic actuator in the hub via a slot-

pin mechanism.
For the pin-slot mechanism, the relationship between the hydraulic force gener-

ated inside the hub (piston force) and the spindle torque is the following [46]:
Qhyd = Fhydeyp

cos2(φ)
Where:
Qhyd hydraulic torque
Fhyd [N] hydraulic force
eyp eccentricity of the yoke pin
φ pitch angle
The relationship between the linearmovement (piston stroke) and the pitch angle

(blade angular position) is expressed as:

xpist = xMAX AH − tan (φMAX AH − φ) eyp

Where:
xpist instantaneous linear position (stroke)
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Figure 6.2:Main elements inside a CPP hub.

Figure 6.3: Pin-slot mechanism

xMAX AH maximum stroke ahead
φMAX AH maximum pitch ahead
All the variables appearing on the right hand side of the relationship between the

linear movement and the pitch angle are derived from the corresponding mechanism
drawing represented in Fig. 6.4.
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Figure 6.4: Relationship between linear and angular position

6.2 Reference Frame

Before introducing the equations for blademotionand themethodology for evaluation
of the forces, it is necessary to brie�y outline the reference frames. Di�erent reference
frames are used, so it is best to de�ne the coordinate system involved:
– Hub-�xed frame (e)

The e-frame
(
Oe , e1, e2, e3

)
is �xed to the hub. The positive unit vector e1 points to-

wards the bow, e3 coincides with the unit vector of the spindle axis, and e2 is the
vectorial product of e3 and e1. The origin Oe of the frame is in the centre of the shaft
line.

Figure 6.5: Hub Fixed Frame e
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The relationship between e-frame and b-frame is de�ned as the following:
e1 = b1
e2 = cosϑb2 + sinϑ b3
e3 = −sinϑb2 + cos ϑb3


b1 = e1
b2 = cos ϑ e2 − sinϑ e3
b3 = sin ϑe2 + cos ϑe3

– Blade-�xed frame (f)

The f -frame
(
Of , f 1, f 2, f 3

)
is �xed to the blade. The positive unit vectors f 1 and f 2

are the unit vectors e1 and e2 rotated by a pitch angle of the blade φ, and f 3 coincides
with e3. The origin Of of the frame is in the centre of the shaft line with respect to the
vertical position and under the spindle axis for the witch regarding the longitudinal
and transversal position.

Figure 6.6: Blade Fixed Frame (f)

The relationship between f-frame and e-frame is shown by following:
f 1 = cosφe1 + sinφ e2
f 2 = −sinφe1 + cosφ e2
f 3 = e3


e1 = cosφf 1 − sinφ f 2
e2 = sinφ f 2 + cosφ f 3
e3 = f 3

Using the angular velocity composition theorem, it is possible to represent the angular
velocities (with respect to the inertial n-frame) of a single blade ωB and the hub ωH
respectively, as:

ωB = ωψ + ωϑ + ωφ = ψ̇b3 + ϑ̇e1 + φ̇f 3
ωH = ωψ + ωϑ = ψ̇b3 + ϑ̇e1

where ψ̇, ϑ̇ and φ̇ [rad/s] denote the time derivatives of the yaw angle, the blade an-
gular position, and the pitch angle, respectively.
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6.3 Motion and Pressure Di�erential Equation

The blade position is the key factor for the ship performance, whereas the oil pressure
is the key parameter of the mechanism; excessively high pressures can be responsi-
ble for mechanism failure, and hence they should be always monitored by the ship
automation systems. Thus the proposed mathematical model, developed by the au-
thor [9], is based on two di�erential equations describing the motion of the blade and
the motion of the piston, respectively.

The �rst di�erential equation is the equation of motion of a blade around its f 3
axis evaluated in the e-frame:

φ̈(t) = 1
Ib
(
Qhyd(t) + QS(t) + Q−Φ(t)

)
Where:

φ̈ is the blade angular acceleration
Q−Φ is the torque due to the interaction forces between propeller blade and blade

bearing
Qhyd is the hydraulic torque
Qs is the total spindle torque acting on the blade
Ib is the moment of inertia of the blade about the spindle axis f 3
The second di�erential equation describes the motion of the cylinder:

mm ẍpist(t) = A1p1(t) − A2p2(t) − Bp ẋpist(t) +
Z∑
i=1

Φi(t)

Where:
mm = my + mp + mo is the sum of the yoke mass (my), propeller mass (mp), and

oil mass (mo)
ẍpist is the piston acceleration
A1 and A2 are the yoke areas of the astern chamber and of the ahead chamber,

respectively
p1 and pp are the pressures inside the two chambers
Bp is the damping coe�cient
Z∑
i=1
Φi is the resultant of the reaction forces due to the interaction between each

blade and the bearing
Z is the number of blades
In order to properly implement the di�erential equations, all the forces and mo-

ments acting on a single blade have to be evaluated. This will be shown in the follow-
ing sections.
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6.4 Forces Evaluation

In order to develop a simulation model suitable for CPP control system design and
testing, current knowledge of the loads acting on a blade must be assessed.

