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Abstract

In severe wave conditions, the ship propulsion system is loaded with high fluctuations due to external disturbances. The
highly fluctuating loads enforce radical changes in the main engine torque, which in turn demands variation of the fuel rate
injected into the cylinders if a constant rotational speed strategy is applied. Therefore, the temperature of gases varies to a
large extent during the combustion process in the cylinders. The emitted NOx is a function of this highly fluctuating tempera-
ture. The main goal of this study is to investigate NOx emission under the aforementioned conditions when a usual constant
RPM control strategy is applied in waves similar to the calm water condition. The paper presents a mathematical model of
the whole system, which is applied to a selected ship both in regular waves and in calm water conditions. The results show
that the sea waves, in comparison with the calm water condition, can radically increase the emitted NOx under the constant
rotational speed strategy. This change can reach even 10'* times more, averagely. The results also show that the higher the
wave height the higher the emitted NOx. It is concluded that the control strategy of keeping the engine rotational speed in
waves at a constant level is the most important reason for the significantly increased NOx emission in waves in comparison
with the calm water condition.
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Gas constant, resistance, radius

Thrust deduction factor, time, total (due to
wave)

Temperature, total, thrust

Velocity in the x-direction (u: amplitude)
Volume

Wake fraction coefficient

Longitudinal axis, surge (added mass)
Transverse axis

Vertical axis

Number of cylinders

~
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Greek letters

Diminution factor
Overall ship mass
Wave profile function
Efficiency, coordinate
Adiabatic exponent
Coefficient, the ratio of ship length to model
length

Heading angle
Pressure ratio
Density

Phase angle

Flow function
Angular velocity
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Lower indexes
0 Ambient condition

1 Point before compressor, x-direction

2 Point after compressor, y-direction

3 Point after charge air cooler (before cylinders),
z-direction

4 Point after cylinders, roll (angle)

5 Point after the turbine, pitch (angle)

6 Yaw (angle)

am Air intake manifold (receiver)

at Atmosphere

b Burnt (fuel)

C Compressor

clr Charge air cooler

comb Combustion

Cr. Critical

cyl Engine cylinders

e Encounter

E Engine

f Fuel

ar Exhaust gas receiver

loss Energy/power/torque losses

n Net

p (At constant) pressure, prismatic

P Propeller

T Turbine

TC Turbocharger
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\Y (At constant) volume
w Cooling water

Upper index
* Equivalent

Introduction

Higher efficiency, large availability, reliability, high power
capacity, and easier maintenance are some of the advantages
of diesel engines. That is why they are still considered as the
main prime movers of ships [1]. They are being also utilized
as auxiliary engines for electricity generation on shipboards.
Simultaneously, they emit a relatively high amount of green-
house gases (GHGs) due to the type of fuel they consume,
and their characteristics. The main GHGs that diesel engines
emit are NOx, SOx, COx, PM, and HC, among which CO
and NO are the most toxic and harmful gases [2]. The emis-
sion of NOx from fossil fuels dominantly increases tropo-
spheric ozone and hydroxyl-radical concentrations over their
natural 'background' levels, thereby increasing the oxidizing
power of the atmosphere [3]. Recent advances in studying
air quality and the health effects of shipping emissions are
discussed by Contini and Merico [4].

Reduction of emission of GHG in shipping has been one
of the main goals of the International Maritime Organisation
(IMO) with adopting an amendment to the MARPOL Chap-
ter VI, providing mandatory Energy Efficiency Design Index
(EEDI). Additionally, IMO currently proposed applying the
Energy Efficiency of Existing Ships Index (EEXI) and Car-
bon Intensity Indicator (CII). These measures impose radi-
cal change on the maritime industry. Based on Annex VI,
Regulations 13.8 and 5.32, starting from 2000, the Engine
International Air Pollution Prevention (EIAPP) certificate
is required for all ships that are equipped with marine die-
sel engines over 130-kW output power independent of the
ship’s tonnage [5]. This mainly addresses the level of NOx
emission and is put in order by defining three levels (Tiers)
depending on the year of building and the rate of shaft revo-
lution. All new buildings after January 1, 2016, must sat-
isfy the criterion of Tier III. This limitation is related to
those ships that are operating in the emission control areas
(ECAs). Bouman has presented a comprehensive review of
the technologies, measures, and potential for reducing GHG
emissions from shipping taking into account 150 up-to-date
research studies [6].

Regarding the above requirements, many technological
solutions during the last two decades have been provided,
which can be divided into two parts: primary and second-
ary. The main primary methods are decrease in injection
duration, delay of the start of injection and pre-injection,
modification of fuel injectors, controlling the combustion
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pressure, increasing the ability and efficiency of scaveng-
ing air cooler, Miller cycle, water injection, and exhaust
gas recirculation (EGR) [7, 8]. There are several secondary
methods, while selective catalytic reduction (SCR) method
is the most well-accepted solution, today [9]. There are many
studies in which different solutions, methods, and strategies
are compared to each other, e.g. [9-11].

