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ABSTRACT

Steerable nozzle propulsion systems employ a fixed-shaft
propeller enclosed within a steerable nozzle that provides
side force for maneuvering. With no conventional rudder,
the propeller and nozzle can be positioned further aft to-
wards the aft perpendicular, enabling a corresponding ex-
tension of the hull stern. The volume extended at stern
can be compensated by refining the forebody, resulting in
a finer waterline. For certain types of merchant ships oper-
ating at relatively high Froude numbers, this configuration
can be advatageous as it reduces wave-making resistance.
However, when the nozzle is steered, its partial obstruction
alters the propeller inflow, producing an asymmetric ve-
locity field that affects the pressure distribution along the
blades and modifies local blade loading. This study ex-
amines how these steering-induced inflow changes might
influence propeller cavitation behavior and load variation
using Reynolds-Averaged Navier—Stokes (RANS) compu-
tational fluid dynamics. Results show that steering-induced
flow asymmetry significantly alters blade loading and cavi-
tation patterns, producing localized pressure peaks and sig-
nificant torque amplification. In certain steering conditions,
the increased torque may approach or exceed the engine’s
allowable torque limit. These findings emphasize the ne-
cessity of accounting for nozzle-steering effects during the
propeller design stage for steerable nozzle propulsion sys-
tems.
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1 INTRODUCTION

Marine propulsion systems continue to evolve to meet in-
creasing demands for efficiency, maneuverability, and envi-
ronmental performance. Among these developments, steer-
able nozzle propulsion systems have emerged as a promis-
ing solution by integrating a fixed-shaft propeller within a
steerable nozzle, eliminating the need for a conventional
rudder. This arrangement allows greater flexibility in hull
design, including aft extension and forebody refinement,
which can reduce wave-making resistance (Schneekluth &
Bertram 1998), particularly for merchant vessels operat-

ing at relatively high Froude numbers. A recent study
by Boediman et al. (2024) compared the open-water ef-
ficiency of similar open and nozzle propellers at the de-
sign point (cruise condition) of a Japanese coastal 499 G/T
container vessel. The results showed that the nozzle pro-
peller achieved higher open-water efficiency than its open-
propeller counterpart around the operating point, demon-
strating the potential advantages of adopting a nozzle pro-
peller for coastal vessels. However, nozzle steering intro-
duces asymmetric inflow to the propeller, resulting in un-
even blade loading, increased cavitation risk, and potential
vibration issues. Understanding these effects is essential
for ensuring reliable propulsion system performance.

Previous studies have investigated nozzle propeller per-
formance using various numerical approaches. High-
fidelity methods such as Delayed Detached-Eddy Sim-
ulation (DDES) have demonstrated improved capability
in resolving nozzle wake dynamics and vortex behav-
ior, particularly at low advance ratios (Zhang & Jaiman
2019). More computationally efficient Reynolds-Averaged
Navier—Stokes (RANS) methods have also been widely ap-
plied for nozzle performance prediction and design opti-
mization, providing reasonable accuracy for engineering
applications despite known limitations in resolving detailed
wake structures. Xia et al (2012) conducted nozzle pro-
peller open-water characteristics calculation using a com-
mercial RANS solver with good agreement between model
experiment and calculation. While these studies provide
valuable insights into nozzle—propeller interaction under
straight-ahead conditions, quantitative analysis of the ef-
fects of nozzle steering on propeller loading and cavitation
behavior remains limited.

This study provides a quantitative evaluation of the effects
of nozzle steering on propeller performance and identifies
potential torque amplification risks. The investigation fo-
cuses on the influence of nozzle steering on propeller cavi-
tation and load variation using RANS-based computational
fluid dynamics. The results demonstrate that steering-
induced inflow significantly increases blade load variation
and cavitation intensity, particularly at larger steering an-
gles. These findings highlight the importance of consid-



ering steering effects during the propeller design stage to
ensure adequate torque margin, minimize vibration, and
maintain reliable performance in steerable nozzle propul-
sion systems.

