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Abstract
In this study, a model is developed to simulate the dynamics of an internal combustion engine, and it is calibrated and validated
against reliable experimental data, making it a tool that can effectively be adopted to conduct emission predictions. In this work,
the Ricardo WAVE software is applied to the simulation of a particular marine diesel engine, a four-stroke engine used in the
maritime field. Results from the bench tests are used for the calibration of the model. Finally, the calibration of the model and its
validation with full-scale data measured at sea are presented. The prediction includes not only the classic engine operating
parameters for a comparison with surveys but also an estimate of nitrogen oxide emissions, which are compared with similar
results obtained with emission factors. The calibration of the model made it possible to obtain an overlap between the simulation
results and real data with an average error of approximately 7% on power, torque, and consumption. The model provides
encouraging results, suggesting further applications, such as in the study on transient conditions, coupling of the engine model
with the ship model for a complete simulation of the operating conditions, and optimization studies on consumption and
emissions. The availability of the emission data during the sea trial and validated simulation results are the strengths and novelties
of this work.

Keywords Simulation . Marine diesel engine model . Four-stroke engine . Exhaust emissions . Nitrogen oxide emissions . Sea
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1 Introduction

Exhaust gas emissions from ships present a key issue in the
environmental impact assessment of maritime transports
(Boselli et al. 2019). The contribution of maritime traffic to
global emissions is estimated to be 938 million tons of carbon
dioxide (CO2), 5.6 Tg of nitrogen oxides (NOx), and 5.3 Tg of
sulfur oxides (SOx) (MEPC 2014; Murena et al. 2018; Smith
et al. 2014). Ships emit pollutants during cruising at sea and
maneuvering and mooring phases at ports. While emissions at
sea need to be assessed for their impact on a global scale, in
particular, as regards greenhouse gases, ship emissions in port
areas may propagate to nearby urban areas, affecting the air
quality and jeopardizing people’s health and quality of life
(Adamo et al. 2014; Ault et al. 2009; Quaranta et al. 2012;
Viana et al. 2014). Although local emissions are a small frac-
tion of global transport emissions (Entec UK Limited 2002),
they can have serious effects on human health, especially in
coastal areas and water cities.

Diesel engines used as the main power supply of marine
vessels produce a range of emissions, including carbon
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monoxide (CO), carbon dioxide (CO2), nitrogen oxides
(NOx), sulfur oxides (SOx), hydrocarbons (HC), and particu-
late matter (PM) (Heywood 1988; Eyring et al. 2005; MEPC
2014). The most relevant limits are certainly those related to
the percentage of sulfur content (SOx) in marine fuels and
emissions of nitrogen oxides (NOx) from engines.

The regulation of pollutants from maritime traffic is the
subject of the International Convention for the Prevention of
Pollution from Ships (MARPOL) 73/78 Annex VI, a legisla-
tion issued by the International Maritime Organization (IMO)
(Murena et al. 2018). Annex VI (added in 1997 and entered
into force in May 2005) regulates air pollution from ships by
dealing with SOx, NOx, and PM from exhaust gases, ship-
board incineration, and emissions from volatile organic com-
pounds. The original Annex VI of the convention has under-
gone successive changes aimed at reducing the limits related
to the emissions of the nongreenhouse gas pollutants
based on the technological improvements made over
the years and the ever more severe need to decrease
emissions (IMO 2007; IMO 2008).

For NOx, the reference standards are the Tiers I, II, and III,
which are calculated according to the revolutions of the engine
(r/min) and depending on the ship’s date of construction (IMO
2008). Nowadays, the reference is Tier II, whereas Tier III is
to be considered valid only in the NOx emission control areas
(IMO 2007).

The study on emissions related to marine traffic can be
tackled from different points of view: On the one hand, it is
possible to perform monitoring campaigns (Cooper et al.,
2001; Prati et al. 2015) of a ship engaged in port operations
and then analyze the dispersion of pollutants in the atmo-
sphere. On the other hand, the emission sources can be char-
acterized with simulation models representing the diesel en-
gine in the various stages of a ship’s operation, relating them
to the weather conditions and loading of the engine (Prpic-
Orcic et al. 2016).