Additionally, the possibility of using different fuels
and their impact has been included in other studies. As an
example, Jeevahan et al. have shown that although biodiesel
produces higher NOx emissions with slightly lower brake
thermal efficiency and advantages of reduced emissions of
CO2, CO, HC, and smoke, there are some strategies such as
fuel treatments, low-temperature combustion, mixing fuel
additives and reformulating fuel composition that leads to
the reduction of NOx emission [12].

Research on the reduction of NOx increased starting in
1970, and the fundamental keys were mathematical models
(both analytical and numerical), intensive experimental tests
and measurements, and related simulations. Cakir presented
a combustion model to account for the nitric oxide formation
in diesel engines and compared the analytical model results
with experimental data [13]. Way introduced methods for
calculating the exhaust gas compositions and determining
the NOx amount [14]. Miller described the mechanism and
modelling of nitrogen chemistry in the combustion process
[15].

Correa measured NOx emissions for a 250-MW-class
combined-cycle unit for power generation with gaseous
fuel and concluded that NO is formed in a distributed zone
manner when the equilibrium and super-equilibrium effects
can broaden the NOx-forming zones beyond the fine scales
of turbulence, even in non-premixed flames [16]. Addition-
ally, the experimental results showed that the pressure and
the structure of the turbulent flow field have a diminishing
effect on NOx emissions in progressively leaner premixed
combustion [16]. Chikahisa et al. investigated the process
of NO formation and its characteristics in diesel engines
using different emission control ideas and showed that the
NO formation rate is independent of the mixing of combus-
tion gas [17]. The most important result of this study was
identifying that NO emission is roughly proportional to the
inverse of engine speed. Kikuta et al. analysed combustion
and NO formation in large diesel engines using scale model
experiments and compared them with the theoretical predic-
tions [18]. Particularly, the study describes flow patterns and
flame distribution leading to determining the heat release
rates and thermal efficiency. Then, based on these identifica-
tions, an algorithm to predict NO emissions was suggested.

Rausen et al. introduced several empirical formulae for
identifying the combustion duration and heat release for a
homogeneous charge compression ignition (HCCI) using
a mean-value model [19]. Merker provided integrated

information on the simulation of combustion and pollutant
formation for engine development [20]. Aspiron presented
combined physics-based equations and empirical formula,
which takes engine speed, injected fuel mass, the cylinder
charge, its composition, and the start of combustion with
the corresponding pressure and temperature as inputs and
calculates the NOx emission [21]. Arregle et al. showed that
the accuracy of the in-cylinder air mass and the in-cylinder
total mass is much more critical than that of the instanta-
neous in-cylinder pressure and the injected fuel mass for
NOx prediction [22]. Therefore, accurate modelling of the
intake air and EGR mixture temperature and fresh air mass
is crucial to be able to rationally predict the NOx emission.

Egnell presented a multi-zone combustion diagnostic
method, where measured pressure data were used to calcu-
late the heat release, local temperatures and concentrations
of NO and other species [23]. Lamaris et al. also employed
a multi-zone combustion model to estimate the performance
characteristics and the NOx emissions of a 12.5-MW large-
scale two-stroke diesel engine [24]. Mocerino et al. devel-
oped a model using Ricardo WAVE software to simulate the
dynamics and emissions of an internal combustion engine
[25]. The model was employed as a tool for the evaluation of
emissions, particularly NO. Papagiannakis [26], Benvenuto
[27] and Stoumpos [28] analysed the emission character-
istics of dual-fuel engines. Scappin et al. introduced and
utilized a zero-dimensional two-zone combustion model to
simulate the performance and NOx emissions of a low-speed
marine diesel engine using the extended Zeldovich mecha-
nism [29]. They achieved an accuracy of 95% in comparison
with a full-scale experiment. In the context of multi-zone
models, Hountalas, Savva and Raptotasios studies are also
important [30-32].

Hybrid propulsion solutions and their impact on emis-
sions have also reached the great attention of scholars [33].
Last but not least, it should be mentioned that the accurate
measurement of the gas composition has also assisted to
improve the models and better setting up their parameters
[34, 35].

