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PAPER INFO ABSTRACT
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Received 07 April 2021 investigated. In this study, a mathematical model is developed using governing equations for
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propeller also the propeller of the ship itself were implemented in MATLAB/ Simulink software
environment. The model consists of the torsional vibrations of the transmission shafts; this enables
Keywords: a more accurate analysis of the engine behavior which is the source of power generation in the

ship's propulsion system. The simulation results showed that the wavelength of sea waves has a
Very Large Crude Oil Carrier significant effect on the dynamic performance of the engine. In this research, the effect of different
Fuel Consumption ratios of wavelength to ship length (A/Lgp) including 0.5, 1, 1.5 and 2 in violent stormy sea
Emissions conditions with a wave height of 11.5 m and wind speed of 28.5 m/s has been investigated. The
Sea Wave and Wind results showed that with the exception of A/Lpp 0f 1.5, at another ratios of A/Lep, changes in engine
Mean Value Engine Model performance parameters such as torque, fuel and air consumption, CO, emission and power are
decreasing with increasing wavelength. Most variations in engine speed are related to A/Lpp Of 2.
The results showed that by reducing the wavelength, the period of oscillations is reduced. As the
ratio of wavelength to ship length increases, the number of oscillating points in the engine
behavior increases and the lowest number of oscillating points can be seen at A/Lpp 0f 1.5. This
study highlights the importance of effects of sea wavelengths as one of the most important physical
parameters of the sea which should not be ignored in the design phase of the ship propulsion
system and engine selection.
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1.INTRODUCTION

Today, ship efficiency, energy consumption and strict
environmental regulations taking a major impact on
marine company’s performance [1-3]. Ship propulsion
systems are commonly designed to be effective in
calm waters. Usually 15-30% of the power required in
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calm waters is considered as the sea margin to provide
the extra power needed in the face of adverse weather
conditions [4]. However, due to the uncertain behavior
of the waves [5-9] and its effect on the performance of
the ship, it is difficult to choose a sea margin, which is
reliable and provides the minimum power required in
all adverse weather conditions. Waves does affect the
size selection of the main engine which adds
resistance on the ship or changing the operating point
of the main engine, which affects both fuel
consumption and emissions. It is common practice
that the ship's engine loses some of its torque when
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dealing with waves, so it is vital important to study the
behavior of the engine such as torque, power and fuel
consumption in the face of sea waves at earlier stages
of ship design or engine selection. Taskar et al. [10,
11] investigated the propeller's emergence and
submergence in the face of waves and its effects on
the load applied to the engine. Their studies indicated
an increase in engine fuel consumption and power in
unsteady flows.

Kyrtatos et al. [12] studied the dynamics of the
ship and the propeller to optimize the machinery
control strategy of the ship's propulsion system. Full
scale experiments carried out by Kayano et al. [13]
showed that the amount of power delivered by the
engine in the face of waves and wind was greater than
the amount previously considered at the design stage.

It is very important to have a detail knowledge of
the engine performance, as the prime part of the ship's
propulsion system. Among the various models such as
transfer function models [14], zero or one-dimensional
models [15], and multi-zone phenomenological
models [16] and cycle Mean Value Engine Models
(MVEMSs) [12, 17-19] capable of evaluating the
engine performance, the mean value engine model
(MVEM) has least complexity, much less input data
requirements and an adequate calculation execution
time. In a transfer function model, which usually
represents the relationship of fuel consumption to
engine speed, the essential characteristics of the
system does not reflect. On the other hand, more
accurate  results can be achieved  using

multidimensional models, but achieving these results
will be much more time consuming and
computationally costly. The basic assumption in the
MVEM modeling method is that the air and fuel flows
to the cylinder are continuous, so the periodic trend of
the engine is ignored and therefore this model can be
used to calculate the average time value of engine
parameters with a very reasonable accuracy, while the
in-cycle variation (e.g. per degree of crank angle)
cannot be determined.