In the study by Dobrucali and Ergin (2019), a numerical
study on the effects of operational conditions, design param-
eters, and buoyancy on the exhaust smoke dispersion of a
generic frigate are presented and discussed. In the study by
Kalender and Ergin (2017), an experimental investigation of
the particulate emission characteristics emitted by a medium-
speed diesel engine installed on a ferry is reported. The two
approaches intersect to validate simulation data with real data.

Simulation has been used in engineering for many years as
support of design and manufacturing (Altosole et al. 2012;
Tadros et al. 2020a). Marine propulsion system simulations
can be used for many purposes, such as ship performance
analysis (Campora and Figari 2003; Figari and Soares 2009;
Acanfora and Cirillo 2017), maneuvering analysis
(Benvenuto et al. 2000; Altosole et al. 2013; Piaggio et al.
2019; Ircani et al. 2016), machinery control system develop-
ment (Altosole et al. 2007; Michetti et al. 2010), and

machinery performance analysis (Maftei et al. 2009;
Zaccone et al. 2015; Altosole et al. 2019; Tadros et al. 2020c).

The elements within a classic propulsion simulation model
are the hull model, propeller model, engine model, and gov-
ernor. The “engine model” normally consists of the following
main subsystems: cylinder, inlet and outlet manifold and in-
tercooler, compressor, turbine, and shaft dynamics. Diesel en-
gine simulation models can be classified into three categories:
zero-dimensional (0D) single-zone models, quasi-
dimensional multi-zone models, and multidimensional
models (Chidambaram and Thulasi 2016). 0D single-zone
models assume that the cylinder charge is uniform in compo-
sition and temperature at all times during the cycle (Heywood,
1986). Although this model has the capability of accurately
predicting engine performance, it has a limitation in the pre-
diction of exhaust emissions.

Multidimensional models, such as KIVA (Amsden et al.
1985; Amsden et al. 1987), model the volume of the cylinder
with a fine grid, providing a formidable amount of special
information. However, the results may vary according to the
formulation of initial or boundary conditions, which take a lot
of computation time. As an intermediate step between 0D and
multidimensional models, multi-zone models can be effec-
tively used to model diesel engine combustion systems
(Chidambaram and Thulasi 2016).

The quasi-dimensional models combine some of the ad-
vantages of 0D and multidimensional models. They solve
mass, energy, and species equations but do not explicitly solve
the momentum equation. These models can provide the spatial
information required to predict emission products and require
significantly less computing resources compared to multidi-
mensional models.

Among the multi-zone models, the simplest and most ef-
fective one is the two-zonemodel that splits the cylinder into a
nonburning zone of air and another homogeneous zone where
fuel is continuously supplied from the injector and burned.
According to Ishida et al. (1996), a significant improvement
in the prediction of the in-cylinder phenomena is represented
by the “two-zone” approach, which provides distinct calcula-
tions for the burning and nonburning zones. This combustion
model, unlike the 0D model, allows evaluating gaseous emis-
sions with semi-empirical equations and is used for predicting
the performance and emission characteristics of a convention-
al engine. In particular, the “single-zone” combustion scheme
is not suitable for the evaluation of exhaust emissions because
it does not calculate the flame temperature, whose value is
required by the semi-empirical relations providing NOx and
soot formation and oxidation rates (Altosole et al. 2017).

The formation of nitric oxide is controlled by chemical
kinetics, and as well known, according to the thermal
Zel’dovich mechanism (Zel’dovich 1946), a high combustion
temperature is responsible for an increase of the production of
nitrogen oxides (Raptotasios et al. 2015; Altosole et al. 2017).
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Some authors, such as Raptotasios et al. (2015), approach the
problem of NOx production through the adoption of the ex-
tended Zel’dovich mechanism (Lavoie et al. 1970; Heywood
1988). According to Trodden and Haroutunian (2018), NOx

production is predominantly a function of engine speed (or
residence time) and loading. Zel’dovich (1946) provided a
mechanism to estimate the thermal NO formation. This ap-
proach has a limited number of reactions: It can be challenging
in estimating required oxygen concentration and is relatively
fast for computation.