The goal of this study is the evaluation of the consumed
fuel and emitted NOx as one of the most harmful compo-
nents of GHG in sea waves in comparison with calm water.
To define the problem, it should be noted that ships are
mostly navigating in sea waves rather than in the calm water.
A ship and its propulsion system in the calm water are in the
steady condition, whereas, in sea waves, their performances
are dominated by wave oscillations. In these circumstances,
engine torque and speed fluctuate in response to the ship's
motion, which in turn enforce the engine’s subsystems’ per-
formances to behave oscillatory. The above literature review
reveals that the problem of GHG emission in sea waves has
not been addressed by them. Therefore, the investigation
of NOx as one of the main elements of GHG in sea waves

* @ Springer


http://mostwiedzy.pl

A\ MOST

674 International Journal of Energy and Environmental Engineering (2023) 14:671-686

under the control strategy of constant engine speed (as usual
practice) seems to be necessary, and it is the main objec-
tive of this study. This problem is related to several areas of
research such as ship motion, propeller hydrodynamic per-
formances in waves, engine, and subsystem performances in
waves. On that basis, the simplification for the modelling of
whole systems is inevitable. Here, to study the impact of sea
waves on the ship emissions, when the engine is equipped
with a conventional speed governor, first a mathematical
model is developed in which the dynamic of the hull, propel-
ler and engine in wave conditions is combined with the con-
trol strategy of the constant rotational speed of the engine.
The mathematical model allows us to evaluate the consumed
fuel as well as NOx as an important part of GHG. In the
second stage of the study, a computer code is developed
in MATLAB-SIMULINK for simulation purposes. Thirdly,
this model is simulated for a selected ship in two regular
waves and compared to the calm water conditions. In the
fourth stage, a comparative analysis is conducted, where the
system performances for calm and wave conditions are com-
pared. The results show a radical increase of NOx in waves
in comparison with the calm water when the same control
strategy is applied in all conditions. The new elements and
contribution of the results of the study in the related research
field include describing the impact of the traditional control
strategy of constant rotational speed for ships on the fuel
consumption and NOx emission profile in wave conditions,
as well as explaining the changing of ship NOx emission of
a ship in response to the sea wave.

Methodology and modelling

Generally, to evaluate the consumed fuel and the emitted
GHG of ships in waves, several dynamic systems have to
be coupled. They include hull motion in waves, propeller
performance in waves, diesel engine behaviour under the
selected control strategy to control the fuel rate, as well as
engine subsystems. Having the mathematical model, then its
parameters should be selected and set up. This can be done
based on the model and experimental test or manufacturers’
data. Here, the results of model tests have been used both
for ship hull resistance and for propeller open water char-
acteristics. The engine parameters have been set using the
manufacturer’s data. Next, the model is coded for simula-
tion. The simulations are conducted for two regular sea head
waves and in the related calm water under three different
ship speeds. The results of simulation in the time domain
that include the variables of the coupled system are then
used to evaluate the impact of waves and constant rotational
speed control strategy on the NOx emission. The developed
mathematical model enables determining the average NO
emission.

* @ Springer

In this section, a justification for the selected type of
mathematical model of the engine has been presented,
firstly. Then, a description of the subsystems is provided,
and finally, the mathematical models of each subsystem are
delivered.

Selecting the type of engine model

The diesel engine performances in unsteady states are usu-
ally analysed using four model types.

Engine model type A set of simple first- or second-order
transfer functions, which determine output variables, mainly
engine torque, average indicated pressure, or temperature,
in response to the input variables (fuel rack or fuel rate) as
a black box.

Engine model type 2 Mean-Value Zero-Dimension
(MVZD) model in which the mean value of variables such
as mass flow rate, temperature, and the fuel-to-air ratio is
determined for each block of diesel engine (for example
including compressor, turbine, manifolds, charge air cooler,
etc.), while all cylinders are considered as a single block.

Engine model type 3 Instantaneous-Value Zero-Dimen-
sional (IVZD) model, in comparison with MVZD, all vari-
ables are calculated instantaneously and individually for
each cylinder.

Engine model type 4 Instantaneous-Value Multidimen-
sional (IVMD) model that is similar to IVZD, while the
output variables are additionally determined depending on
the geometric coordinates.

IVZD and IVMD models can be one-zone or multi-zone,
and single-phase or multi-phase flow models, particularly
with respect to the combustion process. Generally, IVZD or
IVMD models with two-phase flow consideration including
pure air and air mixed with exhaust gases are able to simu-
late the instantaneous unsteady values of NOx formation.
However, the MVZD model evaluates the NOx emission
as a function of averaged temperature along a cycle, which
is less than the real combustion temperature, for which the
NOx emission should be calculated for a period of combus-
tion. This approach has one significant weakness, which is
assuming a linear distribution of NOx emission over time.
The assumption, to some extent, disregards the strong non-
linearity of NOx formation as a function of combustion tem-
perature. Since the present study aims to compare the NOx
emission under different operation conditions in sea waves
with respect to calm water, applying an MVZD model seems
to be justified when simultaneously reducing the time and
cost of simulation.