2 METHODOLOGY

A 5000 KL tanker was selected as the subject vessel for this
study. The stern geometry was modified from the conven-
tional arrangement, allowing the propeller position to be at
the aft perpendicular (AP). The subject propeller is a four-
bladed propeller with a diameter of 3195 mm. The nozzle
geometry used in this study is a preliminary steerable noz-
zle design based on the widely adopted 19A nozzle (Oost-
erveld, 1970). The nozzle profile was modified to improve
efficiency at higher operating speeds and features an ex-
tended nozzle length, slightly increased tip clearance, and
a longitudinally forward-shifted balance point, positioning
the nozzle leading edge closer to the propeller compared to
the standard 19A design. To enhance maneuverability, a fin
is attached to the trailing edge of the nozzle. Between the
propeller tip and the inner wall of the nozzle, a tip clear-
ance of approximately 1% of the propeller diameter was
applied.

To investigate the effects of nozzle steering on cavitation
and blade loading, cavitation CFD simulations were con-
ducted at several nozzle angles ( ) under two operating
conditions: the design-speed condition (14 knots at 100%
engine output) and an off-design condition representing
maximum engine utilization at low speed (5 knots), which
approximates a bollard-pull condition. To determine the
propeller operating point for each nozzle angle and oper-
ating condition, RANS CFD simulations were performed
with the propeller operating behind the hull. From these
simulations, the propeller rotational speed, propeller thrust
coefficient Kyp (1), nozzle thrust coefficient Kt (2), to-
tal thrust coefficient Kyt (3), torque coefficient Kg (4),
and absorbed shaft power were obtained. These operating
parameters were then used as target conditions for the sub-
sequent cavitation simulations, ensuring that cavitation be-
havior was evaluated at the corresponding propeller loading
and inflow conditions for each steering angle. The coeffi-
cients stated above are defined below:

Krp = o )
Krn = % 2)
Krt =Krp +Krn 3
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Where Tp = propeller thrust, Ty = nozzle thrust, Q = pro-
peller torque, n = propeller rotational speed, D = propeller
diameter.

2.1 Numerical Approach

All CFD simulations in this paper were conducted using
SC/Tetra, a commercial Navier-Stokes solver based on a
finite volume method. The study employed RANS equa-
tions as the fundamental governing equations for fluid flow
analysis with shear stress transport (SST) k-1 turbulence
model.

2.1.1 Behind-hull Performance

The calculations for behind-hull performance were per-
formed using unsteady RANS at full scale. The compu-
tational domain was discretized using unstructured tetrahe-
dral cells, with prismatic layers applied on the propeller and
nozzle surfaces, targeting a y™* value of approximately 300.
The total number of elements generated for each case was
approximately 80 million. Mesh configuration for this ap-
proach is shown in Figures 1 and 2. Surface roughness for
the hull and propeller was specified according to the ITTC
recommendation (2017), where the hull surface roughness
ks was setto 150 10 © m and the blade surface roughness
kp was set to 30 10 © m. This study does not account

for free surface effects or hull motion in six degrees of free-
dom (6DOF). Furthermore, in simulations with nozzle an-
gles greater than O , hull yaw motion was not considered,
and the hull was fixed in a straight-ahead orientation.

Figure 1: Hull mesh configuration

Figure 2: Blade mesh for behind-hull simulation

2.1.2 Cavitation Simulation
Cavitation was modeled using the full cavitation model
of Singhal et al. (2002), based on the Rayleigh—Plesset



Figure 3: Current calculation method comparison with model experiment

equation. The model solves a transport equation for va-
por mass fraction with source terms representing evapora-
tion and condensation, accounting for turbulence and non-
condensable gas effects. The working fluid density in the
full cavitation model, a mixture of liquid I, liquid vapor
v and non-condensable gas g is specified as a function of
mass fraction T as follows.
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Density of the non-condensable gas is defined as follows.
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where P is the local static pressure, R is a gas constant
of the non-condensable gas and temperature T is kept con-
stant. With the consideration of non-condensable gas ef-
fect, vapor generation Re and condensation rate R¢ can be
expressed as follows.
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where K denotes turbulence kinetic energy, denotes sur-
face tension coefficient. The constants in the vapor gen-
eration and condensation rate expressions are specified as
Ce = 0:02 and C. = 0:01, respectively.