An interesting approach is the chemical kinetics analysis,
which can accurately model the production of NOx and other
species and can be embedded into a numerical engine model
to provide estimates of emissions under varying loading con-
ditions. The use of chemical kinetic solvers allows the analysis
of how different conditions can influence the speed of reac-
tions and yield details about the mechanism and transition
states of a reaction. Some chemical kinetic solvers have been
formulated, including ChemKin (Reaction Design 2017),
Cantera (Goodwin et al. 2009), and the Kinetic PreProcessor
(Damian et al. 2017).

Tadros et al. (2015) used an engine model of a two-stroke
diesel engine in conjunction with a chemical kinetic routine to
estimate exhaust emissions. The results obtained were validat-
ed through data from real engines. In the simulation performed
by Trodden and Haroutunian (2018), an emission factor was
developed using a numerical engine model coupled with
chemical kinetic computations. The same model, coupled to
a ship’s maneuvering simulator, was then used to compare
NOx formation during maneuvering operations. The results
demonstrated that, duringmaneuvers, the developed simulator
exhibits significant differences in NOx formation, compared to
the commonly used emission factor approaches.

In the study by Tadros et al. (2015), the element potential
method (Kristensen 2012) was used to calculate the chemical
equilibrium of the combustion equation to determine the mole
fraction equilibrium for the combustion products of all species
and then to calculate the NOx and CO2 rates. The results show
a good fitting between the rates of NOx calculated from the
combustion process and those calculated using the emission
factors (Kristensen 2012), as a function of the specific fuel
consumption (SFC). Finally, the NOx emission showed a total
dependence on the maximum temperature of the combustion
process. In the study by Tadros et al. (2016), the CO2 and NOx

emissions were calculated from the equilibrium of the equa-
tion of combustion for different start angles of combus-
tion. In the studies by Tadros et al. (2018) and Vettor
et al. (2018), a fourth-order polynomial regression mod-
el implemented in MATLAB was used to generate an
equation of CO2 and NOx emissions from two four-
stroke marine turbocharged diesel engines.

Another interesting research development found in the lit-
erature is the adaptive neuro-fuzzy inference system (ANFIS)

models, capable of solving nonlinear problems. ANFIS, a hy-
brid intelligent system coupled with a fuzzy logic system with
an artificial neural network, has the advantage of being
adaptable and effective for nonlinear complex problems.
Hosoz et al. (2013) developed an ANFIS model to predict
the performance parameters and exhaust emissions of a diesel
engine, and the results showed a good agreement with exper-
imental data. In the study by Tadros et al. (2020d), the ANFIS
model was recommended to be further used to investigate the
exhaust emissions of engines and to be coupled with other
software for optimization procedures.

Moreover, an optimization tool was adopted tomonitor and
optimize a few engine performance parameters without the
need for tests and experimental measurements (Tadros et al.
2016). Tadros et al. (2019) developed a numerical optimiza-
tion model to simulate the performance of a large four-stroke
marine turbocharged diesel engine in the entire operating
range and to identify optimal values for adjustable
parameters, such as the speed of the turbocharger and start
angle of injection. In another study, Tadros et al. (2020b)
developed an engine optimization model to fit the calculated
in-cylinder pressure diagram to experimental data by finding
the best-fitting values for the start angle of injection and the
amount of injected fuel for different engine loads. The same
methodology can be used for fitting the performance charac-
teristics of numerical models of further engines.

The rest of this paper is structured as follows: In Section 2,
the methods, software adopted, and case study, including ship
and engine data, are described. In Sections 3 to 4, the results of
the engine bench tests and vessel sea trials are presented. In
Section 5, the structure of the model is described. In Section 6,
the results (calibration, validation, and comparisons with ac-
tual data) and discussions are presented. Finally, in Section 7,
conclusions and future developments are presented.