The subsystems

To achieve the goal of the study, it is necessary to develop
the mathematical model of the following subsystems: (1)
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Fig. 1 The layout of the math-
ematical model
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coupled equations of dynamics of ship motion, propeller,
and engine, (2) total resistance that involves instantaneous
wave forces in the x-direction (their mean value is known as
added resistance), and (3) engine dynamics with the capabil-
ity of determining the variables of the combustion process,
and particularly combustion temperature. These subsystems
are interacting with each other, and therefore, they had to
be integrated under one overall system. To set up the model
parameters, the steady-state data delivered by the manufac-
turers as well as some empirical relationships are used. Such
a built model is then coded in MATLAB-SIMULINK. The
simulation is conducted for a selected ship, in the calm water
and head sea waves of two regular waves. Each subsystem
of the model has been individually verified. Ship resistance,
propeller characteristics, and wave variables are based on the
model tests. The engine performances are verified for a wide
range of steady-state conditions by simulating the engine
variables when a selected operating point is changed from
100 to 10% of SMCR and vice versa. The increment of these
changes was set from 10 to 50%.

Mathematical model

The layout of the mathematical model is presented in Fig. 1.
It comprises five main modules, where the first (wave vari-
ables and resistance) and the fifth (overall system variables)
modules stand as the input and output, respectively. Three
other modules present the coupling equations of ship hull

dynamics, propeller performances, and engine unsteady-
state variables.

Referring to Fig. 1, the first module has been already pre-
sented in [36]. The wave parameters were set in advance,
and the variables of the generated wave are measured. It
contains the calm water resistance and time series of wave
force in the x-direction, which have been concluded from
model tests. The second and third modules are described
in [37]. The fourth module has been adapted so that the
steady-state model applied in [36] is replaced by the mean-
value zero-dimensional (MVZD) model described in [38].
The fifth module is elaborated to determine the overall sys-
tem outputs, which integrates the outputs of modules 2, 3,
and 4 by including their interrelations. A submodule for the
NOx evaluation is developed and integrated under module
5, where the NOx formation model is evaluated based on the
mathematical model presented in detail by Heywood [39].
The developed mathematical model enables determining
the average NO emission directly, where NO, emission can
be estimated roughly as 10% of the calculated NO emis-
sion [38]. The coupled system of equations representing
the described mathematical model is shown in Table 1. The
assumptions applied for these equations are: (1) all gases
are semi-ideal, (2) the pressure and mass losses are negli-
gible for all gases, (3) the mechanical losses are negligible,
(4) the waves are regular, (5) the ship moves only along its
longitudinal axes, when roll and pitch are omitted, and (6)
ship is a rigid body.

@ Springer
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Table 1 The mathematical

model Module 1 Rym(#) = Rypy (1) = Ry (u(1)) )

R,(t) =1 R,,(t) (@)
, =a)(1—u§ cos,u) (€)
hx,y, u, 1) = m3(8) + y - ny(t) — x - 55 () — E(x, y, p, t), where: 4)
n3() = 15 cos (w,! + @) 5)
n,(t) =14 cos (a)et + (p4) 6)
15(t) = 75 cos (w,t + qos) @)
C(x,y, pu,t) = Zcos (kxcos,u + kysin u —a)el) (8)

Module 2 To() = Ry(u(®) — R,(0) = (A +x,) i(t) ©

ot 0= i a
up (1) = u()(1 = w(t)) + Tipy, cos (@t — kx, cos u), where: (11)
w = 0.45C, — 0.05(Robertson)
T(t) = B - Kro(Jo(®)) prp(®)|np(H)| D, where 12)
p= real(l - % + f—[\/l —sz)ande = Ri
Op() = Ko (J4(0) prp(®)|np(1)| Dy 13)
T, (1) = T(t)(1 — (1)), where t = 0.5C, — 0.12(Hecker) (14)
Oe() — 0p() = J a(1) (15)

Module 4 Turbine:

s = AL - yrp VP * Pyrs where: (16)

ERINE an
[:ffl (”TKT — )] P 2wy,
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2\
] aen
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Rt (18)
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. €= (19)
PT:mS"IT'?il'RS'TS' -z
Compressor:
ny =y (a)TC, e, TO); (compressor map) (20)
1 . K (Ki: ) (21)
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i) 22)
1 K
Tl = ETa[ . ﬂ'C T
Turbocharger shaft:
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Charge air cooler:
T2 = Tl — Neir - (Tl - Tw) (24)
Intake air receiver:
N (25)
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Table 1 (continued)
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Engine cylinders and combustion process:
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NOx emission
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Results and discussion

In this section, the case study is presented, and the simu-
lation process is described. Next, the results of the simu-
lation are illustrated and interpreted. Finally, a detailed
discussion is provided.

