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Abstract: In this article, the operation of a large two-stroke marine diesel engine including
various cases with turbocharger cut-out was thoroughly investigated by using a modular
zero-dimensional engine model built in MATLAB/Simulink environment. The model was
developed by using as a basis an in-house modular mean value engine model, in which the
existing cylinder block was replaced by a more detailed one that is capable of representing
the scavenging ports-cylinder-exhaust valve processes. Simulation of the engine operation
at steady state conditions was performed and the derived engine performance parameters
were compared with the respective values obtained by the engine shop trials. The
investigation of engine operation under turbocharger cut-out conditions in the region from
10% to 50% load was carried out and the influence of turbocharger cut-out on engine
performance including the in-cylinder parameters was comprehensively studied. The
recommended schedule for the combination of the turbocharger cut-out and blower
activation was discussed for the engine operation under part load conditions. Finally, the
influence of engine operating strategies on the annual fuel savings, CO, emissions



Energies 2015, § 5739

reduction and blower operating hours for a Panamax container ship operating at slow
steaming conditions is presented and discussed.

Keywords: two-stroke marine diesel engine; zero-dimensional model; part load operation;
turbocharger cut-out; blower activation

1. Introduction

During the last years the maritime industry has confronted multiple issues stemming from different
factors, such as the increased bunker prices [1-3], the significant reduction of chartered ship rates [4],
as well as the oversupply of shipping transport capacity [5—7], which have put huge financial pressure
to the shipping companies. Furthermore, the growing concern for suppressing emissions from shipping
along with the recent more stringent international and national regulations for limiting greenhouse and
non-greenhouse emissions [8—10] have set additional challenges. Therefore, ship owners and operators
are forced to adopt measures to lower fuel consumption and the associated costs as well as to reduce
the ship gaseous emissions.

In order to achieve a more efficient and environmentally friendly ship operation, a number of
measures have been proposed and used. These include the introduction of the electronically controlled
versions of marine diesel engines [11,12], in which the engine settings (fuel injection and exhaust
valve opening/closing timings) can be controlled and thus the engine can operate in various modes
with high efficiency and low emission throughout the entire operating envelope, the application of the
exhaust gas bypass, the usage of turbochargers with variable geometry turbines [13,14] and the
installation of waste heat recovery systems employing steam turbine to generate electricity (in some
cases combined with a power turbine) [15—17]. For the existing ships, retrofitting engine packages for
fuel slide valves and cylinder lubricators can be used; the former to improve engine injection and
combustion processes; the latter to optimise the cylinder oil consumption avoiding the negative effects
of overdosing of alkaline cylinder lubrication [18,19]. Apart from the above mentioned engine related
measures, the improvement of vessel hydrodynamic performance (optimum hull form, low resistance
coating and effective hull and propeller interaction, etc.) [20] as well as the introduction of propeller
saving devices [21] can result in potential fuel savings.

However, the majority of the technical measures mentioned above require high investment cost
achieving limited fuel consumption reduction potential. Therefore, operational measures including
hull/propeller maintenance management, voyage planning, trim optimisation and operation of engine at
slow steaming conditions have also been proposed. Slow steaming has been adopted in shipping
industry as a standard operating strategy in order for large containerships to stay profitable in the
competitive market, since it is the most immediate and effective way to lower operational cost
associated with fuel consumption as well as emissions [22,23]. A significant number of ship operators
have even implemented ultra-slow steaming [24] in order to maximize the expected benefits. Even
considering the last year reduction of fuel prices, the vessels’ operational speed is not expected to
increase, since the fuel cost is an important contributor to the shipping company profitability and in
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addition, containerships with reduced design speed have been recently built, whilst retrofits of bulbous
bow have been applied in many containerships to render the ship hull more efficient at lower speeds.

In spite of the substantial reduction of fuel consumption, slow steaming results in less efficient
engine operation and introduces some challenges for the engine systems, as the engine operating at low
loads results in low exhaust gas energy content supplied to the turbocharger turbine, lower
turbocharger speed and compressor air flow. This can lead to increased deposits at the cylinder and
exhaust system components. The low temperatures at combustion result in low wall temperatures
especially in the cylinder liner bottom part, which can induce cold corrosion problems. Therefore,
attention is needed so that slow steaming does not limit the fuel saving potential and cause engine
damage considering that deposits accumulate after a long period of engine slow steaming operation [25].
In this respect, solutions including the increase of engine jacket cooling water temperature and the
temporal engine operation at higher load have been proposed by the engine manufacturers for ensuring
an efficient and reliable engine operation down to 10% load [26]. For the two stroke diesel engines
with two or more turbochargers, turbochargers cut-out, which has already been used by many ship
owners, is a very viable option for further optimising fuel consumption and improving engine part load
operation [27]. However, the turbochargers cut-out and especially, the cut-out of one unit out of two or
two units out of three may substantially increase the engine cylinders maximum pressure when the engine
operates at the low load region, and as a consequence, may cause engine structural issues. Therefore, the
systematic investigation of the engine operation in such cases is quite crucial for understanding the
interactions of the various engine components as well as for obtaining the engine performance.