2 Methods

2.1 Adopted Software

The simulation software used is RICARDOWAVE, which is
a state-of-the-art one-dimensional (1D) gas dynamics simula-
tion tool. It is used worldwide in industrial sectors, including
rail, marine, and power generation. WAVE enables perfor-
mance and acoustic analyses to be performed virtually for
any intake, combustion, and exhaust system configuration.
The simulation software solves the 1D form of the Navier–
Stokes equations governing the transfer of mass, momentum,
and energy for compressible gas flows and includes
submodels for combustions and emissions. WAVE contains
advanced combustion models for diesel engines and includes
secondary models specific for the study of engine-out emis-
sions and knocking combustions.
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2.2 Case Study

The software has been used for the construction of a simula-
tion model capable of predicting the performance and emis-
sions of a marine diesel engine (MTU39616VTE74L), for
which measurement at the test bench and experimental mea-
surement, during the ship navigation, are available. The ex-
perimental campaign was performed onboard a catamaran
owned by Caremar, the navigation company between Naples
and nearby islands.

The catamaran features a propulsion system, including two
S71 Kamewa waterjets (SII waterjets, 860 r/min), a displace-
ment of 137 t, and accomodation of up to 354 passengers. The
principal characteristics of the ships (http://www.
naviecapitani.it) are presented in Table 1.

The total power installed onboard is attributed to the two
diesel engines of MTU39616VTE74L.

In the acronyms, “MTU” corresponds to the manufacturer,
“16” indicates the number of cylinders, “V” is the shape,
“396” is the series number and the displacement of one cylin-
der (multiplied by 100), “T” is turbocharger with exhaust gas,
“E” is the type of air cooling, “7” indicates the use of the
engine in maritime application, and “4L” is the serial number.

The turbocharger group consists of a turbine, driven by the
exhaust gases of the engine, and a compressor mounted on the
same axis. The exhaust gases coming from the cylinders are
conveyed to the turbine and, acting on the turbine blades,
move the compressor. The compressor impeller sucks in the
combustion air, compresses it, and sends it to the cylinders.
The main characteristics of the engine are indicated in Table 2.

3 Bench Tests

Bench tests were performed on both engines onboard: the
main surveyed engine parameters are the rotational speed
(r/min), torque (kNm), power (kW), mass flow rate (kg/h),
and SFC (g/kWh). The main results for one of the two diesel
engines are shown in Figures 1 and 2.

As shown in the graphs, at 2000 r/min, on the measurement
bench, a delivered power of 2000 kW was surveyed with an
SFC of 221 g/kWh and a torque of 9.55 kNm.

4 Experimental Campaign

The complex data logging campaign has required a very reli-
able measurement system. The instrumentation was previous-
ly tested in the laboratory (for torque and power). In each
route, considerable information was logged, with a rate of
two samples per second. To supply cross-validation on the
logged values of the torque, four flow meters were used to
measure the fuel supply and return flow from the pumps. The

Table 1 Principal characteristics of the ship

Achernar Data

Hull Catamaran

GT (t) 623.95

Loa (m) 43,7

Breadth (m) 10.9

Draft max (m) 1.64

Main engine 2–MTU16V396TE74L

Engine power (kW) 4000

Max speed (kn) 34

Table 2 Engine data

MTU39616VTE74L Data

Mixture type Spray guided (DI)

Strokes per cycle 4

Number of cylinder 16

Power (kW) 2000

Bore/stroke (mm) 165/185

Total displacement 63.3

Compression ratio 12.3

Mean piston speed (m/s) 12.33

Reference air temperature (°C) 25

Reference pressure (Pa) 1×105

Type of injection Direct

IVO - intake valve opening angle (°) 36 BTDC

IVC - intake valve closing angle (°) 68 ABDC

EVO - exhaust valve opening angle (°) 75 BTDC

EVC- exhaust valve closing angle (°) 28 ATDC

Overlap (°) 64

Valve per cylinder 2 intakes +2 exhaust (4)

SFC (g/kWh) 220 (max 231)

Figure 1 Bench test: power and torque
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comparison between the working point in full scale and the
one drawn from the bench tests of the engines confirmed the
good quality of the data. The ship’s position and speed were
surveyed by a global positioning system (GPS). The displace-
ment of the ship was evaluated by reading the astern and bow
drafts and keeping into account the changes of weight (fuel
and passengers). The overall arrangement of the data logging
system is given in Figure 3. Each run has been characterized
by ship displacement, wind and sea conditions, and ship
conditions.

