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ABSTRACT

Maneuvering conditions are critical for the ship propulsion
system, because the performance of the propeller and the
side effects related to its functioning (propeller–hull in-
duced pressure and vibrations, noise) are completely dif-
ferent with respect to the design condition in straight ahead
motion. Thrust, torque and generation of in–plane loads
(force and moments), developed by the blade during the
period of revolution, evolve differently for the two pro-
pellers due to different propeller–wake interactions. The
understanding and the accurate quantification of propeller
loads in these realistic operative scenario is of paramount
importance to design low emission and comfortable ships,
fulfilling the requirements of safety and continuity of op-
erations at sea. The complete assessment of the problem
is very challenging due to the complex evolution of the
flow past a maneuvering ship and the consequent interac-
tion with the rotating blades. These interactions give rise
to complex blade wake/vortex interaction phenomena. In
order to study in greater details these phenomena, a novel
experimental set–up dedicated to the measure of the single
blade loads was developed at CNR–INM and installed on
board of a twin screw model; in particular, the starboard
propeller was redesigned to house a 6–component trans-
ducer attached to the root of one of the blades. In this paper
the single blade and propeller loads will be presented and
discussed for the case of a twin screw ship in straight ahead
motion and steady turning motion. The most important as-
pects of the off–design operation of a marine propeller will
be inspected in detail by the analysis of the cyclic blade
loads, namely the asymmetric evolution of the loads for
the internal and external propeller, the overloading of thrust
and torque and the generation of the in–plane loads.
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1 INTRODUCTION

Motion in waves, maneuvering or safety maneuvers, like
stopping and acceleration, cause the propeller to operate
in off-design conditions. In fact, the alteration of the in-
flow to the propeller causes the blade sections to experi-
ence a different angle of incidence during the cycle and, in
turn, to develop a different system of loads with respect to
the straight ahead navigation. The off-design performance
of the propeller is looking more and more interesting both

for research and industrial operators, because novel crite-
ria and stringent constraints are imposed in new design for
continuity of operation and safety at sea, low impact and
pollution to the environment and on-board comfort.
Propeller performance assessment are carried out using
both numerical and experimental approach, any one of
which has its advantages and disadvantages.Although suc-
cessfully used to analyze propeller performance, numeri-
cal methods based on potential based solvers, like Vortex
Lattice or Boundary Elements Methods (VLM and BEM),
or viscous solvers based on the solution of the averaged
form of the Navier-Stokes equations (RANSE) , still need
verification and validation in off-design conditions. Never-
theless, the massive computational demand has to be taken
into account. Experimental attempts have been performed
on isolated propeller [Boswell et al. (1981), Jessup et al.
(2009), Koushan (2006), Hagesteijn et al. (2012]. Mea-
surements of single blade loads, for a propeller functioning
in–behind hull, were carried out with particular focus of
motion in waves in the pioneristic work of [Jessup et al.
(1977), Boswell et al. (1976)], or steady drift at moderate
angles [Blaurock (1975)], nevertheless the setup was able
to obtain a partial set of loads. Although this kind of mea-
surement was recently attempted both in waves [Queutey et
al. (2014)] and maneuvering [Savio et al. (2014)], the pre-
sented results were limited to only thrust and torque and
for single run. The determination of the complete system
of loads developed on a single blade loads allows to ac-
curately describe the fluctuating nature of propeller loads,
obtaining a more in-depth understanding on the correlation
of their magnitudes and ship behavior during navigation.
Moreover, these data can be used as a benchmark to val-
idate CFD solvers or to develop or improve simpler theo-
retical model typically used in the early design phase. It is
against this background that the necessity of experimental
activities and the development of non-standard set-up play
a fundamental role to the understanding and quantification
of the propeller loads operating in realistic and off-design
conditions. To this aim, in a previous experimental cam-
paign, the authors developed a novel 2-component trans-
ducer installed on a twin screw model, for the measurement
of the radial force developed by the propeller, in addition
to thrust and torque. The experimental results, supported
by a thorough CFD investigation, explained the cause-and-
effect relation between model kinematics, evolution of pro-
peller inflow and propeller loads during steady and un-
steady maneuvers [Ortolani et al. (2015a), Ortolani et al.