The selected ship is a container vessel, presented in
[36], where the data regarding ship resistance and pro-
peller parameters, as well as propulsive coefficients, are
described based on the model tests, Zeraatgar and Ghaemi
[37]. For clarification purposes, the ship and propeller
specifications are given in Table 2. The engine is MAN-
B&W 8S65ME-C8.5, equipped with a MAN B&W High
Eff. TCAS88 turbocharger [40, 41]. The fuel oil’s low calo-
rific value is assumed to equal 42,707 kJ/kg. The ambient
conditions are 20 °C and 101,325 Pa. The kinematics of
ship motion and the related coordination are set based on
[42].

Ship motion and instantaneous wave force in the
x-direction in two regular waves are recorded in towing
tank in model scale of 40.75 as shown in Table 3.

Simulation is conducted for two considered waves
as abbreviated W1 and W2 in Table 3. The simulation
is continued in three more conditions, i.e., ship speed of
11.761, 10. 541 and 10.156 in the calm water. The results
include the variables of the hull, propeller, and engine,
including the internal variables of the engines. Addition-
ally, fuel consumption and formation rate of NOx emission
both in molar and mass terms are concluded and reported.
The simulation time was set to 1800 s. The first 500 s
are devoted to operation in the calm water, for the next
approximately 800 s ship is in the wave, and finally, the
last 500 s it is in the calm water.

When the ship is simulated for wave condition, based
on the ship speed behaviour, it is concluded that the steady
state has been approached approximately after 500 s.
Therefore, the steady-state values of different variables
could be selected for the time between 1200 and 1250,
as the sample period. It should be noticed that the time
during which the model in the experiment was in wave
condition was not enough long to cover the whole simula-
tion time. Therefore, the wave total force in the x-direction
is repeated several times to cover 800 s for simulation
purposes.

(]
’r @ Springer
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The variables that have been determined within the simu-
lation process are about 43 (see Appendix). Some of the
more important variables are depicted and discussed below.

The recorded resistance, as input, and the time traces of
a set of selected variables are illustrated in Figs. 2, 3, 4, 5,
6, 7, 8,9 and 10. Only those variables that play a funda-
mental role to demonstrate the NOx emission with respect
to the ship operation conditions are selected, presented, and
analysed.

Figure 2 depicts resistance fluctuation in two regular
waves, W1 and W2, scaled up for ship from the model test
[37]. The ship speed is 11. 7 m/s (22.8 Kn) and the calm
water resistance is 1160.9 kN which its range of fluctuation
is several times higher than the calm water resistance.

Figure 3 illustrates the time trends of ship speed. Start-
ing from the calm water condition, the ship enters to head
regular waves under the control strategy of constant engine
speed. As a result, the ship speed reduces and fluctuates. Its
mean value reaches 10.7 m/s and 10.2 m/s in W1 and W2,
respectively. The fluctuation is not regular, and it repeats in
each encounter period. Its amplitude is about 0.1 m/s and
0.15 m/s in W1 and W2, respectively. The ship speed reduc-
tion, however, could be more by excluding the governor,
which tries to maintain the engine rotational speed at a con-
stant level.

Figure 4 shows almost the same behaviour of engine rota-
tional speed that was observed for ship speed due to the
application of the same governor and its command signal.
The mean value of the engine rotational speed changes from
9.72 t0 9.82 and 9.80 RPM in W1 and W2, respectively. The
amplitude of fluctuations is 1.0 RPM in W1 and 1.1 RPM
in W2, which is not relatively too much. It is interesting
to underline that the RPM fluctuation is a response to the
resistance fluctuation in waves when the command rotational
speed is kept at a constant level. Forcing the rotational speed
to be maintained almost at a constant level means increasing
the fuel consumption, and consequently higher emissions.

Figure 5 illustrates the fluctuation of propeller power
demand. Its mean value is changed to 11,889 kW and
13,066 kW in W1 and W2, respectively. The propeller power
demand amplitude is extremely high as much as ten times of
the mean value where the higher wave height causes higher
fluctuation amplitude.

Table 2 Ship and propeller specifications [36, 37]

Table 3 Parameters of the generated regular waves for the model tests
[37]

No H T

Model (cm) Ship (m) Model (s) Ship (s)
Wi 4 1.63 1.13 7.23
w2 8 3.26 1.60 10.21

Figure 6 demonstrates the engine delivered power. It
is achieved under circumstances of constant engine speed
strategy as well as engine limiters. Its mean value in the
calm water is 19319 kW and reduces to 10,908 kW and
11,240 kW in W1 and W2, respectively. It is extremely high
and is in impact form fluctuating as time marches. It should
be noted that this is mostly related to the control strategy, as
well as the diesel engine characteristics.

Figure 7 shows the spatial average of the temperature
of combustion as a function of time. It follows the same
trend as engine-delivered power following the constant
rotational speed control strategy. Considering that the
NOx emission is strongly dependent on this temperature,
it changes in a vast range and very large fluctuations of the
emissions should be expected in waves.

