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Abstract: The article deals with a simulation approach to the representation of the ship motions in
waves, interacting with the propulsion system behavior (diesel engine and propeller). The final goal
is the development of a simulator, as complete as possible, that allows the analysis of the main engine
thermodynamics in different sea conditions, also in the unfavorable event of dynamic instability
of the hull, and the correct management of the other propulsion components. This latter aspect
is particularly interesting in some of the last new energy solutions for decarbonization of ships,
concerning, for example, auxiliary electric motors, powered by batteries, to support the traditional
diesel-mechanical propulsion (especially in heavy weather conditions). From this point of view, a
proper analysis of the engine dynamic performance, affected by particular sea states, is fundamental
for a smart management and control of shaft generators/auxiliary electric motors, batteries, etc. To
this end, the work presents and highlights the main features of a ship simulator, suitable for the
study of the new propulsion solutions that are emerging in maritime transport. Some representative
results will point out the complex non-linear behavior of the propulsion plant in waves. Moreover,
a parametric roll scenario will be investigated, in order to highlight the capability of the conceived
simulator in modeling the effects of the dynamic instability of the hull on the propulsion plant.

Keywords: ship propulsion; simulation; diesel engine; wave; ship motions; control

1. Introduction

Marine time-domain simulation has traditionally found its main use in the field of ship
maneuverability, especially for the development of training simulators, which have become
increasingly effective with the advent of virtual reality [1]. However, the scientific literature
shows that dynamic simulation techniques have also been significantly adopted in ship
design, although the most representative industrial applications are just only from the last
twenty years. This is essentially due to the enhancement of computers and the development
of particular commercial software for a more user-friendly application. In this framework,
Genoa University was a pioneer in the development of simulators for evaluating the ship
propulsion performance and analyzing pertinent machinery control logics [2]. A first signif-
icant example of a ship propulsion simulation with a full-scale validation is reported in [3].
It concerns the mechanical diesel propulsion system of a cruise ferry, while [4] proposes
again the same approach to the validation of the methodology in the case of a small naval
vessel. After the presentation and validation studies of the simulation method, Genoa Uni-
versity developed the first simulators for industrial applications in the cases of the aircraft
carrier Cavour [5,6] and the Italian Navy Multi-Mission Frigates (FREMM) [7-9]. In both
projects, real-time simulation was used to design and test the propulsion control system.
The collaboration with the Italian Navy continued in the development of a simulation study
for the propulsion system refitting of the tall ship Amerigo Vespucci (in this case, the square

J. Mar. Sci. Eng. 2022, 10, 36. https:/ /doi.org/10.3390/jmse10010036

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10010036
https://doi.org/10.3390/jmse10010036
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-1547-5933
https://doi.org/10.3390/jmse10010036
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10010036?type=check_update&version=2

J. Mar. Sci. Eng. 2022, 10, 36

2 of 14

sail’s behavior was reproduced too [10,11]). These three applications represented a typical
use of simulation in the design stage of a vessel, although it can also be used to evaluate the
performance decay of already operating systems. In this regard, References [12,13] show
simulation approaches to the representation of malfunctions/faults of marine engines and
auxiliary systems for the thermal energy recovering from the exhaust gas of the engines. In
the same research field, References [14-16] propose different simulation techniques (e.g.,
neural networks) for the marine engine diagnostics, while [17-19] show further examples
of dynamic simulation approaches to the design of the ship energy systems

Focusing on marine propulsion systems, a good simulator is made up of several nu-
merical sub-models that represent the main elements involved in ship propulsion. Surely,
the main mover model can strongly characterize the complexity of the simulator as it can
be faced with different approaches. Specific programming languages [20-25] or commer-
cial software [26-29] can represent the engine behavior, with different levels of accuracy,
according to the different purposes. On the contrary, the propeller is traditionally modeled
by numerical tables, unless you want to describe further aspects, such as the dynamics of
the rotation of the blades in the case of a controllable pitch propeller [30]. For other types
of marine thruster, such as waterjet or cycloidal propellers, more complex models can be
adopted [31-33]. Another important sub-model of the simulator certainly concerns the
representation of the ship motions, which can be simulated with one [3,34], three (e.g., typi-
cal maneuverability simulators [35-37]), four [38] up to six degrees of freedom (DOF) [39].
Obviously, the complexity of the modeling grows in relation to the DOF number increasing.
Moreover, different mathematical approaches may turn out to be more or less suitable
for representing the motions of the ship at high or low speed (e.g., dynamic positioning
applications [40]).