The cavitation simulations were conducted by using the
hull wake distribution as the inflow without the actual hull
geometry present at model scale (propeller diameter 250
mm). Inflow towards the propeller and nozzle setup is as-
sumed straight without considering hull yaw motion due
to the nozzle steering. All cavitation simulations were
conducted under thrust identity condition, where the pro-
peller thrust coefficient Kyp was prescribed to match the
thrust obtained from the corresponding behind-hull oper-
ating condition by adjusting the inflow velocity. For the
cavitation simulations, the nozzle was modeled without the
attached fin to reduce simulation costs.

2.2 Validation

Validation of the numerical method was performed using
cavitation data from a separate nozzle project with simi-
lar propeller and operating characteristics. The comparison
as shown in Figure 3 demonstrated comparable cavitation
behavior, providing confidence in the applicability of the
simulation approach. However, the validation was limited
to the straight-ahead condition, and no experimental data
were available for cases with non-zero nozzle steering an-
gles.

3 RESULTS AND DISCUSSION

The following subsections present findings on propeller
torque and thrust characteristics and cavitation behavior,
providing quantitative insights into the effects of nozzle
steering.

3.1 Propeller Demand due to Nozzle Angle Change

To determine the operating point at each nozzle angle
full-scale CFD simulations were conducted, and the results
are summarized in Figure 4. The nozzle angle is defined as
shown in Figure 5, where a positive indicates that the noz-
zle is deflected to starboard (resulting in a starboard turning
motion), while a negative indicates deflection to port.

At the design-speed condition, the case with =0 exhibits
a light running margin of approximately 3%. When the
nozzle is steered to = 10 , the light running margin de-
creases to approximately 1% due to the increased propeller
loading. Under off-design conditions, all nozzle configu-
rations from =0 to #£35 show operating curves above
the propeller demand curve, indicating increased propeller
loading, with heavier loading as increases. In practice,
when overloading occurs, the propeller operating point is
constrained by the engine output limit to prevent engine
damage. Therefore, a constant engine output limit line was
applied to define the allowable operating points. All oper-
ating points used for the cavitation simulations were deter-
mined based on this engine output limit.

Another point worth observing is the comparison between
positive and negative nozzle angles, which shows that neg-
ative (port-side deflection) results in slightly higher pro-
peller loading than positive of the same magnitude. These
simulations confirm that propeller torque increases with in-
creasing steering angle in a steerable nozzle system, with a
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Figure 4: Comparison of engine output limit and propeller demand curves at design-speed (14 knots) and off-design conditions

for various nozzle steering angle

more pronounced increase when steering toward port.

3.2 Blade Torque and Thrust Variations

The CFD simulations demonstrated substantial variations
in propeller loading as a function of nozzle steering an-
gle ( ). As shown in Table 1, under the 5 knots off-design
condition, the average blade torque exhibited a progressive
increase with larger steering angles, reaching up to a 34%
increase at = -35 when compared to the straight-ahead
condition ( =0 ). Similarly, positive steering angles pro-
duced torque increments, though with slightly lower mag-
nitudes, peaking at 24% at =35 . At the design-speed (14
knots) condition, a similar trend was confirmed, where the
blade torque increased around 11% when steering the noz-
zle from =0 to-10 , while the increase under the posi-
tive steering angle was comparatively smaller, as shown in
Table 2.