Due to the marine diesel engine high cost and large size, appropriate simulation tools with varying
degree of complexity have been used for investigating the engine steady-state performance and
transient response as well as for assisting the design process of engine and its systems. The most
commonly used types are the cycle mean value engine models (MVEM) [28-32] and the zero-dimensional
models [33-37]. The former are fast running and need less input, but they require an elaborate setting
up phase in order to predict the engine behaviour with sufficient accuracy. Furthermore, the in-cycle
variation (per degree crank angle) cannot be represented [38,39] and therefore the modelling of
engines with varying settings poses difficulties since parametric response surfaces are needed [40,41].
The latter are more complex and require a greater amount of input data and execution time, but they can
represent the engine working processes more accurately and predict the in-cylinder parameters variation.

Although slow steaming is commonly used in the last years, only limited published works have
investigated this specific engine operating phases [41—43]. Kyrtatos et al. [43] proposed a novel way of
evaluating engine performance by comparing service monitored data and thermodynamic model
predictions, and they carried out a study for predicting a VLCC main engine performance at slow
steaming conditions concluding that a sufficient extrapolation of the compressor map is required in
order to avoid errors in simulation results. Hountalas et al. [42] studied the effect of one turbocharger
unit cut-out (out of two) on the engine performance and it is concluded that retard of fuel injection
could be the solution for reducing the cylinder maximum pressure and the associated NOx emissions.
In [41], a MVEM was used to investigate the engine performance at low load operation considering the
influence of blower activation/deactivation phases and turbocharger cut-out. A reliable method of
extrapolating the compressor map at low speed area was developed and validated. However, it was
found that the BSFC variation cannot be captured using MVEM for engine with varying settings
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including turbocharger cut-out, as the MVEM parameters were calibrated only for normal operation
and the in-cylinder parameters could not be assessed due to the limitation of MVEM approach.

This work focuses on the thorough investigation of a two stroke marine diesel engine with emphasis
at part load operating conditions using a zero-dimensional model, which was developed according to a
modular approach in MATLAB/Simulink computational environment. As an effective technique to
improve engine performance at low loads, turbocharger cut-out is studied in the region from 10% to
50% load. Various options are investigated including cut-out of one or two turbocharger units (out of
three) in combination with blower activation/deactivation. The calculated engine performance
parameters as well as the in-cylinder parameters variation are analysed and the engine behaviour is
explained. Based on the presented results, recommendations are discussed for the required number of
turbochargers cut-out in conjunction with blower activation/deactivation when the investigated engine
operates at slow steaming conditions within the load range from 10% to 50% of the MCR point. In
addition, the annual figures in terms of fuel consumption, CO, emissions and blower operating hours
for a panamax size containership are estimated for various engine operating modes. Based on the
derived results, the benefits and savings of the proposed operating mode are identified and discussed.

2. Modular Engine Model Description
2.1. Model Structure

In this work, a zero-dimensional model implemented in MATLAB/Simulink environment as shown
in Figure la is used for investigating a large two-stroke diesel engine operation. The model was
developed based on the structure of a modular mean value engine model presented previously [39,41].
The difference from the respective MVEM is that the cylinder block shown in Figure 1a includes the
blocks for modelling the cylinder processes, the scavenging ports and exhaust valves. The cylinder
block was developed based on a zero-dimensional approach. The part of cylinder block representing
the cylinder No. 1 including the scavenging ports and the exhaust valve is shown in Figure 1b.

According to the modular modelling structure, the engine components are modelled by using
individual blocks capable of representing the involved processes. Connections between the adjacent
blocks are used for exchanging the required parameters. Flow receiver elements (or as otherwise called
control volumes according to [44,45]) are used for modelling the engine cylinders, scavenging receiver
and exhaust gas receiver. The scavenging ports, exhaust valves as well as the turbocharger compressor
and turbine are considered as flow elements. For modelling the engine boundaries, the concept of fixed
parameter blocks is used, in which the working medium state as described by the temperature, pressure
and equivalence ratio remains unchanged. Shaft elements are employed to represent the engine
crankshaft and turbocharger shafts. The proportional-integral (PI) controller block combined with
sub-blocks representing the engine fuel rack limiters is used to model the engine governor. The
propeller block is used for representing the ship propeller behaviour. The working medium is assumed
to be homogeneous and its properties are calculated considering the corresponding temperature,
equivalence ratio and pressure.
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Figure 1. (a) Zero-dimensional two-stroke engine model implemented in
MATLAB/Simulink environment; (b) Cylinder No. 1 block along with each scavenging

ports and exhaust valves blocks.