In this study, the performance behavior of a very
large crude oil carrier (VLCC) ship in the face of sea
regular waves of different wavelengths has been
investigated using mean value engine model
(MVEM). The ship propulsion system model is
modularly designed and implemented in Simulink
software. As shown in Figure 1, the various
components of the ship are defined and implemented
as specific blocks in the software environment.
Finally, in this research, engine performance
parameters such as torque, power, fuel consumption
and emissions at different wavelengths have been
calculated and examined.

The difference between this paper and other
researches is that unlike previous studies in which
power transmission shafts were considered only as a
rigid body, in the relevant calculations only the mass
moment of inertia was considered, but in the present
study the power transmission shafts from the engine to
the propeller are considered as distributed systems in
which the geometric and mechanical properties of
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Figure 1. Schematic ship model in Simulink
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the shaft such as length, diameter, shear modulus and
moment of inertia are applied and coupled to the
general model of the ship system. Given the
importance of the power-train system in ships,
especially in adverse weather conditions, providing a
more accurate model of this system will more
accurately predict the behavior of the system,
especially the ship propulsion engine, in the design or
optimization stage.

2. SHIP MODEL

As mentioned earlier, the modular method has been
used to model the ship system. Each part of the ship
system is a separate block that are interconnected to
each other via interfaces. The solver selected in the
Simulink environment is ODE45 because it has a
high ability to solve ordinary differential equations.
The implemented model can be used for low-speed
and medium-speed ships, including oil carriers,
container ships, bulk carriers and etc.; so the
performance parameters of the ship such as speed,
power, forces on the ship, fuel consumption,
emissions and etc. are calculated.

2. 1. Engine Model The mean value engine
model is used to model the engine behavior. In this
method, the inflow of air and fuel into the cylinders
are assumed continuous and the scavenging and
exhaust receivers are assumed thermodynamically
open systems [20]. This model includes scavenging
and exhaust receivers, cylinders, turbochargers, air
cooler, exhaust pipe and engine controller. The
governing equations for calculating engine
performance are as follows [20, 21]:

PVo .o  7QN,. ~ 60R

2xrev, R="5 P VN, @

cyl

Q.=

where Py is the engine brake power (watts), p is the
engine brake mean effective pressure (BMEP), Ne is
the engine crankshaft rotational speed (rpm), Qe is the
engine torque, revey is revolutions per cycle (2 is for
four-stroke engine) and Vp is the engine volume
displacement.

The mass flow rate (kg/s) of fuel injected is
calculated as follows:

z N

cyl m fcycle " Ve
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where zcy is the number of engine cylinders, Mycycle IS

the mass of the fuel injected per cylinder per cycle.
A proportional-integral (PI) controller is used to
model the engine governor:

U=U,+ k,AN + k; [ANdt ®)

where AN=Ng— N¢, Ng is the engine desired speed
and Ne is the actual speed, ki and k, are the integral
and proportional constant, and uo is the initial rack
position.

The fuel assumed in this model is heavy fuel oil
(HFO). The amount of emissions due to combustion
can be calculated from the following equation in
which EF is the emission factor and can be seen in
Table 1 for different emissions [22]:

Mpga =M At;M; =m, EF, 4)

where At is the time interval, m and # are mass and
mass flowrate, respectively.

To calculate the amount of air passing through the
cylinders, considering that the engine is considered to
be a two-stroke type, the following equation has been
used [20]:

2 7a1\ )28
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prcyl = P =
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where Cy is air flow resistance coefficient, Aveq iS
equivalent effective area, psc and per are scavenging
and exhaust receiver’s pressures, respectively, prey is
cylinder pressure ratio and ya is air specific heat ratio.
To model the turbocharger behavior, curve fitting and
interpolation methods on compressor and turbine
performance maps have been used. In the
compressor, the volume flow rate of air is a function
of the compressor pressure ratio and the rotational
speed of the turbocharger, and in the turbine, the gas
volume flow rate is a function of the turbine pressure
ratio.