Due to the complexity of the whole ship dynamics, it is very difficult to develop a
complete propulsion simulator taking into account both hull motions and main engine
behavior. The whole ship dynamics in the time domain is usually studied by six DOF
numerical models based on the equations of the rigid body motions. Several methods
for the assessment of ship dynamic instabilities and maneuverability in waves have been
extensively studied and compared [41,42]. However, all these numerical approaches
disregard the propulsion power delivered by the main engine and rather assume ideal
constant propeller revolutions or assume constant ship speed.

Several approaches of hull-propeller-engine interaction are available in the technical
literature, although they mainly focus on the effects of the added resistance in waves, as
underlined by [43]. In particular, in [43] the authors propose an interaction model of hull-
propeller-engine by combining experimental data and numerical simulation in regular seas.

In [44], the simulation of the propeller performance accounts for the propeller emer-
gence in waves, calculated beforehand from the estimation of ship motions in a head sea.
The importance of developing a numerical model accounting for ship dynamics effects
on the marine propulsion system performances has been recently pointed out in [45,46].
These research works account for simplified modeling of ship dynamics by means of a
linear transfer function of heave and pitch and includes wake and propeller characteristic
variations in regular waves.

Differently from the others, the present work shows a complete simulation approach to
the description of the interaction between ship motions (six DoF) and machinery (i.e., prime
mover and propeller), applicable in irregular sea, by combining the most sophisticated
sub-models available in the state of the art, for a comprehensive simulation.

Indeed, the numerical model for ship dynamics is based on the so-called hybrid or
blended non-linear approach, as described by [47,48].

Differently from [47], implemented in FORTRAN, the model adopted herein is de-
veloped and implemented in MATLAB/Simulink [49,50]. Similar to [47,51,52], it allows
for the estimation of ship dynamic instabilities and maneuvering simulations in irregu-
lar waves with a fair level of accuracy. The main innovation of the present work is the
interaction among the different propulsion components, in the presence of different sea
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states, accounting also for the possibility of simulating critical behaviors of the hull, such
as dynamic instabilities. The weather conditions, in fact, greatly affect the hull motions,
which, in turn, influence the behavior of the propeller and therefore the propulsion system.
A constant wake factor in irregular sea is assumed, while ship speed changes because of
the time-varying added resistance and propeller thrust.

The proposed simulation approach, described in its several sub-models, can become a
useful tool for evaluating any critical issues on the engine, to be solved through appropriate
control strategies. For the current application, a Ro-pax ship sailing in irregular sea is
under investigation, assuming a thermodynamic model of a four-stroke medium diesel
engine [53]. The results of several operational conditions are presented in order to point out
the need for consistent interaction among the different sub-models for a proper depiction
of the phenomena.

2. Numerical Model of the Simulator

The developed simulator aims at connecting existing sub-models of ship dynamics in
irregular seas and a diesel engine, accounting for propeller actions in waves. The following
subsections describe in brief each sub-model. The whole simulator is implemented in the
MATLAB/Simulink platform.

2.1. Ship Dynamics in Wave

The numerical six DoF model for ship dynamics in waves (in the time domain) included all
forces and moments acting on a sailing vessel in irregular sea. The hull surface was discretized
by means of triangular panels up to the freeboard deck. Mass and inertia actions included
all non-linear coupling terms of the rigid body dynamics. All non-linearities regarding hull
geometry were accounted for in the calculation of Froude-Krylov and restoring actions.

Radiation forces and moments were implemented by means of the convolution integral
technique, while diffraction forces and moments were obtained by linear superposition of
regular wave components. The regular force components, which were the input data for
both radiation and diffraction actions, were taken from potential strip theory calculations,
carried out beforehand [54].