The input required for the flow element blocks is taken from the adjacent flow receiver or constant
parameter blocks and include the parameters characterising the working medium state (temperature,
pressure, composition) and the thermodynamic properties. The mass and energy flows through the
flow elements are calculated and provided to the adjacent flow receiver blocks. The absorbed
compressor torque and produced turbine torque are additionally calculated in the compressor and
turbine elements, respectively, and they subsequently fed to the turbocharger shaft element, which
calculates the turbocharger speed. This, in turn, is provided to the turbine and compressor blocks. The
crankshaft block calculates the engine and propeller rotational speeds. The engine rotational speed is
forwarded to the engine cylinder and governor blocks. The propeller block uses as input the propeller
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speed and calculates the propeller absorbed torque. The engine crank angle is calculated by integrating
the rotational speed and provided as input to engine cylinder block. For solving the used differential
equations, an Euler integration scheme was used along with a fixed time step corresponding to
approximately 0.5° crank angle.

2.2. Governing Equations
2.2.1. Cylinder

The engine cylinders are modelled using the open or closed thermodynamic system consideration
depending on their operating phase. One zone model is considered for the closed cycle and the exhaust
gas blowdown period (from EVC to SPO), whereas a two zone model is employed for modelling the
scavenging process (from SPO to EVC). Each zone is considered to be uniform and the working
medium (air or exhaust gas) is regarded as ideal gas that characterized by its pressure, temperature and
equivalence ratio. For the calculation of the cylinder working fluid thermodynamic parameters, the
mass and energy conservation laws as well as the ideal gas state equation in the control volume that
encloses the cylinder are used [44—46]. The one zone model employs three differential equations for
calculating the temperature, the mass and burnt fuel fraction along with the ideal gas equation for
calculating the pressure and algebraic equations for estimating the working fluid properties.

By applying the energy conservation and the ideal gas state equation assuming that the system can
be characterized by using the temperature, pressure and equivalence ratio, the following equation is
derived for calculating the cylinder gas temperature time derivative [44]:

B_auw_pauﬁlafewgdm_ldq
daT _ Oopdt DOp\ROp dt mdt V dt
dt ou C pou

oT DT ép

where:
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The above equation is able to consider the dissociation effects occurring at high pressures and
temperatures during the combustion phase. The mass time derivative used in Equation (1) is calculated
by applying the mass balance equation, whereas the engine cylinders volume derivative is derived by
using the engine kinematic mechanism particulars and the cylinder clearance volume [44]. The
working medium properties are calculated as functions of temperature, equivalence ratio and pressure
as proposed in [45,47].

The burnt fuel fraction (&) is defined by the ratio of burnt fuel mass to the total mass. By
differentiating the burnt fuel fraction definition equation, the following equation is derived for the

burnt fuel fraction time derivative:
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The fuel/air equivalence ratio and its time derivative, used in Equation (1), are calculated by using
the burnt fuel fraction and its time derivative, according to the following equations [44]:

__ ¢
Y Fas(1-¢) 3)

do _ 1 ¢
dt  FAs(1-&) dt 4)

For calculating the fuel burning rate used in Equations (1) and (2), the Woschni-Anisits combustion
model [46] was used for describing the combustion process. This model employs the single Vibe
approach with the model constants that depend on the engine operating conditions and it can provide
adequate accuracy for single fuel combustion [46]. According to that, the fuel burning rate is
calculated using the following equation:

dmy _ v () [9 — 0, j’” e[“(%] ] .

dt SN’ AO

where my,, is the mass of fuel injected per cylinder per cycle, 46 is the combustion duration, Osoc is the
start of combustion and a, m are the combustion model parameters.
The start of combustion can be calculated by using the start of injection and the ignition delay
as follows:
Osoc = Ogo; + A0y (6)

The ignition delay for Diesel engine is estimated by using the following Sitkey equation [46]:

7800 7800

AGIGD — 6N10—3 k] +kze<»9lo7kr (1.0197p—0.7)+k3eé91671er (10197p718) (7)

For calculating the start of combustion, the following equation is used [44]:

J‘QWAH,GD do 1

oAby (1) ®)
A constant value can be usually assumed for the combustion model parameter a, whereas the

parameter m and the combustion duration 46 depend on the engine speed and the air-fuel equivalence

ratio according to the following equations:

ﬂ,o ky N ky
AH:A@U[TJ [Noj 9)
m=m A01GD.0 - [&)h (PV/T)EVC
o A01(}D N (pV/T)EVC,o (10)

where o denotes a reference point. It must be noted that the term (pV/T)gyc 1s proportional to the
working medium mass trapped within the cylinder at the EVC point.

Typical values for the constants used in Equations (9) and (10) are provided in [46] for various
diesel engine types including large diesel engines.
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The Woschni model [48] was used for calculating the cylinder gas to wall heat transfer coefficient,
according to the following equation:
hl-yl — kD—O,ZpO.ST—O.55W0.8 (1 1)
where ., is the heat transfer coefficient, k& is the model constant, D is the cylinder bore, p is the
cylinder gas pressure, T is the cylinder gas temperature and w is a representative cylinder gas velocity.
Constant temperature at cylinder walls was assumed in this work.

The heat rate transferred from the cylinder gas to the cylinder walls is calculated by using the
following equation:

Q.:hlyl;Ai(Tg_Ti) (12)

where j denotes piston, cylinder head, liner and exhaust valve, respectively.