The total spindle torque is the torque acting around the spindle axis of the pro-
peller blade, and it must either be balanced by the hubmechanism to hold the blades
in the required pitch setting or, alternatively, be overcome when a pitch change is re-
quired. The spindle torque can be subdivided into three components as follows [19]:

QS (J, φ) = QSH (J, φ) + QSI (J, φ) + QSF (J, φ)

Where:
QS is the total spindle torque at a given value of non-dimensional propeller ad-

vance coe�cient J and at a given value of pitch angle φ;
QSH is the hydrodynamic component of spindle torque due to the water pressure

�eld acting on the blade surfaces;
QSI is the inertial component (QSC in Carlton nomenclature) resulting from the

blade mass distribution;
QSF is the frictional component of spindle torque resulting from the relative mo-

tion of the surfaces within the blade hub.
The spindle torques are usually expressed in the non-dimensional forms of KQSC

and KQSI . These coe�cients are similar to the conventional propeller torque coe�-
cient, and they are related to the respective spindle torques components as follows:

KQSH = QSH
ρn2D5

KQSI =
QSI

ρbn2D5

Where:
ρ and ρb are the water and the blade mass densities, respectively
n is the propeller speed
D is the propeller diameter
Little data about spindle torque has been published. Some of themost exhaustive

work is the experimental data of the 3-BLADED JP-CPP SERIES [20]. Unfortunately,
this data is not su�cient to accurately represent the behaviour of the CPP actuating
mechanism during ship manoeuvres. Some recent publications [12, 29, 44] concern
the evaluation of the spindle torque acting on a blade.

First of all, it is necessary to list the forces acting on the controllable pitch pro-
peller blades:
– Inertial Forces τPI
– Hydrodynamic Forces τP
– Frictional Forces τPF
– Hydraulic Forces Fhyd
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So the total external forces acting on a blade are:

τPROP = τPI + τP + τPF + Fhyd

6.4.1 Inertial Forces

Themotion of the ship and the rotation of the propeller give rise to corresponding Cori-
olis and transportation inertial forces acting on each blade in the e-frame. Moreover,
gravity yields a sinusoidal varying force.

In more detail, the Coriolis force is de�ned by:

FC =
∫
ξ

−2ρbωH∧vrPdτ

The transportation force is expressed as:

FS =
∫
ξ

−ρb
[
ao + ωH ∧

(
ωH ∧ (P − O)

)
+ ω̇H ∧ (P − O)

]
dτ

The weight force is given by:

FW =
∫
ξ

ρbgdτ = mbg

Where:
ao is the linear acceleration of the origin O with respect to the inertial frame
ρbg is the mass density of the propeller blade
(P − O) is the position vector of a generic point P of the blade with respect to the

origin O
mb is the blade mass
g is the gravity acceleration
ξg is the whole set of points constituting the blade
vrP is the linear velocity vector of a generic point P of the blade evaluated in the

e-frame
More explicitly:

vrP = vro + ωφ ∧ (P − O) = φ̇f 3 ∧ (P − O)

Recalling the de�nition of centre of gravity for a blade:

(G − O) = 1
mb

∫
ξ

ρb (P − O) dτ
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Figure 6.7: Hub and blade reference frames

It is therefore possible to express the inertial forces in a simpler form:

FC = −2mbωH ∧ vrG

FS = −mbao − mbωH ∧
[
ωH ∧ (G − O)

]
− mbω̇H ∧ (G − O)

The total contribution of inertial and weight forces acting on a blade is then given by
the sum:

FI = FW + FS + FC

In addition, the moments with respect to the origin O of the above forces have to be
evaluated. To this end, the moment of a generic (density of) force acting on a blade is
given by:

MO =
∫
ξ

(P − O) ∧ Fdτ

Combining the equation that provides a generic moment and the de�nition of the in-
ertia tensor with respect to the origin O for each blade:

Io(v) =
∫
ξ

ρb (P − O) ∧ [v ∧ (P − O)] dτ

It is possible to demonstrate (see Appendix 1 for the complete proof) that themoments
of the inertial forces can be expressed as:

MC
O = −ωφ ∧ Io (ωH) − ωH ∧ Io

(
ωφ
)
+ Io

(
ωφ ∧ ωH

)
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MS
O = −mb (G − O) ∧ aO − ωH ∧ Io (ωH) − Io (ω̇H)

Where ωφ = φ̇f 3 denotes the angular velocity of the blade evaluated in the e-frame.
The moment due to the weight force is:

MW
O = mb(G − O) ∧ g

The total moment with respect to the origin O due to inertial and weight forces acting
on a blade is then given by the sum:

MI
O = MW

O +MS
O +MC

O

All moments are evaluated in [Nm]. The component of the vector MI
O along the unit

vector f 3 provides the scalar quantity QSI .
Composing the vectors FI and MI

O, it’s possible to obtain τPI .