(2015b), Dubbioso et al. (2018), Muscari et al. (2017), Or-
tolani et al. (2018)]. In particular, the analysis highlighted
that the propeller can experience critical conditions both
during tight maneuvers, due to considerable oblique flow
and, moreover, during transients as a consequence of com-
plex wake-propeller interactions. An example of the flow
field [Dubbioso et al. (2018)] that develops around the hull
during different maneuvering condition is provided in Fig-
ure 1: it can be evidenced that coherent structures, detached
from the hull, pass through the propeller disk.

Figure 1: Vortical structures generated during maneuvering

The need to investigate with more detail those phenomena,
fostered the development of a novel set-up for monitor-
ing propeller performance via the measurements of single
blade loads. In particular, the new setup has been imple-
mented on a twin screw model and extensively tested at the
CNR-INM outdoor maneuvering basin at the Nemi Lake.
The contribution of the proposed analysis is new and origi-
nal in literature: this activity, typically non–standard in ship
model testing, is one of the few attempts documented in
literature to survey the complete blade/propeller system of
loads by a free running maneuvering model. In the present
paper, beside the description of the experimental set-up,
the results in rectilinear motion (approach phase of the ma-
neuver) and stabilized manoeuvring are discussed. The re-
sults are presented for the speed correspondent to Froude
number FN = 0.34 and for three different rudder angles
(δ = 0, δ = 15 and δ = 35). A more complete analy-
sis of a larger number of navigation conditions, in terms of
Fn and δ, accompanied by relevant information in partic-
ular on harmonic content of loads, is reported in [Ortolani
& Dubbioso (2019a), Ortolani & Dubbioso (2019b)]. Data
are discussed in terms of blade/propeller loads and their
character is qualitatively explained referring to a generic

wake of a twin screw ship, computed by CFD on a ship
with similar propulsive system configuration.

2 TEST CASE AND EXPERIMENTAL SETUP

The selected test case is a 1:25 scaled model of a fast
twin screw/twin rudder unit. The experimental activity
was performed at the CNR-INSEAN outdoor manoeuvring
basin located at the Nemi Lake. For standard manoeuvring
setup, the model is equipped with two brushless motors,
one for each shaft line, a dynamometer to measure thrust
and torque, an encoder to measure rotational speed and
angle, an IMU, a differential GPS, the acquisition system
to collect data coming from all sensors, an on-board con-
trol system that allow the ship to autonomously perform
the selected manoeuvre or to be remotely controlled, and
a diesel electric generator for providing the whole energy
demand of the on-board instruments. For this novel setup,
the model has been equipped with a custom made instru-
mented propeller, to measure the complete system of loads
(3 forces and 3 moments) acting on a single blade (Fig-
ure 2). To this aim a 6 components transducer, support-
ing one of the blades, has been housed inside the starboard
propeller. Power supply and signal from transducer chan-
nels are transmitted to the acquisition system through high
quality, low noise and low resistance, slip rings. A stan-
dard dynamometer measures thrust and torque on the same
shaft.

Figure 2: Experimental Set–up

3 DATA ANALYSIS

The analysis describes both single blade and propeller
loads. The complete and detailed description of data analy-
sis procedure is reported in [Ortolani & Dubbioso (2019a)].
Data coming from the transducer (superscript ’T’), have
to be converted to usable and consistent reference frames.
To this aim, two more have been introduced: these corre-
spond to the frame that rotates with the blade, centred on
the propeller shaft (superscript ’B’), and the hub frame (su-
perscript ’H’), with the same origin but fixed at propeller
plane, see Figure 3.



Figure 3: Reference frames (left); Centrifugal force vectors
scheme (right)

Starting from transducer (“T”) frame, loads in the in the ro-
tating (“B”) and fixed (“H”) frames are obtained applying
the following expressions:
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where θ is the angular position of the blade with respect
to zH . The measured loads result from the contribution of
inertial loads and hydrodynamic loads. The analysis was
carried out both on total loads and hydrodynamic loads,
properly derived from the total one subtracting the inertial
contribution. For the aim of the paper, only the hydrody-
namic loads will be considered. Inertial loads include both
centrifugal force (Tcent) and gravity (TT

g ); their effect has
been calculated considering the weight of all mechanical
parts that stand on the transducer; if the total mass is W, the
gravity contribution is:TT
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The centrifugal force that contributes to the measure of the
loads on the transducer is applied to the center of gravity
(CG) of the blade. Once its magnitude has been calculated
using equation 6, being ω the rotational speed (ω = 2πN ,
N is the propeller RPS) and yBCB and zBCB the coordinates
of the center of gravity in the blade reference frame, the
moment at the transducer due to the components Tcenty
and Tcentz have been obtained by equation 7 as follows:

Tcentx = 0;

Tcenty = W · ω2 · yBCG;

Tcentz = W · ω2 · zBCG;

(6)

QT
cent = RT

CG × Tcent (7)

So hydrodynamic force Thydro has been evaluated from
measured one (Tmeas) as Thydro=Tmeas-Tcent-TW .
Since the ratio between the rotational speed and acquisi-
tion sample rate changes during different sailing speeds,
for each run, blade loads were re-sampled to 360 samples
per cycle in order to perform a consistent analysis, at the
same blade angle, for all phases of the maneuver (steady
and transient). The post-processing of the data consisted
of a statistical analysis that, for the sake of generality, con-
sidered an ensemble of cycles, grouped according to the
different phases of the maneuvers, executed at equal condi-
tions (initial velocities and rudder angle). Specifically, the
outcome of this analysis is a description of the blade load
for a representative period, in terms of mean and r.m.s.,
together with extreme values and relative fluctuations am-
plitudes, at each blade position of the cycle.
The global propeller loads (FP

xyz and MP
xyz) have been ob-

tained from single blade measurement. Data have not been
just repeated and shifted by (2π/n) ∗ i, where ‘n’ is the
number of blades and ‘i’ the blade index, but a more re-
alistic evaluation has been performed in order to take into
account the wake evolution, and consequently, the varia-
tions of the loads and the reciprocal position of each blade
during the period. The estimation of blade loads for the
non-instrumented blades was calculated by a weighted in-
terpolation between blade loads of two consecutive cycles
at each blade position angle. Following this approach the
‘i-th’ blade load, at specified angle θ, has been calculated
as expressed in equation 8:

Lb (θ) = L1,1cyc (θ) + [L1,2cyc (θ) − L1,1cyc (θ)]
b− 1

Z
(8)

where F1cyc and F2cyc are the signals of the two cycles,
‘i’ is the considered blade and ‘Z’ is the number of blades.
Once loads are calculated for each blade, values are shifted
(by the quantity φ = 2π/Z) according to the reciprocal
positions and summed, namely:

LTOT (θ) =

Z∑
b=1

Lb (θ − φb) =

Z∑
b=1

Lb

(
θ − 2π

Z
· b
)

(9)

4 RESULTS

In this chapter blade and propeller loads are discussed
for approach phase (i.e. straight ahead sailing just before
rudder actuation) and manoeuvring condition (i.e. stabi-
lized phase, after rudder actuation), at Froude number 0.34.
Qualitative discussion of blade loads will be performed
with the support of the wake of the twin screw model con-
sidered in the previous works ([3], [4], [5]), with the aim
to provide a phenomenological description of the cause-
and-effect relation between the loads and the inflow to the
propeller. The use of this similar wake is used only as a
visual support to explain the variation of the loads; no spe-
cific association between localized features of the wake and
blade loads will be made. The analysis has been carried



out considering the hydrodynamics of the propeller blade
in relation to the evolution of the inflow and its axial (u)
and tangential (vt) components, on the basis of blade ele-
ment approach. With reference to Figure 4, the system of
loads developed by the blade is tied to the relative angle
of attack (α) of the single section which, furthermore, is
proportional to the ratio between the axial and tangential
velocities of the inflow.

Figure 4: Hydrodynamics of the generic blade element

α = Θ − atan

[
u

2πNr + vt

]
(1)

where α is the flow incidence, Θ is the geometric pitch an-
gle of the blade, r is the spanwise position of the section,N
is propeller rotational speed and u and vt are the axial and
tangential components of the inflow: an increase of tangen-
tial speed or a decrease in axial component will result in a
higher angle of attack and consequently higher loads.
Forces and moments are made dimensionless with factors
ρN2D4 and ρN2D5 respectively. For each test condi-
tions, at least five repetitions have been performed, in or-
der to obtain a reliable dataset with a significant statistics.
Each phase consist in more than 200 cycles that are used
to quantify the loads at discrete blade angles in terms of
mean value and r.m.s for each specific trial. In the present
study, the statistical analysis considered 20 runs (for a to-
tal of 4000 cycles) for the straight navigation and 5 runs
(1000 cycles) for each manoeuvring condition. Moreover,
the propeller has been indicated as ’internal’ or ’external’,
with reference to its relative position with respect to the
center of the manoeuvre. The period of revolution of the
propeller is divided in four sectors, the first one defined for
0◦ < θ < 90◦, and so on, where θ is the blade angle and
is positive oriented with the sense of rotation and θ = 0◦

considered for the blade at the top–vertical position.