For calculating the engine friction losses, an equation providing the engine friction mean effective
pressure as a function of the cylinder maximum pressure and the average piston speed was used [49].
Subsequently, the cylinder torque due to friction is estimated by using friction mean effective pressure.
The instantaneous cylinder torque is calculated by using the gross cylinder torque (calculated by using
the cylinder indicated work) and cylinder torque due to friction. The cylinder torque is supplied in the
crankshaft element, where it is used for calculating the crankshaft rotational speed.

In the two stroke marine engines, the scavenging process takes place from the opening of
scavenging port (SPO) till the closing of exhaust valve (EVC). Therefore, two enabled subsystems in
MATLAB/Simulink were developed and used: one for calculating the scavenging process, and the
other for computing the rest cylinder working processes including compression, combustion,
expansion and exhaust gas blowdown. The scavenging port and exhaust valve opening/closing timing
is used for determining which enabled subsystem must be employed each time step.

The scavenging process is quite significant for the simulation of a two-stroke diesel engine
considering that it accounts for a long period in the open cycle and it affects the trapped mass of the
charge as well as its temperature. As a compromise between pure displacement and perfect mixing, a
two-zone scavenging model is employed for the scavenging process simulation in this study [50]. The
cylinder is divided into a fresh air zone and a residual gas zone. The mass flow rate of the fresh
scavenging air entering to the residual gas zone is calculated according to the following equation by
introducing the mixing factor k.,:

le stcama (13)

where s, is the air mass flow rate entering the cylinder through scavenging port.

The mixing factor k.., which affects the cylinder temperature and gas composition at the end of
open cycle (start of closed cycle), is calibrated at each load point. For deriving the required equations
to model the scavenging process, the mass and energy conservation are considered in each one of the
two zones, respectively. The burnt fuel fraction time derivative in residual gas zone is calculated using
Equation (2) considering both (&), and dm, /dt are zero, since zone 1 contains only fresh air and
combustion does not take place. Equation (1) simplified accordingly to exclude the terms related to
dissociation effects and combustion, was used to derive temperatures of zones 1 and 2. The required
initial values were estimated by using the scavenging receiver temperature and the cylinder
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temperature before the start of the scavenging process (at SPO point) taken from the one zone enabled
subsystem, respectively.

The mean temperature of the two zones, which is calculated by taking into account each zone
temperature and the respective specific heat at constant volume, provides the initial value for the
calculation of the temperature of one zone enabled subsystem at the next cycle. The cylinder pressure
time derivative during the scavenging process was calculated according to the following equation that
was derived by using the energy balance and the ideal gas law of each zone taking into account that the
sum of each zone volume equals to the total cylinder volume and neglecting the effects of dissociation,
(i.e., the values of ou/Op and OR/Op are considered to be equal to zero):

22: Ou, de, Lﬂ 1 dR | dV
dp ,:l,chiaq)dt mtht dr

dt

=p (14)
V,/y

i
i=

where:

1 . . dm,
Bj = ;[; me + Z/ mi,jhf,j —U; 7]

i

where i denotes the zones and j denotes the flows entering/exiting each zone.
The mass balance applied in each zone in conjunction with Equation (13) provides the following
equations that are used for the calculation of each zone mass:

dm
= A=k, (15)
dm
dt k?(zzma m (16)

where 1, is the exhaust gas mass flow rate exiting through the cylinder exhaust valve.

In total, the two zone scavenging model employs six differential equations (Equation (1)
appropriately simplified for each zone, mass balance for each zone (i.e., Equations (15) and (16)),
Equation (2) for zone 2 and Equation (14)) in conjunction with the algebraic equations for calculating
the working medium properties.

All cylinders of the diesel engine are regarded as identical. Therefore, the only parameter that
differs in each cylinder is the phase angle. If malfunction or degradation of the engine cylinders is
considered, the combustion and heat transfer as well as scavenging model parameters of the
corresponding cylinder can be changed. The torque and inertia of each cylinder are summed up and
provided as input parameters for the calculation of engine crankshaft rotational speed.

2.2.2. Scavenging Ports/Exhaust Valve

A quasi-steady one dimensional compressible flow consideration for orifices was adopted to
calculate the mass flow rates through the scavenging ports and exhaust valves [44]. The valve/port
elements use the instantaneous values for the valve/port equivalent area (derived by using the
discharge coefficient and the geometric area) along with the pressure, temperature and properties of the
working medium contained in the adjacent receivers. The valve/port mass flow rate is calculated as a
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function of the equivalence area, the pressure ratio and the properties of the working medium. The
mass and energy flow rates are provided to the adjacent elements i.e., the scavenging receiver and the
cylinders for the scavenging ports; the cylinders and exhaust receiver for the exhaust valve.