Additional details together with validations of the implemented numerical model,
regarding ship motions and accelerations in waves, are available in [49]. It is worth noting,
that the ship speed, in the reference applications, was set as constant, thus no attention
was given to the effects of added resistance in waves (in addition to ship resistance in still
water), which represents a demanding second-order problem [55].

In the current form of the simulation model, the ship resistance curve in still water
was given as input data, while added wave resistance accounted only for first-order effects.
In general, this approach could lead to approximate results, especially in the range of small
wave components (i.e., smaller than ship length), where radiation and diffraction actions
are predominant and the numerical modeling for these forces is not suited to the added
wave resistance problem. On the other hand, the current approach provided quite accurate
restoring and Froude-Krylov non-linear components, that for long waves (i.e., longer than
ship length) became predominant.

Therefore, limiting the case studies to sea states characterized by a wavelength greater
than ship length, this numerical model can be considered suited at the scope of the paper.

A brief validation of the model is presented in Table 1 for the hull KVLCC2, extensively
studied for benchmark researches [56]. The experimental data (exp) available for this
ship [56] concerned the speed reduction in regular waves given a fixed propeller revolution.
The numerical simulations were carried out, including propeller actions but neglecting
engine contribution. The obtained speed reduction in wave (sym) was compared against
the experimental speed data.

As expected, the comparison of the results disclosed that the error on the speed
reduction in waves decreased with wavelengths (A) longer than ship length L. For this
range of wavelength, the error remained below 10%.
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Table 1. Comparison of experimental and numerical speed reduction in waves for KVLCC2.
AL Exp (Knots) Sim (Knots) Error (Knots) Err %
0.5 12.1 15.3 3.2 26%
0.7 10.9 15.1 4.2 39%
1 8.6 9.5 0.9 10%
1.2 10.2 9.2 -1 —10%
15 12.6 11.6 -1 —8%

2.2. Propeller Actions

The numerical model of the sailing ship in waves included screw propeller actions
that were implemented by means of still water propeller coefficient Kt and Kg, given as
a function of the advance coefficient J. Propeller thrust has to balance ship resistance in
waves, while propeller torque has to be balanced by the torque provided by the engine.
The wake and the thrust deduction factors for modeling the propeller-hull interaction in
irregular sea, refer to the still water condition.

The thrust Tprop and the torque Qprop at the propeller were obtained as follows:

Tprop = PKT*I\Ipropzl:)prop4 Qprop = f7I<()ﬂ\Ilorop2]:)prop5 1)

In Equation (1), Kt* and Kqo* are modified propeller coefficients in order to account
for a propeller operating very close to the free surface due to the wave effects. In particular,
the simulation approach proposed by [57], for modeling generalized ventilation losses, was
used. According to [57], thrust and torque ventilation loss factors (Bt and Bqy, respectively)
can be introduced:

Kr*=pBuKr  Kqo*=BqvKq

where B depends on the propeller type, propeller loading, and on the relative blade
submergence 2h/Dyprop, while Bqy = (Btv)™, where m = 0.85 for open propeller type. When
2h/Dprop = —1, it means that the propeller is fully emerged, thus By, = Bqv = 0.

In this paper, a hull equipped with twin-screw open propellers was chosen for the
purpose of the applications; therefore the forces at the left-side and the right-side propellers
were modeled independently. Indeed, due to the hull dynamics in waves (in particular
due to the roll motions), the twin propellers can experience different submergences and
loadings, resulting in different thrust and torque.

2.3. Diesel Engine

Whereas the diesel engine model is part of the whole ship dynamics, it should catch
the engine behavior during transients with acceptable accuracy but without excessive
computational work. A 0D model based on a filling and emptying approach can be a good
compromise between these different requirements [20,22]. All the main engine components
were assumed as blocks connected to each other representing algebraic and/or differential
equations according to the principles of mass and energy conservation. The fluid that
followed the so-called air path was considered as an ideal gas which composition varied
when flowing through the engine components; in each, the fluid parameters (temperature,
pressure, and composition) were supposed to be uniform, so neglecting the momentum
conservation equation. The engine was a four-stroke turbocharged and the turbine and com-
pressor were modeled using steady-state maps, where flow rate and isentropic efficiency
are a function of pressure and speed, corrected as usual.