The temperature of air exiting the air cooler are
calculated as follows:

TAC :Tc _g(Tc _Tw) (6)

TABLE 1. Emission factors [23]

PM (g/ SOx g/
CO,(g/g fuel)  NOx (g/g fuel) fue(g 9 fLTe(I%] 9
3114 0.07846 0.00728 0.053
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where Tc is the temperature of air exiting the
compressor, Ty is the cooling water temperature, and
¢ is the air cooler effectiveness.

2. 2. Propeller Model The ship propeller is
fixed pitch and the relationships of Wageningen
propeller type B are used to calculate the
dimensionless coefficients of thrust (T,) and torque

(Qp) [23];
Tp = KT pw N pZDpAﬂ;
Qp: KQ pWNpZDPSﬂO.B

where Ky and Kq are the dimensionless coefficients
of thrust and torque, respectively, pw iS sea water
density, Np(rev/s) and D, are the propeller rotational
speed and the propeller diameter, respectively and S
is thrust diminution factor.

The propeller average wake inflow velocity is
affected by ship surge and pitch motions and the
waves, based on the available data as follows [24,
25]:
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where wp, is effective wake fraction, Vs is ship speed,
we IS Wave encounter circular frequency, & is surge
amplitude, {: is phase delay, w is wave circular
frequency, ha is wave amplitude, k is wave number, z,
is the immersion depth of the propeller shaft, x is the
longitudinal distance of the propeller from the center
of gravity of the ship, X, is the position of the
propeller section with reference to the center of
gravity of the vessel, Ap is pressure gradient below

the bottom of the ship due to pitching motion, X is
wave encounter angle (0 for following sea; 180 for
head sea), pw is density of seawater, t is time, #s is
pitch amplitude.

2. 3. Power Transmission Shafts It is
assumed that the ship's power transmission shafts
from the engine to the propeller are distributed
elements. The flywheel and the propeller of the ship
are considered lumped elements. The schematic
layout of the ship powertrain system is shown in
Figure 2. The governing equations of the
transmission shafts are as follows [26]:
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Figure 2. Schematic layout of powertrain system [31]
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where wf and w, are flywheel and propeller angular
speeds, respectively; T; and T, are flywheel and
propeller torques, respectively. In this case there is
not any intermediary parts between intermediate shaft
and flywheel; therefore we=wo=w1=ws , where we is
engine angular speed. on the other hand, since there
is not any intermediary parts between propeller shaft
and propeller, therefore ws=wy .

(a)
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2. 4. Ship Dynamic In this research, for
modeling the ship motion, only movement in the
longitudinal direction is considered. Hence, the
governing equation is as follows:

(1—t7d )Tp _(Rs + RAdd)
m

av,
dt

12
+M (12)

ship
where Vs is the ship's longitudinal velocity, T, is the
effective propeller thrust, Rs is the ship's resistance
which is calculated by the Holtrop method for calm
water conditions [27], t_d is the thrust deduction
factor, mgip is the ship’s mass, Mg i the added
virtual mass to consider the hydrodynamic force
owing to the acceleration of a body in a fluid. The
total added resistance (Radq) due to the weather
conditions (wave and wind) is estimated using the
proposed formula by Liu et al. [28];

Rais = Raw +Raa (13)
Raw and Raa are added resistance components due to
wave and wind, respectively.

3. VALIDATION

The whole ship system was implemented in Simulink
environment based on the formulations expressed
above. For the model validation, a 12-day VLCC ship
fuel consumption measurements report [29] has been
used. As shown in Figure 3, there is a good
agreement between the simulation results and the
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Figure 3. (a) VLCC voyage cycle;(b) fuel consumption
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measured report. The maximum difference between
the value predicted by the model and the
measurement value was 10.82 tons, which is
equivalent to 16.1% of the error. The daily average
fuel consumption predicted by the model is 49.91
tons and, on the other hand, the measured value is
51.65 tons, which indicates a very good accuracy
within 3.5% error.