2.2.3. Engine Receivers

The open thermodynamic system concept is also used for modelling the engine receivers. The mass
conservation is applied for calculating the working medium mass in the receivers, whereas the
temperature is derived by applying the energy balance according to Equation (1). As the effects of
dissociation are neglected and the receiver volumes are constant, the terms ou/Op and dV/dt used in
Equation (1) are considered to be zero. Additionally, only fresh air is assumed to be contained in the
scavenging receiver so that the term dp/dt is ignored, whereas the equivalence ratio and its derivative
are taken into account for the respective calculations in the exhaust gas receiver. The receiver pressure
is subsequently found by using the ideal gas law. No heat transfer was taken into account for the
engine scavenging receiver, whereas the heat transferred from the exhaust gas to the ambient was
calculated by considering the total heat transfer coefficient, the heat transfer area and the temperature
difference.

2.2.4. Turbocharging System Components

The turbocharger compressor was modelled by using the non-dimensional parameters approach
developed in the authors’ previous work [41] that can accurately represent the compressor performance
in the entire operating region including low speeds. The steps of the extension method taken from [41]
are summarised below:

*  Divide the compressor map into zones depending on the available constant speed curves.

» Digitize the provided compressor performance map.

*  (Calculate the non-dimensional parameters for the digitised compressor operating points.

*  Derive the values of the parameters for each zone using curve fitting techniques.

* Derive the equations interrelating the actual maximum compressor efficiency with speed and
the non-corrected maximum compressor efficiency with speed using curve fitting techniques.

*  Provide all the above parameters as input to the compressor model.

*  Calculate the corrected speed and identify the respective compressor map zone.

*  (Calculate the non-dimensional parameters.

*  (Calculate the non-dimensional flow coefficient for the respective zone.

*  Derive the compressor volumetric flow rate.

+  Calculate the non-dimensional torque coefficient for the respective zone.

» Calculate the compressor torque.

»  Calculate the non-corrected compressor isentropic efficiency.

*  Derive the corrected compressor isentropic efficiency.

The compressor block uses as input the turbocharger rotational speed (taken from the turbocharger
shaft element) and compressor pressure ratio (estimated using the pressures of the adjacent blocks, the
air cooler pressure drop, the air filter pressure drop and the blower pressure increase) and calculates the
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compressor efficiency and air mass flow. Subsequently, the rest compressor parameters including the
compressor outlet temperature, the compressor torque and power are calculated.

The turbine block requires as input the digitised maps of the turbine efficiency and swallowing
capacity. By using the pressure, temperature and properties of the turbine adjacent elements as well as
the provided maps, the turbine efficiency and mass flow are calculated and subsequently used for the
calculation of turbine torque, power and outlet temperature.

The pressure increase of each electric driven blower is considered to be polynomial function of each
volumetric flow. The air temperature at the blower outlet is derived by considering the air temperature
at the blower inlet, the pressure ratio as well as the blower efficiency by using the equation defining
the blower isentropic efficiency [45].

The air cooler is modelled within the compressor block. The air cooler effectiveness is calculated by
considering a quadratic function of air mass flow. The air temperature at the air cooler outlet is derived
by using the air cooler effectiveness, the cooler water inlet temperature and the air temperature at the
compressor outlet [45].

2.2.5. Shaft Elements

The shaft elements (crankshaft, turbocharger shaft) use the following angular momentum
conservation equation to calculate their rotational speed:

dv 3030

T (17

where X0 is the sum of torques provided in the shaft element and / is the total inertia.

For the crankshaft element, the crank angle (at each time step) is derived by integrating the
rotational speed and providing the initial crank angle value. The crank angle of each cylinder is
calculated by using the respective phase angle.

2.2.6. Governor Element

A proportional-integral (PI) controller law is used for calculating the engine fuel rack position.
Appropriate limiters are used to protect the engine during fast transient runs as proposed by the engine
manufacturers.

2.2.7. Model Set up and Parameters Calibration

The steps required to set up a model for a given engine are as follows:

*  Select the component blocks which sufficiently represent the engine layout from the models
library.

*  Connect the component blocks with the required connections.

* Insert the input data in all the blocks.

*  Preliminary calibration of the model constants for a reference point and carrying out simulation
runs.

*  Fine tuning the model constants to obtain the required accuracy.
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The following input data are needed to set up the model: the engine geometric data, the exhaust
valve and scavenging port profiles, the steady state compressor and turbine performance maps, the
constants of engine submodels (combustion and scavenging), the propeller loading and the ambient
conditions. For integrating the time derivatives used in the model, initial values are also required for
the following variables: the engine/propeller and turbocharger speeds, the temperature and pressure of
the working medium contained in the engine cylinders and receivers as well as the gas composition for
cylinders and exhaust receiver. When changing between the used subsystems (from the one-zone
subsystem to the two-zones subsystem and vice versa), the required initial conditions were taken from
the last time step of the previously enabled system.