Engine speed and turbocharger speed were calculated from time to time by dynamic
equilibrium equations and represent two of the main states of the engine model, as pressures
in inlet and outlet manifolds. The heat release due to the fuel-injected and burned in the
cylinders was modeled by a classical double zone Wiebe function. The inlet valves timing
could be varied to control the airflow at different engine speeds and loads.
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The model was fine-tuned by comparing the simulation results with the data extracted
from the factory data sheet until a good agreement was reached between them. A detailed
description of the engine model and data accuracy evaluation can be found in [23].

2.4. Engine Controller

The function of the engine governor is to keep the rotation speed of the diesel engine
constant despite the variation of propeller load because of wind, current, waves, and
fouling by allowing the engine to increase or decrease the torque generated. In the case
of wave-induced propeller torque variations, whose characteristic time is between 5 and
15 s, quite lower than the other cases listed, the governor must operate quickly enough
to avoid excessive engine speed variations that could cause an engine power failure and,
consequently, represent a potential risk for ship safety.

The governor determines the torque supplied by the engine acting on the amount of
fuel injected at each engine cycle by means of the so-called fuel rack; the engine response
depends on many engine states, as crankshaft speed, turbocharger speed, pressure in the
receivers, and other parameters.

In this paper, the engine governor was modeled as a conventional PI (proportional
integral) controller, which action is proportional to the shaft speed error and its integral over
time. The two values that represent the controller proportional (kp) and integral (ki) gains
were determined by analyzing the engine response to a sudden variation of the fuel rack
position, starting with the Ziegler Nichols method and followed by a further fine-tuning.

Even in its basic configuration, the engine governor must have more functions, as
smoke limiters, torque limiter to avoid overload, and set point rate limiter to prevent the
risk of compressor surging.

In order to check the effectiveness of the implemented regulator, the following numeri-
cal test was carried out. Given the engine working at a reduced load, an acceleration ramp
was set for an increase of 1/3 of the revolutions. From the results presented in Figure 1,
the control action of the regulator guaranteed the realization of such acceleration within a
time range of approximately three minutes. This confirmed that the overall behavior of the
regulator was acceptable for the purposes of the current paper. The engine revolutions were
the result of the solution of the classic dynamic equation of the shaft line [2,5], dependent on
the rotating inertia of the whole propulsive chain (i.e., engine, gearbox, shaft, and propeller).

500 T T T T
——N
eng
mn——— setpoint
450 r
€
=
~ 400 r
n
>
e
350 1
300 1 1 1 1 1

0 100 200 300 400 500 600

Figure 1. Revolution response to rpm ramp.



J. Mar. Sci. Eng. 2022, 10, 36

6 of 14

3. Case Study and Results

The hull chosen for the case study was a ro-pax ferry named SeatechD, which has
been used for previous validations and applications of the method for ship dynamics in
waves [49]. Since the hull model was developed mainly for research purposes on ship
stability and maneuvering in waves [58], no precise information on propeller and engine
at full scale are available. Therefore, at the scope of the case study, the maximum speed
was set as 24 knots, (that is reasonable for the hull under investigation compared to other
similar vessels) and two Wageningen B-series propellers (for which Kt and Kq coefficients
are available from [59]) were assumed in a twin-screw configuration.

These design choices allowed the use of two diesel engines of 12 MW each [60], for
which the numerical model was developed in [53]. Table 2 provides a summary of the hull,
propeller, and engine main data.

Table 2. Principal particulars of SeatechD.

Hull Seatech-D

Length between perpendiculars, L (m) 158.00
Breadth, B (m) 25.00
Depth, D (m) 15.00
Draft forward, Tg (m) 6.10
Draft aft, Ty (m) 6.10
Displacement, A (tons) 13,766
Center of gravity above the keel, KG (m) 11.834
Long. coordinate of the center of gravity from aft perpendicular, LCG (m) 74.77
Transv. radius of gyration in air, kxx (m) 10.06
Long. radius of gyration in air, kyy (m) 39.36

Propeller Wageningen B-series

Number of blades Z 4
Ae/Ag 0.750
Dprop (m) 438
P/Drop 1.2
Engine
Number of cylinders 12
Bore (m) 0.51
Stroke (m) 0.60
Engine revolution Neng (rpm) 514
Engine power Pg (MW) 12

The sample irregular sea state for the simulation was obtained from the JONSWAP
spectrum, given the significant wave height (Hs) and the zero-crossing period (Tz). The
technique described in [49] was used for the generation of the irregular wave train.