The data logging campaigns were conducted on the routes
to and from the islands of Procida, Ischia, and Capri. The data
logging system was capable of registering the main

parameters of the propulsion and navigation. In some cases,
an exhaust gas analyzer was used to survey the concentration
of the main pollutants in the exhausts. The main characteris-
tics of the data logging system used for the campaigns are
reported in Table 3. The monitored parameters were torque
on the propeller shaft (kNm), power (kW), rotational speed
(r/min), fuel consumption (cm3/s), and exhaust gas tempera-
ture (°C). The pollutants measured, i.e., HC (ppm), CO
(%vol), CO2 (%vol), and NOx (ppm), were measured together
with the concentration of O2 in the air. Because both vessels
work with low-sulfured fuels, SOx was not recorded (Cooper
2001).

In Figure 4, just as an example of the available data, torque
and power are recorded during an entire route: the left vertical
axis reports power, and the right one torque.

5 Model Structure

The model built within the Ricardo WAVE environment con-
sists of the following elements: engine, cylinders, valves, in-
jector, charge air cooler, turbocharger (turbine, compressor,
and shaft), ducts, and y-junctions.

An overall view of the simulation model is reported in
Figure 4. In the top center area, the engine block is connected
with all the cylinders, which are distributed on two
banks, left and right. Each cylinder features four valves
and a direct injector on the top. A mass flow rate in-
jector element delivers a specified amount of fuel per
unit time, following a user-defined profile. The turbo-
charger group is linked to the ambient (clouds on the
top center), the compressor is linked respectively to the
two intercoolers, and the turbine is connected to the
exhaust gas manifold and with the ambient in exit
(clouds on the down center) (Figure 5).

Each cylinder is connected to the engine with its ignition
order, to the valves, and the injector. The cylinders are then
connected to the turbocharger and intercooler through ducts
characterized by the length and diameter. An example of a
single line is shown in Figure 6, where the cylinder, valves,
injector and inlet, and outlet ducts can be identified.

In the absence of details about the turbocharger (except for
a maximum speed of 60 000 r/min), as a standard procedure in
these cases, turbine and compressor maps were adopted, be-
longing to an engine with the same number of cylinders and
the same V shape but different displacement (50 L instead of
63.3 L). These maps are scaled to fit our engine. The two-zone
Wiebe diesel model was used to capture in more detail the
processes taking place during the combustion phase.

The Wiebe function was used to estimate the mass fraction
burned as a function of piston position and expressed as
(Watson et al., 1980)

Figure 2 Test bench: fuel flow rate and SFC

Figure 3 Layout of the data logging system
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pf 1− 1− 0:75τð Þ2
h i5000� �

þ d f 1− 1− cd3ð Þ1:75
h i5000� �

þ t f 1− 1− ct3τð Þ2:5
h i5000� �

¼ xb; ð1Þ

where xb is the mass fraction burned; pf, df, and tf are the mass
fractions of the premix, diffusion, and tail burn curves, respec-
tively; cd3 and ct3 are the burn duration coefficients for the
diffusion and tail burn curves, respectively; and τ is the burn
duration in degrees calculated according to the following
expression:

θ−θ0
125 RPM

BRPM

� �0:3 ¼ τ ; ð2Þ

where θ is the crank angle, θo is the crank angle as the com-
bustion starts, RPM is the engine speed, and BRPM is the
reference engine speed. Using the first law of thermodynamics
(Heywood 1988), the change in pressure

K−1
V

dQ
dθ

−
KP
V

dV
dθ

¼ dP
dθ

ð3Þ

and in temperature

K−1ð Þ T
PV

dQ
dθ

−P
� �

dV
dθ

¼ dt
dθ

ð4Þ

along the crank angle are calculated by Equations 3 and 4,
where K is the heat specific ratio; V, P, and T are the cylinder
volume, pressure, and temperature, respectively; dV/dθ is the
change in volume; and dQ is the total heat added.