3. Results and Discussion
3.1. Validation of Zero-Dimensional Model

The operation of the MAN B&W 7K98MC two-stroke marine diesel engine was investigated using
the described modular zero-dimensional engine model built in MATLAB/Simulink environment. The
engine employs a constant pressure turbocharging system by using three turbocharger units connected
in parallel to supply air to the engine scavenging receiver. The compressed air exiting the turbocharger
compressors is forwarded to the air cooler units (one air cooler is installed downstream each
compressor), which reduce the air temperature in order to increase its density. When the engine
operates at low loads (lower than 40%), the turbocharger speed is too low and thus, the required air for
the engine cylinders cannot be covered. Therefore, blowers driven by electric motors are used for
providing the required air to the engine cylinders at the engine low load operating region. The blowers
are connected between the air cooler and the scavenging receiver and are activated for low scavenging
receiver pressure (typically less than 1.55 bar), whereas they are deactivated when scavenging receiver
pressure exceeds 1.7 bar [51]. The engine details and the required input data were mainly extracted
from the engine project guide [51], whilst the engine shop trial measurements were used for providing
the data set used for the model validation. Table 1 contains the main engine parameters. The engine
three turbocharger units as well as the installed air coolers and blowers were considered to have
identical performance. The start of injection timing was estimated by using the engine variable
injection timing (VIT) schedule. The engine was considered to operate on the propeller curve passing
through the MCR point.

Table 1. MAN B&W 7K98MC engine parameters.

Bore 980 mm
Stroke 2660 mm
Number of cylinders 7
Brake power at MCR 40,100 kW
Engine speed at MCR 94 r/min
BMEP at MCR 18.2 bar

Turbocharger units 3
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The combustion model was calibrated at 75% engine load, which was considered to be the reference
point, in order to capture the cylinder combustion performance in the entire engine operating region
(high and low loads). The required heat release rates were calculated by using the measured cylinder
pressure diagrams. Based on this information, the parameters a, m and 46 of Equation (5) were
estimated for 75% engine load by using an optimisation algorithm considering an objective function
with parameters the engine maximum pressure and brake specific fuel consumption. Subsequently,
considering the pressure diagrams at other engine loads, the constants k; and 4, used in Equations (9)
and (10) were tuned to capture the combustion behaviour at the entire engine operating range. The
actual (derived from measured pressure diagrams) and the calculated heat release rates at various
engine loads are shown in Figure 2. As can be seen from Figure 2, the agreement between the model
prediction and the measured values at 100% and 25% loads is considered acceptable for a single Vibe
combustion model, as a compromise between the two extreme load points was achieved. Indeed, a
lower value for the parameter m seems to be beneficial for improving the heat release rate shape at
100% load, however, it could make combustion prediction even worse at 25% load. Moreover, as it
can be inferred from Figures 3 and 4, there is already a satisfactory agreement with the maximum
cylinder pressure for the investigated engine loads.
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0.12 0.12 ‘
—Predicted —Predicted —Predicted
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Figure 2. Heat release rates at various engine loads.

To enable the use of the model for investigating the engine operation with turbocharger cut-out, its
ability to predict engine performance under normal engine operating conditions first needs to be
examined. Therefore, the model was initially validated against the experimental data obtained from
engine shop tests. The engine operation under steady state conditions at 25%, 50%, 75% and 100% of
the MCR point was simulated. The obtained percentage error between the predicted engine
performance parameters and the corresponding engine shop trial data are provided in Table 2.
Acceptable accuracy is obtained for the entire engine operating region including 25% load, where the
compressor operating point lays below the provided compressor map area. This shows that the used
modelling approach, which includes the extrapolation of the compressor map towards the lowest speed
area along with the blower and turbocharging system components models, is regarded as effective. It is
deduced that the engine zero-dimensional model can provide adequate accuracy and therefore, it can
be considered a reliable tool to simulate the examined engine operation cases presented below.
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Figure 4. In-cylinder pressure and temperature variations at various loads.
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Table 2. Steady state simulation results, comparison with shop trials data.

Engine Load (% MCR) 100 5 30 25
Error (%)

Brake power —1.02 —1.01 -0.99 -0.92
BSFC 0.16 0.55 —0.08 0.18
Maximum cylinder pressure 0.71 0.07 —1.46 —-0.59
Cylinder compression pressure 0.81 —0.23 —0.86 -1.16
Turbocharger speed 0.03 -0.41 -1.47 —4.52
Scavenging air receiver pressure 1.39 0.40 —-0.89 -0.54
Exhaust gas receiver pressure —-0.20 —2.23 —4.11 -3.13
Scavenging air receiver temperature -0.72 -0.39 -0.45 -0.24
Exhaust gas receiver temperature 0.46 0.48 1.08 —-0.37
Exhaust gas temperature after turbocharger 2.52 —1.18 -0.99 -3.25

After the validation of the model, the engine operation at steady state conditions was investigated
covering the entire load region from 10% to 100%. The activation of the electric driven blowers is
induced for engine loads below 40% of the engine MCR, where the scavenging pressure becomes
lower than 1.55 bar. The model predictions for a set of engine performance parameters including the
receivers pressures and temperatures, the temperature of the exhaust gas exiting the turbine, the
turbocharger speed, the brake specific fuel consumption (corrected at ISO conditions), the air to fuel
ratio (total and at combustion), as well as the cylinder compression and maximum pressure are
presented in Figure 3. The available engine recorded parameters for the engine loads 25%, 50%, 75%
and 100% of MCR are also included in Figure 3. It is observed that the minimum brake specific fuel
consumption is obtained at 85% load, at which the variable injection timing is the most advanced
leading to almost the same maximum cylinder pressure level as 100% load.