The following application focuses on a realization of wave trains having a ratio of 1:2 of
Hg, i.e., two similar wave profiles were generated, differing only in the Hg values that were
Hg = 6.5 m and Hg = 3.25 m, respectively (see Figure 2). This analysis aimed at disclosing
the non-linear behavior of the whole propulsion chain interacting with ship dynamics in
waves. Moreover, an additional application will be carried out at a reduced speed in order
to trigger a parametric roll that leads to non-symmetric loads on each propeller.
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Figure 2. Time history of the two irregular wave trains (in the inertial reference frame).

3.1. Results

The results of this subsection regard the hull-propeller—engine performances for the
ship sailing in the head sea in irregular waves characterized by Tz = 12.5 s, Hg = 6.5 m, and
Tz =12.5 s, Hg = 3.25 m. For the sake of synthesis, we limited the outcomes of the time
history to 300 s.

Figure 3 shows ship dynamics and propeller behavior: green dash-dotted line refers
to still water results; solid blue line refers to the sea state characterized by the smaller wave
height; solid orange line refers to the wave train with the doubled wave height. It is possible
observing that, as expected, ship motions (heave and pitch) exhibited larger amplitude
in case of larger wave height, but they were not in phase. This was related to a visible
reduction in ship speed (approximately 2 knots for Hs = 6.5 m) that significantly changed
the encounter frequency of the hull. Moreover, ship dynamics modified the value of h/R,
that is the head of water at the propeller h divided by the propeller radius R. Keeping in
mind that h/R = —1 implies a fully emerged propeller; in both cases, the propeller stayed at
least partially immersed. While for the case Hs = 3.25 m the propeller was scarcely affected
by the wave effects (as observable also from revolutions Nprop and torque Qprop), the larger
wave amplitude Hs = 6.5 m induced a significant partial emergence of the propeller with
h/R close to zero. This induced irregular profiles of propeller torque and revolution, with a
reduction in torque and increase in the revolution when h/R tended to zero.

The propeller load directly influences the engine performances in terms of torque
and revolutions, Qeng and Neng, respectively. Indeed, in Figure 4, it is possible to observe
how the power profile provided by the engine Py exhibited larger fluctuations for sea state
Hs = 6.5 m, together with an increase in the specific fuel consumption SFCS. Figure 4 also
shows the temperature Toyt of the exhaust gases at the cylinder, in order to point out the
capabilities of the model in simulating the thermodynamics of the whole turbocharged
diesel engine.

At the same scope, Figure 5 illustrates compressor behavior given the compressor map.
For the sea state with Hs = 3.25 m, the working conditions of the compressor remained
close to the steady working condition (i.e., referring to still water), while they became
scattered in the case of Hs = 6.5 m.
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Figure 3. Time history of ship dynamics and propeller behavior in a head sea, for two proportional
irregular sea states and still water.
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Figure 4. Time history of diesel engine performances in a head sea, for two proportional irregular sea
states and still water.
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Figure 5. Comparison of compressor performances in a head sea, for two proportional irregular sea
states and still water. Surge line in black, compression ratio at constant revolutions in blue.

3.2. Results for Parametric Roll Scenario

A ship sailing at maximum speed in a severe-moderate sea state is quite unrealistic,
for safety reasons; indeed, it is quite usual that the vessel operates at reduced speed, i.e.,
at a lower engine load. Actually, this situation could be even more dangerous for ships
prone to dynamic instabilities, such as the parametric roll, as in the case of the ro-pax ferry
under investigation. The developed code also allowed simulating engine performances in
these peculiar circumstances, related to the non-linearities of the immersed hull geometry
in waves.