Fuel rate and consumed fuel are shown in Fig. 8. The
mean fuel rate changes from 0.879 kg/s to 0.536 kg/s and
0.561 kg/s in W1 and W2, respectively. To avoid any con-
fusion, the fuel rate at a ship speed of 10.561 m/s and
10.156 m/s in the calm water condition (equivalent to the
mean ship speed at W1 and W2) is calculated and shown
in Table 4. They are 0.570 kg/s and 0.536 kg/s, respec-
tively. It is well known that the ship power is a function of
power 3 to 4 of ship speed, while fuel rate is in the propor-
tion of ship power. That is why a marginal change in the
mean value of ship speed results in a significant change
in the fuel rate.

The values of the consumed fuel in W1 and W2 are mar-
ginally different. Again, it is mainly related to the selected
control strategy, which keeps the rotational speed at a con-
stant level independent of the external and environmental
conditions.

To show the impact of wave parameters, hull, propeller,
and engine dynamics in sea waves on the NOx formation,
the mean values of the variables presented in Figs. 2, 4, 5,

Ship A (ton) Lgp (m) B (m) T (m) u (m/s) Cs (0 Cr )

26,980.22 182.880 24.414 9.782 23.82 0.600 0.615

Propeller Dp (m) Zp () Ap/A ) H/Dp ()
7.590 5 0.5808 1.00
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Fig.2 Total resistance fluctua-
tions for two wave conditions
(upper part: overall, lower part:
during the selected period in
steady state)

Fig.3 Ship speed versus time
for two wave conditions (upper
part: overall, lower part: during
the selected period in steady
state)

Fig.4 Engine speed versus time
for two wave conditions (upper
part: overall, lower part: during
the selected period in steady
state)

6,7, 8,9 and 10 are evaluated and given in Table 4. Since
the comparison to the calm water condition is necessary, the
selected variables are calculated for three ship speeds: (1)

R, [kN]

R, [kN]

u [m/s]
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u = 11.741m/s, and no wave, (2) u = 10.561 m/s, equivalent
to the ship mean speed in W1 navigating in the calm water,
and (3) u = 10.156 m/s, equivalent to ship mean speed in
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W2 navigating in the calm water. The mean value of the
variables under the wave condition is calculated for the
selected period of 50 s (from 1200 to 1250 s), where the
ship is assumed to be in steady repeating oscillation.
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Hereafter, the discussion is provided. Referring to the
system of Egs. (1) to (37) total resistance and fuel rate con-
trolled by the speed governor are dominating inputs that
decide the time trend of other variables. As it is shown in
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Fig. 8 Fuel rate (upper part)
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Fig.9 Formation of NO: molar formation rate (upper part), mass formation acceleration (middle part), and mass formation rate (lower part) ver-

sus time for two wave conditions

Fig. 2, the fluctuations of the total resistance due to the
encountered wave are quite large. It becomes negative in
some instances along a period, which means the ship is
pushed forward by the sea wave despite the head sea condi-
tion. The negative values of total resistance are observed
when the ship encounters the wave trough, depending on
the wavelength to ship length ratio. However, the magnitude

of the total resistance in such a condition is much less than
the magnitude of the total resistance at the maximum level.
Referring to the results given in Table 4, the added resistance
in W1 and W2 is approximately 52 kN and 176 kN, respec-
tively. However, the min and max values of total resist-
ance are — 670 kN and +4609 kN in W1, and —2315 kN
and + 6380 kN in W2. The impact of resistance fluctuations

* @ Springer


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

682 International Journal of Energy and Environmental Engineering (2023) 14:671-686
. 10728 Molar formation rate of nitrogen oxide
T T T T \
. | | | |
ke
:
o
=
S 05 HEH HHH - ‘ ‘ ‘ .
£ | | |
2 | I ﬂ |
0 H‘ “ ‘ ‘\ “ ‘\ “I‘H ‘ \‘"\‘ “‘\ “ | L1 I J
1200 1205 1210 1215 1220 1225 1230 1235 1240 1245 1250
Time [s]
. <10 Mass formation acceleration of nitrogen oxide
T T T T
_ u ] —%
“{ ‘ ' — W1
68 I ‘
T 05 1 “ \ ‘ -
S \ \
-Q | ‘ ‘ ‘ \
2 | “ | |
= \ I \‘ x x
o WLl Ll i Ll \ Al 1| A" 1Ll
1200 1205 1210 1215 1220 1225 1230 1235 1240 1245 1250
Time [s]
. 10718 Mass formation rate of nitrogen oxide
T
| ‘ —wz
. W1
w0
—~
L=V}
0.5 | - ‘ ‘ ‘ ‘ H 1
i)
=
0 U 1l | ‘w ‘ I ‘ ‘ “ 1 Ml ‘ ‘ i il i ‘ I ‘
1200 1205 1210 1215 1220 1225 1230 1235 1240 1245 1250
Time [s]