6.4.2 Propeller Hydrodynamic Forces

In the literature, di�erent numerical methods based, for instance, on the potential ap-
proach or on R.A.N.S.E. solver [27, 28], have been proposed to predict propeller hydro-
dynamic loads. Unfortunately, due to their long computational times, these methods
are di�cult to apply in the context of a timedomain simulator like the one described in
thepresentwork. Therefore, in theproposedwork, thehydrodynamic forces havebeen
evaluated through a quasi-steady-state methodology based on the propeller open wa-
ter tests. These tests provide an open water diagram, which allows the evaluation of
the thrust coe�cient KT and torque coe�cient KQ. For controllable pitch propellers,
these coe�cients depend on the advance coe�cient J and from blade position φ:

KT =
T

ρn2D4

KQ = Q
ρn2D5

J = Va
nD

By de�nition, it is possible to calculate the hydrodynamic force along b1 direction, the
thrust T, and the required propeller torque QP using the following formulas:

T (J, φ) = KT (J, φ) ρn2D4

QP (J, φ) = KQ (J, φ) ρn2D5

Where:
ρ is the sea water density
D is the propeller diameter
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n is the shaft line revolution regime
A clari�cation is needed to achieve a correct J evaluation. The �uid velocity eval-

uated in Of is di�erent from the �uid velocity evaluated in Ob so the rigid motion for-
mula was used to calculate the local (propeller) �uid velocity:

υbprop (1 : 3) = υbstern (1 : 3) + υbstern(4 : 6) ∧
(
Ob − Of

)
The �rst component of υbprop is the e�ective longitudinal velocity on the propeller
blade. Another important aspect to be taken into account is the study of the propeller
behaviour duringmanoeuvring. Twin screw shipsmay experience considerably asym-
metrical propeller function duringmanoeuvres. This phenomenonmay result in large
power �uctuations during tight manoeuvres, with increases of shaft torque up to and
over 100% of the steady values in straight course and considerable unbalances be-
tween the two shaft lines. This phenomenon has been modelled for imbalances of
both of wake �eld and propeller thrust. To take into account the di�erent wake �eld,
on the inner and outer propeller, it is assumed that, during manoeuvres:

(1 − w)unbal = (1 − w)Straight + ∆w

Thus:
Je� =

υbprop (1)
[
(1 − w)Straight + ∆w

]
nD

Where ∆w is a correction obtained from the analysis of a set of dedicated experimental
trials [21] as a function of the drift angle and ship speed. This approach is schematized
inFig. 6.8; in particular, two e�ects are superimposedduringmanoeuvres. The�rst is a
symmetrical variation of the advance coe�cient due to speed reduction during turns.
The second is an asymmetrical variation of the advance coe�cient, which results in
asymmetrical loading of shaft lines.

To take into account the thrust unbalances experienced during manouevres with
respect to open water characteristics, a corrective factor is introduced [42] that is a
function of the drift angle and ship speed:

t̃ = Tunbal
Topenwater

Where Tunbal is the measured thrust from experimental trials, and Topenwater is the
thrust that would be obtained from the open water diagrams using Je� as the advance
coe�cient.

In summary, the procedure to evaluate the thrust and the required torque requires
the evaluation of the advance coe�cient Je� followed by the evaluation of the pitch
angle φ. Then, through a surface interpolation, it is possible to evaluate the propeller
hydrodynamic coe�cients KT and KQ as it is shown in Fig. 6.9. Finally, the thrustmag-
nitude is corrected trough the t̃ coe�cient. This procedure is e�cient from the point
of view of computation time; however, the transient precision is di�cult to assess.
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Figure 6.8: Asymmetrical variation of advance coe�cient J during manoeuvres

Figure 6.9: Kt surface

To evaluate the forces produced by the propeller along b2 and b3, the Ribner the-
ory [36], based on semi-empirical formulations was used. This formulation relates the
propeller hydrodynamic forces (non-dimensional) with their main geometrical char-
acteristics.