It was found that the ship developed a parametric roll in a head sea in the presence of a
sea state characterized by Hs = 4.5 m and Tz = 9.0 s, for a speed of around 15 knots. In such
a scenario, the mean wave encounter period was half of the natural roll period of the hull
(around 17.5 s), as observable in Figure 6. This figure shows the ship dynamics in waves,
focusing on the development of a parametric roll with maximum oscillations of around 20°.
This situation induced a non-symmetric behavior of the two propellers and consequently
of the two diesel engines. In Figure 7, the starboard propeller and engine outcomes are
identified by solid blue lines, while the port propeller and engine outcomes are identified
by solid orange lines. It is possible to notice that in presence of a small roll perturbation
(i.e., absence of roll), the two propulsion drive chains behaved equally. Once parametric
roll develops, the behaviors of starboard-side and port-side propellers and engines were
almost 180° out of phase; actually, they were not completely opposite due to the effects of
coupling of roll, heave, and pitch on propellers. This results in a large oscillation of engine
powers due to the reduction in the propeller torque in correspondence with the propeller
emergence, associated with a significant increase in revolutions.
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Figure 6. Time history of the ship dynamics in a head sea, Hs =4.5m Tz = 9.0 s: parametric roll development.
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Figure 7. Time history of starboard-side and port-side propellers and engine in a head sea, Hs = 4.5 m
Tz =9.0 s, depending on ship roll motion (black line).
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4. Conclusions

This paper concerned the development of a comprehensive numerical model for
simulating engine performances accounting for ship dynamics in waves and its effects on
propeller loading characteristics. This model represents a first step in the development of a
numerical tool to analyze and control the ship propulsion system in unsteady conditions.

From the overall analysis of the numerical outcomes, it is possible to disclose that there
was no proportional behavior between the sea state and hull-propeller—engine interaction.
In other words, the variation in engine power and consumption did not show a linear
behavior with the height of the sea state but depended on multiple interacting factors.
Therefore, due to the complexity of phenomena, a simplified approach is not recommended
for the assessment of engine performance in waves.

The numerical model presented herein is capable to account for non-linearities that
arise from the hull dynamics in waves and interact with the propulsion system. In particular,
in this research, the performances of the twin propellers and engines were simulated in
event of parametric roll instability in head sea navigation (where usually no roll motion
is expected). The main outcomes showed that this critical condition induced a somewhat
nonsymmetrical behavior of the thermodynamic engine parameters with large oscillations
of torque and revolutions

However, all obtained results can currently provide only a qualitative assessment of hull-
propeller-engine behavior, since relevant validations of the complete model are still missing.

It is worth underlining that the main idea behind this research was the possibility
to connect hull dynamics with any kind of propulsion system configurations, therefore
allowing the modeling and the analysis of the performances of, among other, hybrid
propulsion systems. In particular, by combining the prime mover (e.g., a diesel engine
equipped with a PTO/PTI shaft generator) to batteries (or fuel cells or even renewable
energy sources) for smoothing out the fluctuation of the propeller load, it is possible to
optimize the ship propulsion efficiency in sizeable sea waves. The proposed simulator
could test a specific control strategy, in order to achieve an averaged load of the diesel
engine in severe waves, while the battery system, through the PTO/PTI modes of the
shaft generator, will be discharged during short peaks and charged during short dips.
Therefore, the engine load can be more constant, by improving fuel efficiency and reducing
maintenance costs.
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Nomenclature

Dprop Propeller diameter

h Head of water on the propeller shaft
Hs Significant wave height

J Advance coefficient

Kq Propeller torque coefficient

Kt Propeller thrust coefficient

L Ship length

Neng Engine revolutions

Noprop Propeller revolutions

Qeng Engine torque

Qprop Propeller torque

R Propeller radius

SFCF Specific fuel consumption

Tout Temperature of the exhaust gases at the cylinder outlet
Tprop Propeller thrust

Tz Zero crossing period

\% Ship speed

waveene  Wave profile encountered by the ship
Cix Wave profile in the inertial (fixed) frame
Bqv Torque ventilation loss factors

Btv Thrust ventilation loss factors

A Wavelength

0 Density of the sea water
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