Fig. 10 A selected period in a steady state of formation of NO or NOx: molar formation rate (upper part), mass formation acceleration (middle
part), and mass formation rate (lower part) for two wave conditions

Table 4 Mean values of the selected variables of the system

Variable Unit Calm (u=11.741 m/s) Calm (#=10.561 m/s) Calm (u=10.156 m/s) W1 w2
Total resistance kN 1160,889 660,272 599,131 712,436 775,719
Ship speed m/s 11,741 10,561 10,156 10,561 10,156
Engine rotational speed rad/s 9721 9723 9828 9824 9804
Required power by propeller kW 19,301 6706 6085 11,889 13,066
Delivered power by engine kW 19,319 6710 6089 10,908 11,240
Average combustion temperature K 767 695 691 689 702
Voyaged distance m 587.049 528.050 507.800 528.055 507.798
Fuel rate kg/s 0.879 0.570 0.536 0.536 0.561
Consumed fuel kg 43.928 28.489 26.826 26.823 28.074
Consumed fuel per metre kg/m 0.075 0.054 0.053 0.051 0.055
Molar formation of nitrogen oxide mol/m3.s 1.731E-25 1.71E-29 9.060E-30 2.334E—-11 1.689E—-10
Mass formation acceleration of g/s"2 1.895E—-16 1.38E-20 6.926E-21 2.212E-02 2.065E-01
nitrogen oxide
The mass formation rate of nitro-  g/s 6.377E—-17 6.915E-19 3.463E-19 1.914E-04 2.131E-03
gen oxide
Emitted nitrogen oxide kg 9.630E—18 3.96E-16 1.98E—16 4.967E—-04 5.566E—04
Specific emitted nitrogen oxide 2/kWh 1.188E—17 3.710E-19 2.048E—-19 6.317E-05 6.825E—-04
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in a large range of variation on the rate of formation of NOx
can be observed in Figs. 9 and 10. The NOx itself is the
result of the frequent and large variation of average combus-
tion temperature shown in Fig. 7., which represents approxi-
mately 1200 °C oscillations, periodically. The latter has a
direct influence on NOx emission, which is described by
Eq. (37). The relationship between combustion temperature
and molar formation rate of NO is shown in Fig. 11. It illus-
trates how temperatures higher than 1211 °C lead to molar
formation rates of NO beyond 1E—6 mol/cm?s. It can be
regarded as a limit that causes higher NOx emission than 1
to 2 g/kWh (the lower bound of IMO Tier Il is 1.96 g/kWh)
for the considered case depending on the mass flow rate to
the engine cylinders.

It should be also noted that the combustion temperature
considered in this study is an average value that is calcu-
lated based on the MVZD model of the engine. It means
that the combustion continuously happens in time but at a
lower temperature. The instantaneous value in comparison
with the mean value of this temperature during the com-
bustion process is several times higher, and consequently,
the instantaneous emission rate is significantly higher, too.
Therefore, the results are generally underestimated and must
be regarded as conservative just for comparative analysis.
However, the simulation results in the calm water, W1,
and W2 conditions, relatively well describe the sea waves'
impact on the NOx emissions. In other words, the MVZD
model can help to compare the impact of ship environment
on the NOx emission but is not able to provide a real and
exact figure for NOx formation rate. The present study can
be further developed to adopt IVZD or IVMD as an engine
model to improve the NOx emission determination.

As an example, the mass formation rate of NO, given in
Table 4, of 6915E—19 and 3463E—19 in calm water jumps
up to 1914E—04 and 2131E—03 in W1 and W2 conditions,
respectively. Even though the mean value of averaged com-
bustion temperature changes in a small range. That is due to
large fluctuations of the NO formation rate shown in Fig. 9.
These radical, large, and frequent fluctuations are the results
of the applied control strategy, which is based on using a
conventional governor to keep the engine rotational speed
at a constant level. Such a strategy leads to a quick response
to the environmental disturbances and significant change in
the fuel rate in wave conditions, see Fig. 8. It is also the rea-
son for the rapid fluctuations of the engine power as shown
in Fig. 6. To summarize, based on the given values in the
last row of Table 4, it is determined that emitted nitrogen
oxide in terms of kg/kWh has been increased approximately
1.7E14 times more in the W1 condition and 3.3E15 times
in the W2 condition, compared to their related calm water
conditions, i.e. for ship speeds 10.561 m/s and 10.156 m/s,
respectively. This addresses the need of changing the control

145- Tcomb = 1484 [K]
(1211 deg. C)\

0.8F 1
d[NO] 6-10% —69090 1/2
o8| o= =S — exp () 012l
t Tcomb comb ‘
0.4 |
0.2

Rate of formation of nitric oxide [mol/m3 s
I

ol
700 800 900 1000 1100 1200 1300 1400 1500
Temperature [K]

Fig. 11 The rate of formation of nitrogen dioxide as a function of
combustion temperature

strategy to decrease the emissions in wave conditions, which
of course should be adjusted with no safety sacrificing.