4. RESULTS AND DISCUSSION

In this section, it is assumed that the ship is facing
rough weather conditions. The sea is considered as
violent storm with a wave height of 11.5 m and a
wind speed of 28.5 m/s according to the ITTC 2017.

The wavelength to the length of ship between
perpendicular ratio (A/Lep) Will be 0.5, 1, 1.5 and 2.
The ship is in full load condition. It is assumed that
the engine desired speed at time 2 s changes from 45
rpm to 80 rpm, which is considered as an input step
signal to the model implemented in Simulink. The
simulation time is 150 seconds. Using the data in
Table 2, simulations were performed at different sea
wavelengths. The simulation results including speed,
torque, fuel consumption, emitted CO; and power are
calculated and presented in Figures 4 to 8.

At MLpp of 0.5, as shown in Figure 4, the range of
engine speed fluctuations at steady-state is between
74.5 and 77.5 rpm. The number of oscillation points
is 6. Engine torque fluctuations range is from 2.2 to
3.6 MNm with 9 oscillation points. Fuel consumption
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TABLE 2. Ship specifications [30]
Endine Intermediate
9 shaft
TRT-flex82T 2-stroke Diameter(d,) 0.7 [m]
Cylinders no. 7 In-line Length(l,) 9.927 [m]
Output (CMCR) 31640 [Kw] Inertia 1376 [kgm?]
Ultimate-tensile 2
Propeller strength (UTS) 590 [N/mm?]
Shear
Blades no. 4 modulus(G,) 81.4 [GPa]
1
Diameter (dy) 9.86 [m] Density(p;) 7850 [kg/m?]
Damping (By) [,3'27;?51] Propeller shaft
— 429250 -
Load inertia (Jp) lkgm?] Diameter(dy) 0.85 [m]
Flywheel Length(ly) 10.233 [m]
. 13600 - 2
Inertia (J5) [kgm?] Inertia 3454 [kgm?]
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Ship modulus(Gs) 81.4 [GPa]
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Figure 4. Predicted system response at A/Lpp=0.5
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and CO, emission are in the range of 0.57 to 0.98
kg/s and 1.77 to 3.05 Kkg/s, respectively, which is
accompanied by 7 oscillation points. Air
consumption is between 16.6 to 33.4 kg/s with 6
oscillation points. As shown in Figure 8, the
amplitude of engine power fluctuations in the steady

state is from 17.6 to 29.1 MW. In addition, the
number of oscillation points is 7.

At MLpp of 1, as can be seen in Figure 5, the
amplitude of the engine speed fluctuations in the
steady state is from 75.6 to 78.5 rpm. The number of
oscillating points is 8. Torque oscillations range is of
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2.3 to 3.6 MNm with 13 oscillation points. Fuel
consumption and CO; emission are in the range of
0.60 to 0.99 kg/s and 1.86 to 3.08 kg/s, respectively,
with 12 oscillation points. Air consumption is

Engine Power [W]

100 105 110 115 120 125
o 50 100 150
Time [s]

Engine Power [W]

o 50 100 150

Time [s]

between 16.9 to 31.7 kg/s with 11 oscillation points.
As can be seen in Figure 8, the range of power
fluctuations in the steady state is from 18.8 to 29.2
MW. The number of oscillation points is 11.
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At MLpp of 1.5, as shown in Figure 6, the range of
engine speed fluctuations is changed from 79.9 to 80
rpm. As can be seen the number of oscillation points
is 2. Torque fluctuations range is 2.97 to 3.51 MNm
with 2 oscillation points. Fuel consumption and CO;
emission are in the range of 0.80 to 0.94 kg/s and
249 to 292 kgls, respectively, which are
accompanied by 2 oscillation points. Air
consumption is between 18.75 to 22.17 kg/s with 2
oscillating points. As shown in Figure 8, the range of
power fluctuations in the steady state is from 24.9 to
29.3 MW with number of 2 oscillation points.