4.1 Straight navigation

The results correspondent to the straight ahead motion at
FN = 0.34 are discussed in terms of blade loads and the
resultant propeller loads (hub loads).

4.1.1 Blade loads

The evolution of single blade loads during a complete pe-
riod is shown in Figures 5 and 6. Blade thrust, tangential
force, bending and spindle moments, are discussed refer-
ring to the said nominal wake at four blade angles, namely
θ = 0◦, θ = 60◦, θ = 130◦ and θ = 300◦ (Figure 7).

Figure 5: Single blade axial and tangential loads

Figure 6: Single blade bending and spindle moments

(a) 0◦ (b) 60◦

(c) 120◦ (d) 300◦

Figure 7: Straight motion inflow and significant blade po-
sitions



The nominal wake, visualized in terms of axial velocity
(contour lines) and tangential velocity (vectors), shows a
large perturbed area in the upper half of the disk, the ve-
locity defect being due to the presence of astern V-brackets
and the shaft, while the flow is almost undisturbed in the
lower half of the disk. Moreover, it can be observed a non-
negligible tangential flow that is upwards oriented. These
characteristics are common for twin screw ships and qual-
itatively similar features were also observed in [7]. The
complex nature of the inflow causes relatively large fluctua-
tions that correspond to about 60% with respect to the mean
value of the blade loads. Analyzing the blade during the
revolution, the loads increase because the blade gradually
moves from the region of higher axial speed (at θ = 0◦)
to that perturbed by the wake of the inner bracket and the
shaft, achieving a first maximum at θ = 60◦ (point 1, see
Figure 5). After reaching a local minima, the loads slowly
increase again up to another peak, lower than the previous
one, at θ = 130◦ (point 2); this peak shaped behavior can
be associated to the concurrent effect between the large tan-
gential flow relative to the blade sections, that contributes
to increase the angle of incidence, and the increase of the
axial flow, see Figure 7c. This result is qualitatively simi-
lar to the measurements showed in [7]. Observing the lay-
out of the figure, it is interesting to observe that the actual
circumferential position of the peaks depends also by the
skew of the blade that makes the different blade sections
to experience the inflow at staggered, effective locations.
Moreover, the phase shift between the peaks of thrust and
tangential force (and analogously, bending and spindle mo-
ments) might be partially imparted to this effect. During
the rotation in the lowest half of the disk the blade is un-
loaded because the axial flow is not perturbed; the loads
reach a minimum about θ = 300◦ (point 3), the tangential
flow being concurrent to the blade rotation and, therefore,
acting to reduce the local incidence of the blade foils, see
Figure 7d. Finally, loads increase again due to axial flow
reduction caused by the wake of the external astern bracket
and the reduction of tangential speed effect. It is interest-
ing to observe that the phase shift between the bending mo-
ment and the spindle torque is qualitatively similar to that
between the thrust and tangential force: this can be also as-
cribed to the contribution of tangential force to the spindle
torque. The positive value of KMz can be related to the
fact that the application point of the load lies at at negative
yb (i.e. the distance from the vertical axis of the blade). A
more in-depth analysis of the trend of the spindle torque
can be supported with the additional information on the
variation of the radial position of the load (given approx-
imately by the ratio of blade bending moment to thrust),
see Figure 8. In particular, it can be noticed that when the
load of the blade is lower, the thrust is applied at larger radii
(Figures 8a and 8b), and KMz is higher as a consequence
of the larger value of the arm (see Figure 6). On the other
hand, when the blade is more loaded, the thrust radius tends
to reduce, contributing to lower the spindle moment.

(a) (b)

Figure 8: Polar plot of single blade thrust (a), thrust radius
(b) and explanatory picture of CoP change (c)

As reported, the resulting data is the averaged period of the
considered 15 runs. The mean value, r.m.s. and percentage
error with respect to the averaged value during the cycle
are summarized in table Table 1. It is worth noticing that
all quantities show a relative error less than 10% respect to
the mean value, with the exception of the spindle moment,
its measure being more affected by the small dimensions
of the blade. The high repeatability of the data assesses the
reliability of the novel set-up.