Discontinuities in the engine performance parameters variations between 35% and 40% load can be
observed, which are attributed to the engine blowers activation. Thus, a greater air amount enters the
engine cylinders and therefore, the total and combustion air to fuel ratio values increase, whereas the
temperatures of exhaust gas at turbine inlet (exhaust gas receiver temperature) and outlet become
lower than the corresponding values at 40% load, where the blowers are switched off. The blower
activation results in greater energy content provided to the turbine, which causes an increase in the
turbocharger speed and scavenging receiver pressure in comparison with the respective values without
blower activation (not shown in Figure 3).

This, in turn, increases the cylinder compression pressure and maximum pressure, thus, reducing
the engine BSFC compared to the case without blower activation. Moreover, the blower compression
process leads to an approximately 5 K increase of the temperature of the air contained in the
scavenging receiver for loads lower than 35% (in comparison with the respective temperature value at
40% load). In the load range from 35% to 25% of MCR, the turbocharger compressor operates at lower
speed delivering less air flow rate and as a result, the exhaust receiver temperature marginally
increases.

At engine loads 20% and lower, the exhaust receiver temperature decreases, since the injected fuel is
more drastically reduced in comparison to the engine air flow (due to the turbocharger speed drop),
and as a consequence, both the total and combustion air to fuel ratio values become greater.
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The in-cylinder parameters versus crank angle are presented in Figure 4 showing a sufficient
prediction accuracy of the maximum pressure and the compression pressure. As the engine load
reduces, there is a reduction in the cylinder temperature during the open cycle. On the other hand, the
maximum average cylinder temperature increases; at 75% load due to the earlier start of injection,
whereas at 50% load due to the less trapped air amount, as it is inferred from the lower value of the air
to fuel ratio at combustion. When the blowers are activated (below 40% load), the air to fuel ratio
significantly increases leading to the reduction of the maximum cylinder temperature.

The scavenging process calculation used in this work is based on a two-zone model as explained in
the previous sections. The results for the cylinder scavenging parameters variation during the exhaust
gas blowdown and scavenging periods (from the opening of exhaust valve to the closing of exhaust
valve) at 75% load are presented in Figure 5.
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Figure 5. Scavenging model results for engine operation at 75% load.

The cylinder exhaust gas mass and temperature quickly reduce after the opening of the exhaust
valve as the exhaust gas exits the cylinder. After the scavenging port opening (SPO), air enters into the
cylinder and therefore, the air zone is created and grows. Since a part of the air passes from the air
zone to the mixing zone, the mass of the latter increases after SPO and takes the maximum value at
around 10 °CA after BDC. Afterwards, there is a reduction in the mixing zone mass as more exhaust
gas exits the cylinder (entering the exhaust receiver). After the scavenging port closing (SPC) point,
the exhaust gas continues exiting the cylinder and therefore, the trapped mass, which contains an
amount of residual gas, is gradually reduced till the exhaust valve closing (EVC) point.

3.2. Engine Operation Investigation with Turbocharger Cut-Out

This section investigates the influence of turbocharger cut-out on the engine performance as well as
the various alternatives for operating the engine at part loads down to 10% load, which imposes great
challenges due to the significant change of the available exhaust gas flow area. Comparisons of the
engine performance parameters predictions under normal operation with the respective ones obtained
when using turbocharger cut-out for engine loads below 50% are presented in Figure 6.
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Figure

for operation with 1 TC cut-out; at 10% load for operation with 2 TCs cut-out).

The adoption of one turbocharger unit cut-out (out of three) caused a substantial rise of the

turbocharger speed and as a result, the increase of the scavenging receiver pressure. In this respect,

greater total engine air flow is obtained as it is deduced by the engine total air to fuel ratio values,

which are greater than the ones of normal engine operation in the region from 40% to 50% (where the

blowers are switched off) and almost the same with the ones of the normal engine operation for the
region within 25% to 35% load (where the blowers are switched on). In addition, more air amount

remains into the engine cylinders as it is observed by considering the combustion air to fuel ratio

values, which increase in the load region from 25% to 50% of MCR. The increased scavenging
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receiver pressure results in the rise of the cylinder compression and maximum pressures and the
consequential reduction of BSFC.

Due to the higher amount of air delivered by the compressor and trapped into the engine cylinders,
the turbocharger cut-out decreases the exhaust receiver temperature and therefore, it lowers the thermal
loading for engine load from 40% to 50%. It is also observed that the values of the total air to fuel ratio
gradually reduced in the load range from 35% to 25% load with one turbocharger cut-out and it is
estimated that the total air to fuel ratio will become lower than the respective one at normal operation
below 25% load for the case where the engine operates without blower activation. This will result in a
significant rise of exhaust receiver temperature imposing greater thermal loading to the engine
components. Thus, it is inferred that the two operating turbochargers cannot provide adequate air
amount to the engine cylinders. In consequence, the following solutions need to be considered for the
engine operation below 25% load: either the switch on of the electric driven blowers or the cut-out of
the second turbocharger unit. Both cases are also presented in Figure 6.