The original Woschni heat transfer submodel considers the
charge as having a uniform heat flow coefficient and velocity
on all surfaces of the cylinder. It calculates the amount of heat
transferred to and from the charge based on these assump-
tions. It is the most commonly used heat transfer submodel
and can be applied to all cylinder elements. TheWoschni heat
transfer coefficient is calculated using the following equation:

0:0128 D−0:20P0:80T−0:53vc0:8C ¼ hg ð5Þ

Table 3 Experimental campaign:
data logging system Parameter Sensor and manufacturer

Torque Extensimetric torque meter Binsfeld Eng.

Engine revolutions Magnetic pick-up

Temperature of air and water (°C) J thermocouples Tersid

T of exhausts (°C) K thermocouples Tersid

Ship speed (knot) DGPS

Ship position DGPS

NOx, HC, CO, CO2, O2 Gas analyzer TecnoTest

Data logger National instruments

Figure 4 Experimental campaign—examples of time histories Figure 5 Simulation model
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whereD is the cylinder bore; P and T are the cylinder pressure
and temperature, respectively; vc the characteristic velocity;
and C is the multiplier.

The characteristic velocity is the sum of the mean
piston speed and an additional combustion-related veloc-
ity, which depends on the difference between the cylin-
der pressure and the pressure that would exist under
motoring conditions.

At each step during the combustion phase, the mole frac-
tions of 11 species were calculated for the unburned and
burned zones based on thermodynamic equilibrium and were
then averaged. When combustion ends, the single-zone
model was used. The NOx emission submodel predicts
the NOx production during combustion and exhaust in
an engine cylinder element. At any instance of the com-
bustion process, a mass flow into the burned zone took
place, associated with the instantaneous fuel-burning
rate and stoichiometry of the incremental burned mass.
The composition of the fresh air introduced into the
engine was needed as an input datum, in terms of the
molar fractions of oxygen, nitrogen, carbon dioxide, and
water. Nitrogen oxide formation was calculated for each
fuel/air package separately taking the local temperature.
The formation of NOX emissions was calculated using
the extended Zeldovich mechanism, taking into account
the two zones of combustion (burned and unburned
zones). The Arrhenius multipliers of the following

chemical reactions in the NOx emission model were cal-
ibrated depending on the data of NOx emissions provid-
ed from the datasheet of the manufacturer.

The NOx model accounts for the “prompt” or “flame
formed” NO, which is due to the over-equilibrium rad-
ical concentration in the flame zone. This quantity was
obtained from a correlation, which gives the ratio of
prompt NO to equilibrium NO as a function of the
equivalence ratio (between the two zones). The overall
burned zone is treated as an open and stratified system,
in which further NOx formation takes place in function
of pressure, temperature, and equivalence ratio of the
burned packet. All the NOx was assumed to be in the
form of NO during the prompt formation phase and
thermal phase described by the Zeldovich mechanism
of the NOx formation.

Oþ N2↔NOþ N
Nþ O2↔NOþ O;
Nþ OH↔NOþ H

ð6Þ

where O, N, and H are the oxygen, nitrogen, and hydrogen
atoms and thermodynamic equilibrium values are used for the
species O2, O, H, andOH. The steady-state assumption is used
for highly reactive N atoms. The concentration of NO versus
time was computed using an open system in which the above
elementary reactions were used with the rate constants report-
ed by Heywood (2018). These rate constants are a function of

Figure 6 Details of a single-cylinder model structure

Figure 7 Calibration of the model: power

Figure 8 Calibration of the model: torque

Figure 9 Calibration of the model: SFC (g/kWh)
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the activation temperature for the reaction, burned zone tem-
perature, and pre-exponential and exponential constants. The
calculation was terminated when the temperature in the
burned zone reaches a low enough level so that the kinetics
become inactive and the total NO no longer increases.

6 Results and Discussion

6.1 Setup and Input to Simulations

Once the model is defined, the second validation step involves
simulations at different r/min of the engine, aimed at verifying
the congruence of the simulated data with respect to those
measured in the experimental campaigns. The basic engine
model is a time-dependent simulation of in-cylinder pro-
cesses, based upon the solution of equations for mass and
energy. The mass equation accounts for the changes of the
in-cylinder mass due to the airflow through valves and to
fuel injection. The energy equation is based on the first law
of thermodynamics and equates the change of internal en-
ergy of in-cylinder gases to the sum of enthalpy fluxes in
and out of the chamber, heat transfer, and piston work.