LOAD x̄ σ

KB
Tx 3.33E-02 1.53E-04

KB
Ty -2.35E-02 9.76E-05

KB
Tz 4.58E-03 6.14E-05

KB
Qx 8.64E-03 2.91E-05

KB
Qy 1.08E-02 5.05E-05

KB
Qz 2.24E-03 1.39E-05

Table 1: Single blade loads (blade frame)

4.1.2 Propeller loads

The mean values of the complete system of loads obtained
by the single loads measurements (see equation 9) are listed
in Table 2:



LOAD x̄

KPROP
Tx 1.67E-01

KPROP
Ty 1.46E-03

KPROP
Tz 3.39E-02

KPROP
Qx 4.38E-02

KPROP
Qy -7.09E-03

KPROP
Qz -1.26E-02

Table 2: Propeller loads

It has to be observed that the magnitude of the in-plane
forces is similar to the results obtained for the twin screw
model investigated in [Ortolani et al. (2015a)]. In partic-
ular, the lateral force is negligible and the vertical force,
markedly higher, amounts to about 20% of the thrust. This
analogy further support the similarity of the wake for the
two models and the qualitative reliability of the analysis
presented above. Apart from the thrust and torque, the
character of the in-plane forces and moments can be ex-
plained in relation to the periodic load exerted by the blade,
considered in the fixed reference frame of the hub (see Fig-
ures 9 and 10).

Figure 9: Single blade in–plane loads - HUB frame of ref-
erence

Figure 10: Single blade in–plane moments - HUB frame of
reference

For the sake of clarity, Figure 11 can be introduced to sup-
port the discussion about propeller in–plane loads. In par-
ticular, it is possible to schematize the origin of the forces
and moments on the propeller plane in accordance with the
unbalancing of the forces in the different quadrants of the
disk. The lateral force KPROP

Ty is due to a different dis-
tribution of the tangential load of the blades between the
upper half (KU

Ty) and the lower half (KD
Ty) of the pro-

peller disk; with a similar reasoning it is possible to iden-
tify the origin of the vertical load, taking into account the
left and right halves (KL

Ty and KR
Ty). The heterogeneity

of the thrust (KTx) is instead related to the KQy and KQz

moments, deriving, with the same considerations, from an
Up/Down (KU

Tx and KD
Tx) and Right/Left (KR

Tx and KL
Tx)

imbalance respectively.

Figure 11: Load imbalances leading to the generation of
in–plane loads: (left) side force and pitch moment, (right)
vertical force and yaw moment

Applying this approach to the present study, the side force
is outward oriented (negative), because the side force de-
veloped by the blade in the upper half of the disk (in par-
ticular for 0◦ < θ < 90◦ is slightly higher with respect to
the lower half. On the contrary, the vertical force KTz is
non-negligible with respect to thrust. In fact, the vertical
force (positive) developed by the blade for 0◦ < θ < 180◦

is higher with respect to the (negative) one developed in
the second half of the cycle, see the trend of the red solid
line in Figure 9 The propeller in-plane moments (Figure
10 can be explained considering the non-homogeneous dis-
tribution of the thrust. In particular, the blade experience
an higher pitching moment in the lower half of the disk,
as it can be immediately also deduced by the larger abso-
lute value of the peak at θ = 180◦ with respect to that at
θ = 60◦. Consequently, this moment is negative. This
results also support the conclusions about the spindle mo-
ment, i.e., the unloading of the blade is associated to the
shift of the action point to larger radii. The yaw moment
KMz is negative, because the blade experiences the higher
load for 0◦ < θ < 180◦ due to higher velocity defect and
tangential flow opposite to the blade motion.

4.2 Manoeuvring condition

Turning circle manoeuvres have been performed both for
positive and negative rudder angles δ, in order to evaluate
loads for internal and external propeller condition respec-
tively, being the starboard propeller the instrumented one.
In fact, while in straight ahead motion the two propellers



experience the same inflow, during the turning they work
in complete different conditions: the external one operates
in a nearly pure oblique flow, while the internal undergoes
a complex interactions with the hull and appendages wake.
Following the same approach adopted for the straight navi-
gation, Figure 12 show the velocity field, related to internal
and external propeller, in terms of axial velocity (contour
lines) and in–plane velocities (vectors) for two representa-
tive maneuvers at low (δ = 15◦) and high (δ = 35◦) rudder
angles.