At MLep of 2, as can be seen in Figure 7, the
amplitude of the engine speed fluctuations in the
steady state is 75.18 to 78.92 rpm. The number of
oscillation points is 8. Torque fluctuations interval is
from 2.66 to 3.67 MNm with 15 oscillation points.
Fuel consumption and CO; emission are in the range
of 0.72 to 1 kg/s and 2.24 to 3.114 Kkg/s, respectively,
which are accompanied by 14 oscillation points. Air
consumption is from 16.7 to 28.1 kg/s with 11
oscillation points. As can be seen in Figure 8, the
interval of engine power fluctuations in the steady
state is from 21.9 to 29.5 MW. The number of
oscillation points is 14.

As shown in these figures, when fuel
consumption increases, the air flow does not increase
simultaneously, and the air consumption diagram
shows a delay, which is due to the inertia of the
turbocharger system and its response. When the
propeller coming out of the water, an increase in
propeller speed occurs and as a result the torque will
decrease and the power has a decreasing trend. As
soon as the ship's propeller is completely submerged
in the water, the torque increases and the speed
decreases. As a result, the decreasing trend of power
becomes an increasing trend. The results related to
changes in engine performance parameters and the
number of oscillation points can be seen in Table 3.
As can be seen, there is the highest number of
oscillation points and on the other hand the highest
changes in engine speed at A/Lpp Of 2. At A/Lpp of 0.5,
the largest changes in torque, fuel consumption, CO,
emission and air consumption are observed. On the
other hand, the smallest changes in engine speed,
torque, fuel consumption, CO, emission and air
consumption can be seen at MLpp of 1.5. By
comparing the results, it can be seen that as the A/Lpp
ratio increases, the period of oscillations and the
number of fluctuations in each period will also
increase. At MLpp of 1.5, as can be seen from the

TABLE 3. Changes in engine performance parameters

MLPP 05 1 15 2
Speed changes (rpm)/

number of oscillation 3/6 29/8 0.1/2 3.74/ 8
points

Torque changes
(MNm)/ number of 1.4/9 1.3/13 0.54/2 1.01/15
oscillation points

Fuel consumption
changes (kg/s)/ number  0.41/7 0.39/12 0.14/2 0.28/14
of oscillation points

CO; changes (kg/s)/
number of oscillation 1.28/7 1.22/12 0.43/2 0.874/14
points

Air consumption
changes (kg/s)/ number  16.8/6 14.8/11 3.42/2 11.4/11
of oscillation points

Power changes (MW)/
number of oscillation 115/7 104/11 441/2 7.6/14
points

responses, the graph is smooth and no fluctuations
are seen in this case.

5.CONCLUSION

A very large crude oil carrier ship is successfully
modeled and through implementation of Simulink
environment, the behavior of the engine such as
power, fuel consumption and the amount of
emissions in dealing with waves at different
wavelengths have been investigated. The validity and
accuracy of the model were examined through the
voyage report of a VLCC available. The accuracy of
the model results with good compliance with the
VLCC report shows that the model is reliable. In the
modeling process, the various components of the
ship, including the hull and forces on it, the engine
and its components, the power transmission shafts
and the propeller were considered. The study shows
that the effect of waves with different wavelength on
engine behavior cannot be ignored. The effect of
changing the wavelength can be seen as fluctuations
in the behavior of the engine, which can cause
problems in the ship's powertrain system if repeated.
The results of the effect of AMLpp of 0.5, 1, 1.5 and 2
in violent stormy sea conditions on the engine show,
with the exception of A/Lpe 0f 1.5, in other cases with
increasing A/Lpp, the number of oscillating points in
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the behavior of the engine performance parameters
increases. The least changes in engine performance
parameters are seen at A/Lpp Of 1.5, while with the
exception of A/Lpp Of 2, where the speed variations
are higher than other AMLpp values, the trend of
changes in other engine performance parameters is
decreasing with increasing MLpp values. As a result,
the effects of waves with different wavelengths
should not be neglected in the design phase of the
ship's propulsion system.
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