The simulations were performed while keeping all the
blocks of the model active and, as previously men-
tioned, using the turbine and compressor maps scaled
from a similar engine. Simulations were generally 30 s
long, except those for low revolution speeds, which

were extended to 100 s to absorb any transient of the
model. The ambient pressure was set at 1×105 Pa,
whereas the ambient temperature was set at 305 K ac-
cording to an average value measured in the engine
room during the measurements.

The duration of the injection was set to 22°, the SOI
angle was set to 11° BTDC–, and the SOC was set to
8° BTDC. The fuel/air ratio was set to 0.030. According
to the manufacturer’s instructions, the injector nozzle
diameter was set to 1.1 mm and the spray angle to
152°, which were used to assess the impact area on
the wall. The diameters of the inlet and outlet valves
were taken from engine drawings and were found to be
equal to 75 and 70 mm, respectively. For the lift of the
valves, however, the real diagrams were not available.
Consequently, the 50-L engine’s valves (whose maps
were scaled) were spread on the timing angles of the
MTU engine (see Table 2).

In this model, two-zoneWiebe diesel and originalWoschni
heat transfer were chosen. For the NOx emissions, the
Arrhenius pre-exponent multiplier was 1.5, and the
Arrhenius relationship rate constant multiplier was 1.0.

A modified form of the Chen–Flynn correlation (engine
friction) was used to model the friction in the WAVE engine.
For the scavenging, in this model, a “fully mixed” configura-
tion, where the mass leaving the cylinder is a perfect mixture
of the mass in the cylinder, was chosen.

The model returns the desired engine parameters, in-
cluding torque, power, consumption, pollutant flow
rates, pressures, and temperatures, for each of the select-
ed case studies. These are the minimum conditions re-
quired to get the basic model running. In addition, it is
necessary to have temperatures in several locations in
the exhaust system as they greatly vary and have a
significant effect on the prediction performance.

For these reasons, the model requires a first hypothesis on
the temperatures of the average surface temperature of the
piston top or crown (T piston) and the average surface tem-
perature of the cylinder liner (T cylinder) and head (T head),
which were set at 500 K, 540 K, and 550 K, respectively.

Table 4 Calibration of the model: errors (%)

Engine revolutions (r/min) Power (kW) SFC (g/kWh) Torque (kNm)

2000 1.4 −1.4 1.3

1930 −0.7 0.7 −0.7
1815 −5.9 6.2 −5.9
1590 −7.6 8.1 −7.6
1260 −10.2 11.3 −10.3
600 −19.3 23.1 −19.2
Mean −7.0 8.0 −7.1

Table 5 Steady-state condition
during sea trials: average values Case Engine revolutions

(r/min)
Power
(kW)

SFC
(g/kWh)

NOx

(ppm)
NOx

(g/kWh)
Torque
(kNm)

1 681 51.5 246.7 397.8 9.9 0.7

2 1075 290.0 208.8 776.9 10.0 2.6

3 1400 638.3 206.0 862.4 4.8 4.4

4 1768 1304.3 207.5 925.7 5.3 7.0

5 1865 1524.5 211.6 820.4 6.5 7.8

6 1934 1703.0 215.6 728.5 7.8 8.4
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6.2 Calibration

Figures 7, 8, and 9 show the comparisons between the model
simulation results and test bench data for SFC, power, and
torque, respectively.

Table 4 summarizes the same data in terms of error per-
centages. All the differences are less than 10% in the medium-
high range of engine speeds, so they can be considered as
reasonably good.

The discrepancies increased at the engine’s low loads, but
as an average value, the differences were 7% for the power or
torque and 8% for the consumption. Moreover, the error in the
power delivered affected the specific consumption because
the fuel flow rate is certainly correct as it corresponds to an
input to the model.

6.3 Validation

Time-averaged values obtained during sea trials were used as
input for the stationary simulation model. Starting from the
consumption in g/kWh and from the relative power, the hour-
ly flow rate for each cylinder was obtained.