(a) 15◦, internal (b) 15◦, external

(c) 35◦, internal (d) 35◦, external

Figure 12: Wake evolution on the starboard propeller in lee-
ward (left) and windward (right) conditions.

As reported, on the external side (windward) the inflow is
close to a pure oblique flow, see right half of Figure 12; the
decrease of the axial velocity mainly affects the 1st quad-
rant, the wake of the hull and appendages being swept to-
ward the leeward side. When the propeller is on the lee-
ward side, the inflow is characterized by recirculating flow
associated to the detachment of vortexes from the stern ap-
pendages and possible interactions with the hull boundary
layer. At moderate rudder angle, Figure 12a, while on
the right half of the disk is still present a moderate ver-
tical component of the velocity, a conspicuous trace of a
vortex is visible in the 1st quadrant. At δ = 35◦, the in-
flow is dominated by smaller and larger scale vortexes (see
also Figure 1). The velocity has different magnitude also
in the axial component, as can be observed from the con-
tour lines, in particular is smaller on the leeward side with
respect to the windward side. According to the different
distribution of the wake during maneuvering, the loads on
the single blade evolve differently during a complete rev-
olution and, consequently, the loads developed by the pro-
pellers are different for the leeward and windward side.

4.2.1 Blade loads

Time history of single blade loads for a period of revolution
are shown in Figures 13-15:

Figure 13: Single blade axial load for internal (left) and ex-
ternal (right) propeller

Figure 14: Single blade tangential load for internal (left)
and external (right) propeller

Figure 15: Single blade spindle moment for internal (left)
and external (right) propeller

On the leeward side, KTx (Figure 13 on the left) is
markedly sensitive to rudder angle for 0◦ < θ < 135◦. In
fact, in the sector 0◦ < θ < 135◦, the wake of the hull ex-
periences a remarkable variation with rudder angle (com-
pare Figures 12a and 12c). At δ = 15◦, the wake of the
hull is deflected towards the disk and the thrust abruptly
increases, making the double peak shape fade: it reaches
almost the magnitude of the higher rudder angles (35◦),
with the maximum value at θ = 90◦, that is 50% higher
with respect to the maximum observed at δ = 0◦. This
blade overloading can be ascribed to its interaction with a
vortex detached from the skeg of the hull, that causes a lo-
cal increase of the upwards tangential velocity, as shown
by the recirculation region at θ = 60◦ in Figure 12a. At
δ = 35◦, the signal is more flat in correspondence of the
peak (shifted at θ = 45◦), probably because its nature is
related the greater speed reduction of the model rather than



a local interaction of the blade with vortical structures (see
Figure 12c). In the sector 160◦ < θ < 250◦, KTx pro-
gressively diminishes. In this portion the tangential veloc-
ity, being concurrent with propeller rotation, counteracts
the blade overloading caused by the reduction of the ax-
ial velocity associated to speed drop and flow separation.
However, the effect provided by vt is weakened with the
severity of the maneuver, because the velocity defect pro-
gressively extends to larger portion of the disk, due to the
development of larger vortical structures and flow separa-
tion from the hull and appendages. Thereafter, the addi-
tional disturbance of the stern appendages and the increase
of velocity defect explain the rise of the load in the upper
section of the disk.

On the windward side, the evolution of KTx is similar for
all the rudder angles. Due to the deflection of the wake, the
load is smaller (0◦ < θ < 60◦) or similar (60◦ < θ < 90◦)
with respect to the straight ahead motion for the milder ma-
noeuvre, probably due to the positive interference of axial
and tangential velocity which tends to reduce the relative
tangential velocity of the blade, and, consequently, the hy-
drodynamic incidence and the load (equation 1). In case
of the tighter maneuver (δ = 35◦), the thrust suddenly in-
creases for 45◦ < θ < 90◦: this can be ascribed to flow
separation from the shaft, that causes further reduction of
u, see Figure 12d. In the rest of the cycle, KTx is simi-
lar for all maneuvers, because the wake evolves like a pure
oblique flow on the windward side and the load behaviour
is strictly associated to the effect of the tangential veloc-
ity, which acts to increase the circumferential velocity of
the foil, in the lower half of the disk whereas its effect is
opposite up to end of the cycle. It is worth to notice that
the maximum peaks of KTx (KTy) during the tighter ma-
neuver are 150% (100%) and 70% (50%) higher with re-
spect to the maximum value experienced in rectilinear mo-
tion and about 70% (50%) on the windward and leeward
side, respectively. The spindle torque, KQz generated by
the blade is shown in Figure 15. As already discussed, the
trend of the moment is determined by the shift of the point
of application of the resultant force along the chord and its
variation is sensitive to the rate of back–skew of the blade
[Ortolani & Dubbioso (2019a)]. In particular, it can be ob-
served that the spindle torque increases over propeller disk
sections of lower blade load and viceversa; alternatively,
with the increase of blade loading, the centre of pressure
would shift toward the inner radial sections. This conclu-
sion seems to be confirmed also in case of maneuvering
conditions. In fact, it can be observed that KQz decreases
during blade overloading and viceversa for both the lee-
ward and windward propeller. In both cases the blade expe-
riences a considerable and alternate fluctuation of the load:
on the leeward side, it is almost doubled with respect to
the straight ahead case for all maneuvers whereas, on the
windward side, the fluctuation increases with rudder angle.