Conclusions

The present study aims to investigate the influence of sea
waves on the NOx emission of a selected ship equipped
with a conventional marine diesel engine that is controlled
by a governor to keep the engine and propeller rotational
speed at a constant level. For this purpose, a proper math-
ematical model is developed in which the hull, propel-
ler, and engine interactions are taken into consideration.
The model is then adapted for numerical simulation. The
parameters of the model have been set based on the experi-
mental tests or manufacturers’ data. To do the comparative
analysis, the simulation is conducted in two regular waves
and three ship speeds in the calm water condition. There
are five main findings of this study. Firstly, it is concluded
that sea waves have a significant impact on the emitted
NOx in comparison with the calm water condition at the
same ship speed. Secondly, the simulation results show
that the higher wave height causes higher total resistance
in waves and in turn the emitted NOx becomes higher. The
third one describes the reason for the radical increase of
NOx in waves. It indicates that such a significant increase
is associated with the conventional control strategy that
is based on constant engine rotational speed using a con-
ventional speed governor, which is a usual practice in ship
navigation. Following this finding, the fourth one can be
formulated. The traditional control strategy of the constant
engine rotational speed rapidly changes the instantane-
ous fuel rate to compensate the influence of instantaneous
wave added resistance. This leads to the high variation
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Table 5 The list of output variables of the computer code

1. Ship speed

. Engine speed

. Advance number

. Propeller thrust and torque diminution factor
. Net thrust

. Propeller torque

. Engine torque

. Required brake power

O 00 1 N Lt A W DN

. Delivered brake power

—_
=]

. Mass of air in the air manifold

—_
—_

. Temp. of air in the air manifold

—_
N

. Mass of ex. gases in the ex. gases receiver

—_
98]

. Temp. of ex. gases in the ex. gases receiver

—_
~

. The mass flow rate of exhaust gases after the turbine

—_
W

. Temp. of ex. gases after turbine

—_
=)

. Average temp. of combustion process

—_
\]

. Average temp. of outflow gases from engine cylinders

—_
(o]

. Fuel rate

—_
o

. The flow rate of air after the compressor

[\
=]

. The flow rate of air into cylinders

[\
—_

. The flow rate of air that takes part in combustion

N
[\

. The flow rate of exhaust gases after cylinders

N
[9%]

. The flow rate of exhaust gases into the turbine

S}
=

. The temperature of the air after the compressor

N
W

. The temperature of air into cylinders

[
[=))

. The temperature of air that takes part in combustion

N
~

. The temperature of exhaust gases into turbine

[\
[e ]

. The temperature of exhaust gases after the turbine

N
Ne=)

. The pressure ratio of the compressor

[SN]
(=]

. The pressure ratio of the turbine

[S¥]
—_

. The tip speed of the compressor wheel

[SN]
[\

. Power of compressor

[SN]
[9%]

. Power of turbine

w
=

. Angular velocity of the turbocharger shaft

[SN]
W

. Mass of air in the intake air manifold

[S¥]
=)}

. The temperature of the air in the intake air manifold

[O¥]
~

. The pressure of air in the intake air manifold

(O3]
(o]

. Mass of gases in exhaust gas receiver

(O3]
N=]

. The temperature of gases in the exhaust gas receiver

IS
(=]

. The pressure of gases in the exhaust gas receiver

~
just

. Angular velocity of the engine shaft

N
S}

. Fuel-to-air ratio

N
[9%)

. The formation rate of nitrogen oxide

in temperature of gases in the combustion process which
is blamed for the radical increase of emitted NOx. Sum-
ming up these four findings and the extent of the impact
of sea wave conditions on the emissions in waves puts
under question employing the traditional control strategy
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of constant engine rotational speed, and this is the final
finding and overall conclusion of the study. It underlines
that an alternate control strategy is necessary which avoids
high and radical changes in fuel rate, prevents sharp and
frequent change in combustion temperature and tremen-
dously improves the emission performance of the engine.
In addition to this future research need, adequate control of
the air mass flow into the engine that leads to reduction of
NOx emission should be carefully studied. Further investi-
gations should be accompanied by employing an IVZD or
IVMD model of the engine for stimulation purposes since
the MVZD model is suitable for comparative analysis of
NOx emission rather than determining its absolute values.

Appendix 1

The variables that are determined as the outputs of the simu-
lation code are given in Table 5.
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