The flow rate and r/min correspond to the simulation
inputs. The extracted average values are presented in
Table 5. The specific emissions of NOx were obtained,
according to Heywood (2018), as a function of all the
species concentrations, which composed the exhaust gas.

The errors for each case are reported in Table 6. As
evident from the figure, the power, torque, and SFC
from the maximum load of the engine down to approx-
imately 65% have relatively small errors. At low revo-
lutions, the simulation errors increase due to transient
events that the measuring instruments and simulation
were unable to model properly.

As mentioned above, the error increased with de-
creasing engine load, as expected. In particular, the av-
erage errors related to the torque, power, SFOC, and
ppm of NOx are 11.1%, 11.4%, −20%, and 29.2%, re-
spectively. However, if these average errors are evaluat-
ed down to 1400 r/min (approximately 32% of the en-
gine load), these average errors can be reduced to 6.8%,
6.9%, −7.1%, and 8.7%, respectively. These errors, to-
gether with the encouraging trend of the points shown
in the graphs, make it acceptable to consider the behav-
ior and response of the model in the validation. The
simulation results were compared to those of the
steady-state conditions. In particular, the power, con-
sumptions, and emissions of NOx are compared in
Figures 10, 11, 12, and 13.

6.4 Discussion

The results obtained in terms of power, torque, and
consumption are all good when compared with the ex-
perimental tests and the bench tests. As for the

Table 6 Validation of the model:
errors Case Engine load (%) Engine revolutions (r/min) Torque (%) Power (%) SFC (%)

1 2.60 681 20.90 22.30 −61.90
2 14.50 1076 18.40 18.60 −29.80
3 31.90 1400 17.00 17.10 −17.40
4 65.20 1769 6.70 6.80 −7.80
5 76.20 1866 4.20 4.20 −3.50
6 85.10 1934 −0.70 −0.60 +0.40

Figure 10 Validation of the model—power Figure 11 Validation of the model—SFC
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emissions, Figures 12 and 13 show that when the rev-
olutions are reduced, the simulation provides results
lower than those measured. This fact, for the ppm, is
to be linked to errors made in the choice of the typical
temperatures in the cylinders. Conversely, the causes for
the discrepancies in the emissions in g/kWh can be
various: errors in the power estimation performed by
the engine simulation model, errors in the methodology
and assumptions made for calculating the emission
starting from NOx (ppm) measured at sea, and measure-
ment errors of the instrumentation on board not only as
regards the ppm of NOx but also the other pollutants,
which, according to these emissions in g/kWh, were
estimated starting from the whole composition of the
exhaust gas. Considering a revolution of 2000 r/min
and the ship’s construction year (before 2000), the reg-
ulatory limit for the case study is 9.8 g/kWh. If the rare
cases of outlier are excluded, then this emission factor
complies with the measurements and simulations obtain-
ed (see Figure 12).

7 Conclusions

The development of simulation models for combustion en-
gines with the capability of predicting emissions is an impor-
tant target in the maritime sector, considering the commitment
to reduce emissions on local and global scales. This article
presents a simulation model of a four-stroke diesel engine
used in the maritime field. The simulation results were cali-
brated with engine bench tests and validated with experimen-
tal tests at sea. The results obtained under stationary condi-
tions showed a good fit with data from an experimental cam-
paign performed on board, which encouraged us to test the
model in other situations, characterized by transient situations
duringmaneuvers. Further applications will study in-depth the
transient operating phases of the engine operation, the inter-
face between the simulation models, the automatic identifica-
tion system data of vessels on a specific route, and a predictive
emission estimation method based on emission factors as a
function of the type of engine, fuel, and pollutants. Future
developments of the model will include an interface with the
SIMULINK environment to integrate the behavior of ships in
navigation and ports. Finally, further investigations will adopt
the simulation software in search of an equilibrium configu-
ration of a larger number of species in the combustion cham-
ber to evaluate differences in the resolution and quality of the
results obtained. The availability of a reliable numerical pre-
diction can allow assessing and controlling emissions in these
situations, which represent the largest risk on the health of
inhabitants of areas surrounding ports.
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