4.2.2 Propeller loads

Propeller load discussion for the manoeuvring condition,
follows the same guiding principle as the straight motion,
except for the fact that in this case the loads developed by

propellers depend on their relative position with respect to
the center of the manoeuvre. As expected, thrust and torque
increase by similar percentage of single blade thrust and
side force: on the windward side, KPROP

Tx increases more
that 120% andKPROP

Qx is higher than 70%, whereas, on the
leeward side these values are approximately halved (60%
and 35% for thrust and torque, respectively). More inter-
estingly, considerable in–plane forces and moments are de-
veloped by the propellers on both the lee and windward
side. With respect to the straight ahead condition, the varia-
tion of these components is higher than 200% for the tight-
est maneuver and the magnitude corresponds to a signifi-
cant fraction of the thrust and torque generated in straight
ahead motion. Tables 3 and 4 summarize the mean values
of forces and moments developed by both external and in-
ternal propellers, for the three rudder angles considered in
the present analysis.

δ
LOAD

KTx KTy KTz

-35◦ 3.95E-01 5.75E-02 -1.87E-02
-15◦ 2.52E-01 4.20E-02 -4.78E-03
0◦ 1.66E-01 1.40E-03 3.44E-02

15◦ 1.99E-01 -3.92E-02 6.17E-02
35◦ 2.62E-01 -5.53E-02 4.15E-02

Table 3: Propeller forces; FN = 0.34

δ
LOAD

KQx KQy KQz

-35◦ 8.23E-02 -3.29E-02 2.87E-02
-15◦ 5.96E-02 -2.31E-02 1.20E-02
0◦ 4.37E-02 -7.07E-03 -1.28E-02

15◦ 4.84E-02 5.21E-03 -3.46E-02
35◦ 5.72E-02 1.43E-02 -3.58E-02

Table 4: Propeller moments; FN = 0.34

The tables show the increase of the stresses transmitted to
the entire propulsion system during maneuvering phase,
with loads exceeding 100% compared to the approach
phase. In particular, during the stabilized phase of the evo-
lution, in addition to a notable increase in torque and thrust,
the value of the transverse load and propeller pitch and yaw
moments increase significantly.

As a summary of the foregoing, it is helpful to make ex-
plicit the variation of the individual loads between the ap-
proach and tighter maneuvers phase (±35◦), as shown in
Figures 16 and 17: this vision offers a further food for
thought to stress the significance of the evaluation of off–
design conditions, with respect to the ideal design condi-
tions (i.e. straight motion in calm water).
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Figure 16: Propeller forces comparison between straight
motion and manoeuvring phase
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Figure 17: Propeller moments comparison between straight
motion and manoeuvring phase

As can be seen from the plots, the major excursions, in
terms of peak-to-peak value, are borne by the internal pro-
peller, precisely because of the presence of vortices that,
generating an extremely uneven wake topology, substan-
tially modify the angle of attack of the individual blades in
certain areas of the disk, thus giving rise to extremely vari-
able load peaks. This phenomenology is also confirmed
by the harmonic content of the forces and moments, domi-
nated by the blade passing frequency: this gives the loads a
further findings, linked to the rapid time varying character,

which determine the onset of fatigue stress to the engine
and to all the support and sealing of the shaft line as well.
Nevertheless these loads affect the manoeuvring capabili-
ties of the ship, giving rise to strong disturbance, especially
as regards lateral and vertical loads: the assessment of their
contribution assumes a paramount importance for the de-
velopment and validation of simulation tools.