The force is evaluated with the following formula:

FHD,b2 =
ks f (a)σI1
1 + kaσI1

A0
L2 v

b
prop(2)

Where:
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f (a) is the q -factor:

f (a) =
(1 + a)

[
(1 + a) + (1 + 2a)2

]
1 + (1 + 2a)2

a is the in�ow factor de�ned as follows:

a = 1/2uA∞
u(1 − w)

ks is the spinner factor
ka is the side wash factor
uA∞ and u are de�ned in Paragraph 7.2
σ is the blade ‘solidity’

σ = 3Z
4π

(
ch0.75
D

)
I1 is the side-area index:

I1 =
3
4m0

AE
Z

m0 is slope of the foil lift curve:

m0 = 0.952π

By the same procedure, it is possible to evaluate the hydrodynamic force along b3:

FHD,b3 =
ks f (a)σI1
1 + kaσI1

A0
L2 v

b
prop(3)

We assume that all blades develop the same thrust and require the same torque (the
wake fraction �eld as a function of blade angular position is not considered):

FHD blade =
FHD
Z

Where:
FHD blade is the single blade developed force vector
The resultant hydrodynamic force is assumed to be acting on the hydrodynamic

centre of the blade CH; the components of the vector in the b-basis are denoted by
(xCH, yCH, zCH). So, it is possible to evaluate the moment with the classical formula:

QSH = (CH − O) ∧ FHD

With:
τP = [FHD , QSH]

The above resultant moment QSH needs to be decomposed according to the f-basis,
then the component along the unit vector f 3 can be evaluated to be used in the piston
motion equation.
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6.4.3 Frictional Forces

The blade seat on the hub is made by a bearing that supports forces in both axial
and radial directions (Fig. 6.10). These frictional forces have been derived for each
direction separately.

Figure 6.10: Blade seat

The frictional radial force andmoment have been evaluated by the procedure pro-
posed by Godjevac and co-authors [29], so it is not further discussed here.

The frictional axial force FAX is the vectorial sum of the two components in the
blade �xed frame f as shown in Fig. 6.11. The third component has been neglected for
simplicity.

FAX =
√
F2AX,f 1

+ F2AX,f 2

Figure 6.11: Axial contact
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The interaction between the blade carrier and the hub is considered a point-wise
contact. By using the static equilibrium of forces, the axial components along f 1 and
f 2 can be assessed:∑

FAX,f 1 = 0 ⇒FHD,f 1 + FI,f 1 + FAX,f 1 = 0 ⇒ FAX,f 1 = −FHD,f 1 − FI,f 1∑
FAX,f 2 = 0 ⇒FHD,f 2 + FI,f 2 + FAX,f 2 = 0 ⇒ FAX,f 2 = −FHD,f 2 − FI,f 2

Where:
FHD,f 1 and FHD,f 2 are the hydrodynamic force components along f 1 and f 2, respec-

tively
FI,f 1 and FI,f 2 are the inertial force components along f 1 and f 2, respectively
Then, the torque due to the axial force is given by:

QAX = κf FAXda

Where:
da [m] is the distance between the point where the axial force is supposed to be

applied and the hub friction seat of the propeller blade root
κf is the non-dimensional frictional coe�cient of the blade and hub materials
The sum of the axial and radial friction torques along f 3 provides the total friction

spindle torque QSF .
It possible to obtain τPF by the following relation:

τPF = [Fax f1 + Frad f1, Fax f2 + Frad f2Qax f3 + Qrad f3]

6.4.4 Hydraulic Forces

The oil pressure needed to turn the blade or, alternatively, to hold it in the desired
position is supplied by a hydraulic power pack consisting of pumps and valves. The
actuating system consists of a double e�ect piston (yoke) with single rod and circular
section. The developed force is proportional to the yoke area and to the oil pressure; a
di�erence exists between the developed force in the forward and backward directions
with the following relationship:

Fhyd f = A1p1

Fhyd b = A2p2

To evaluate the dynamic change of pressure, the following relationships are used:
– state equation:

ρoil = ρi,oil +
ρi,oil
B p

– continuity equation:



Forces Evaluation | 61

∑
ṁi −

∑
ṁo =d (ρoilVc)dt = dρoildt Vc + ρoil

dVc
dt

Where:
Vc is the piston chamber volume
ρoil is the oil mass density
B is the oil Bulk modulus
ṁi is the mass �ow in
ṁo is the mass �ow out
By neglecting the dependence of the density on the temperature and combining

the state equation with the continuity equation, we obtain:

qi − qo =
Vc
B
dp
dt +

dVc
dt

Where:
qi is the volumetric �ow in
qo is the volumetric �ow out
The leakage of the hydraulic actuator between the two chambers is evaluated by

the following coe�cient:
Cip = π

DP
2
t30
LP

1
6µ

Where:
DP is the piston head diameter
t0 is the ori�ce thickness
LP is the thickness of the piston head
µ is the oil dynamic viscosity
Finally, the pressure di�erential equation becomes:

ṗi =
(
qi − Cippi − Ai ẋpist

) B
Aixpist + V0

Where:
V0 is the initial chamber volume