The change in thrust due to nozzle steering angle followed
a similar trend. The thrust coefficients for off-design and
design-speed conditions are summarized in Table 3 and 4
respectively. The average blade thrust at =-35 reached
a 44% increase over the straight-ahead condition, while
the increase in thrust was comparatively smaller at positive
nozzle angles. The nonlinear relationship between steering
angle and thrust output is particularly evident in the data,
with the rate of thrust increase accelerating beyond =20 .
The results demonstrate that nozzle steering angles beyond
+20 induce particularly significant load variations, with

both average and peak values increasing rapidly. This find-
ing has direct implications for propulsion system operation,
suggesting that extreme steering maneuvers should be lim-
ited in duration to avoid excessive loading conditions.
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Figure 5: Nozzle angle definition



Table 1: Averaged blade torque coefficient (off-design)

() 10Kg towards =0
35 0.561 34%

20 0492 18%

-10 0436 4%

0 0.418 -

10 0.427 2%

20 0.472 13%

35 0.517 24%

Table 2: Averaged blade torque coefficient (design-speed)

() 10Kg towards =0
0 0.333 -

10 0.354 6%
-10  0.368 11%

Table 3: Averaged blade thrust coefficient (off-design)

() Kyp towards =0
-35  0.365 44%

20 0.313 23%

-10  0.268 6%

0 0.254 -

10  0.261 3%

20  0.298 17%

35 0334 32%

Table 4: Averaged blade thrust coefficient (design-speed)

() Kyp towards =0
0 0.194 -

10 0.211 8%

-10  0.221 14%

The angular dependence of propeller loading can be at-
tributed to several hydrodynamic mechanisms. Steering the
nozzle creates an asymmetric velocity field, with reduced
inflow velocity on the obstructed side and a more open re-
gion on the opposite side. This velocity differential gen-
erates uneven blade loading during rotation. As illustrated
in Figure 6, the pressure distribution on propeller blades
exhibited pronounced variations with increasing nozzle an-
gle. At =0, the pressure distribution remained rela-
tively symmetric, with uniform loading across all blades
apart when the blade is near the wake peak. However, at

= 35 , distinct pressure differentials emerged, showing
higher loading on blade sections near the nozzle’s outer
side where flow obstruction was most severe. Interestingly,
the most significant increase in propeller loading occurs in
the opposite side when the blade rotates in front of the noz-
zle. At this position, the blade is no longer enclosed by the
nozzle, and the inflow velocity towards the propeller be-
comes relatively slower because the flow acceleration ef-
fect provided by the nozzle is absent. As a result, the ef-

fective inflow is reduced while the blade pitch remains un-
changed. Consequently, the pitch becomes effectively too
large relative to the inflow, leading to a substantial increase
in blade loading at that position.

These observations highlight the need for specific design
considerations that account for the asymmetric loading pat-
terns induced by nozzle steering. From the viewpoint of
blade strength, since the blade loading increases signifi-
cantly with increasing nozzle steering angle, ideally the
strength assessment should also consider the peak blade
loading under steering conditions. In addition, sufficient
light-running margin should be ensured to avoid exceeding
the engine torque limit during steering operation. Further-
more, the propeller design should also take into account the
potential increase in cavitation caused by the higher blade
loading under steered conditions, which will be discussed
further on the next subsection.

It should be noted that at high nozzle steering angles, flow
separation may occur inside the nozzle depending on vessel
speed, propeller rotation, and nozzle geometry. Further in-
vestigation using more advanced CFD methods is required
to better understand how this behavior affects the inflow
velocity to the propeller, as well as its influence on blade
loading and cavitation.

3.3 Cavitation Observations

At the design-speed condition, the cavitation patterns ex-
hibited distinct variations with changing nozzle steering
angles. Figure 8 compares the cavitation pattern for noz-
zle angles =0 and = 10 , demonstrating how even
moderate steering alters the cavitation characteristics. In
the neutral position ( = 0 ), cavitation was observed in
expected regions, primarily where the propeller is past the
wake peak. When the nozzle is steered to = 10 , the
cavitation pattern becomes visibly asymmetric, with in-
creased cavity volume on the blades passing through the
region where the nozzle is behind the propeller. This dif-
ferential cavitation distribution correlates directly with the
asymmetric blade loading observed in Figure 6.
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Figure 6: Pressure distribution on propeller blades at off-
design condition