5 CONCLUSIONS

The present study aims to provide a statistical and a phe-
nomenological characterization of the propeller in terms of
propulsive performance and effects on navigation, through
the analysis of both single blade and propeller in–plane
loads, under rectilinear navigation and maneuvering condi-
tions, by means of experimental free running model tests.
In particular, a reference speed corresponding to Fn = 0.34
and rudder angles 15◦ and 35◦ was presented. The se-
lected test case is a model of a 1:25 scale naval unit. In
the present work, the loads generated by the propeller have
been discussed in terms of cause-effect, in relation to the
characteristics of the wake and the consequent flow that in-
vests the propeller during different navigation conditions
(obtained numerically for a similar twin screw ship). As a
consequence of the heterogeneity of the wake, the individ-
ual blades are loaded differently during the single period of
revolution, generating loads in the plane of the propeller,
not negligible compared to the thrust and torque, and are
the main source of structural and vibratory stress induced to
the hull and to the propulsion system. In particular, in rec-
tilinear motion, the vertical force amounts to about 20% of
the thrust and the values of the pitch and yaw moments, on
the propeller plane, amount respectively to 15% and 25%
of the torque. The loads become even more critical during
the maneuver: in the case of study, that is of twin screw
ships, the two propellers experience a completely differ-
ent flow, as a consequence of the development of the wake
caused by the horizontal movement of the hull. The pro-
peller on the side outside the maneuver is characterized by
an inflow that looks like a pure oblique flow. On the other
hand, the performance of the propeller inside the maneuver
is influenced by complex interactions with the vortex struc-
tures that detach from the hull appendages. The differences
in the two wakes cause the overload and the unbalancing
of thrust and torque as well as the generation of consider-
able loads (forces and moments) in the plane. In particular,
the external propeller has an almost linear variation of the
loads and undergoes the most critical condition during the
maneuver. In this case, the thrust and torque overload is
greater than 100% and 60% compared to the straight nav-
igation and is almost twice that of the internal propeller.
Thanks to the comparison with the wake of the numeri-
cal simulations, it was possible to understand that this sud-
den increase can be ascribed to the flow, which assumes a
strong tangential component, such as to generate an impor-
tant imbalance of the load on the blades, between the upper
and lower halves of the propeller disk. This asymmetry
causes the development of a lateral force and a moment of
pitch on the propeller (higher than the internal side), which
corresponds to about 30% and 80% of the thrust and torque



developed in the straight motion. On the internal propeller,
loads change non-linearly due to complex interactions of
the wake with the blades. In particular, the loads in the
propeller plane are originated by load unbalances associ-
ated with the passage of coherent structures that, for cer-
tain revolution angles, impact the disk and consequently
interact more intensively with the individual blades. Con-
sequently, the resulting radial force and moment of yaw
are greater than the maximum observed for the outer side
and amount to 40% and 90% of the thrust and torque in
a straight motion. Further evidence of the experimental
data is the oscillatory nature of the loads, dominated by the
blade frequency, which makes the stresses for the shaft sup-
port elements and for the entire propulsion system, as well
as for the consequences related to vibrations induced on the
hull and the noise radiated from the ship, even more criti-
cal. From the results obtained it is evident how the study
of the design conditions and, even more, of off-design is
of crucial importance, hopefully in the preliminary design
phases, but also in the search and identification of problems
found in the sea trial tests. The statistical analysis, carried
out considering a set of 20 runs for the straight motion and
5 for each manoeuvring condition, each consisting of more
than 200 cycles, highlighted a very good repeatability of
both blade and derived propeller loads, the maximum r.m.s.
being of the order of 10% with respect to the mean values.
These preliminary results confirm the reliability of the de-
veloped set-up for a fully appended, self-propelled model
and, therefore, its use for towing tank experiments too and
for acquiring high quality data for the validation of CFD
solvers, thanks to its great detail in the identification of the
phenomenologies and the possibility of measuring quanti-
ties so far not quantified. This innovative setup will offer,
with even more detail, the information necessary to under-
stand the complicated interactions between the propulsion
system and the wake of the ship, with the possibility to
measure also the vibrational components and,in further ac-
tivities, to characterize in an even more detailed way the
source of the induced pressures and radiated noise.
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