For the engine operation with one turbocharger cut-out at loads below 25%, the blower activation
provides more air amount, increases the trapped air within cylinder (as can been inferred by the values
of air to fuel ratio at combustion), and subsequently improves the engine BSFC. For operating the
engine with two turbochargers cut-out, the increase of the turbocharger speed and the scavenging
receiver pressure as well as the respective rise of the cylinder compression and maximum pressures are
more noticeable resulting in an improvement of BSFC at 20% load comparing with the normal engine
operation case.

The total air to fuel ratio value is comparable with the values observed for the normal operating
cases, however, the air to fuel ratio at combustion is higher, which means that the trapped air amount is
greater. Since two blowers should be activated at this operating point where one turbocharger is cut-
out, the electrical energy required by them should also be taken into consideration for selecting the best
alternative. Besides that, the engine is commonly not recommended to operate with blower activation
for a long period. Therefore, it is deduced that two turbochargers cut-out (out of three) without blower
activation is superior to one turbocharger cut-out with blower activation at 20% load.

The cylinder pressure differences (scavenging receiver pressure minus cylinder pressure, cylinder
pressure minus exhaust receiver pressure and scavenging receiver pressure minus exhaust receiver
pressure) for engine operation at 20%, 15% and 10% loads and for the three investigated cases
(without turbocharger cut-out and activated blowers, with one turbocharger cut-out and with two
turbochargers cut-out) are shown in Figure 7. The total engine air mass flow and the cylinders trapped
air mass depend on the pressure differences, the scavenging ports and exhaust valve effective areas as
well as the scavenging receiver air density (which mainly depends on the scavenging receiver
pressure). Therefore, both parameters are affected by the number of turbochargers cut-out and the
blowers activation. The cylinder pressure difference reduces as the number of cut-out turbochargers
increases, since the total turbine geometric area reduces (this effect is equivalent as closing a variable
geometry turbine area). However, this increases the scavenging receiver pressure and as a result, the
air density; therefore the effect in the total engine air flow is limited and it is also affected by the
blowers activation, as it can be inferred by the values of the total air to fuel ratio shown in Figure 6. On
the other hand, the influence of the turbocharger cut-out on the cylinders air trapped amount is quite
evident as it is deduced by the increased values of air to fuel ratio at combustion (Figure 6).
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The cylinder pressure difference decreases as the engine load reduces, as shown in Figure 7, and it
will become negative even when two turbochargers are cut-out in case where the blowers are kept
deactivated below 15% load. For the two-stroke engines, the negative value of the cylinder pressure
difference is not allowed as only the positive value ensures that fresh air will continue entering the
engine cylinders; otherwise the engine cannot operate. In addition, the scavenging receiver pressure
also drops below 1.55 bar, which is the blower activation pressure limit set by the engine
manufacturer. Therefore, the blowers must be activated to supply the required air amount at such low
engine loads (in the region of 10% load).

As can be seen from Figure 7, the cylinder pressure difference with one or two turbochargers cut-
out and with the assistance of blower activation reaches the respective values observed for the normal
operation. At 20% and 15% loads, there is a clear drop of the cylinder pressure difference with two
turbochargers cut-out in comparison to its counterparts for the cases of the engine normal operation
and the operation with one turbocharger cut-out and blower activation. That leads to less air amount
into the cylinder in the scavenging process and the consequential higher cylinder temperature in the
open cycle as shown in Figure 8 for all the examined cases of engine operation. At 10% load, the in-
cylinder temperature variations at open cycle are comparable with each other, since the blowers are
activated and they supply the required fresh air. The in-cylinder temperature in the closed cycle
becomes lower as two turbochargers are cut-out due to the fact that more air is trapped within the
cylinder at the end of the compression process, as it is also inferred from the comparison of the air to

fuel ratio at combustion shown in Figure 6.
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Figure 7. Cylinder pressure difference at different conditions.
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Figure 8. Cylinder temperature at different conditions.

Based on the above investigation, the proposed engine part load operation schedule is as follows:

*  From 50% to 25% load, one turbocharger cut-out without blower activation.
*  From 20% to 15% load, two turbochargers cut-out without blower activation.
* In the region of 10% load, two turbochargers cut-out with blower activation.

According to [52], the investigated engine is generally used as the main propulsion engine in
panamax type container vessels with capacity in the range of 4500 TEU. As it is reported in [53], the
ship speed profile of this ship type has been varied from 2009 to 2012 towards lower ship speeds. The
respective average ship speed value was changed from 22 knots at 2009 to around 14 knots at 2012.
Considering that the engine power and ship speed in containerships is approximately in accordance to
a power law with exponent values from 3.5 to 4.5 [54], the engine operating profile shown in Figure 9
was estimated and used for the calculation presented below. Based on this Figure, it is deduced that the
ship main engine usually operates at loads lower than 50%, and as a result, increasing the engine
efficiency at the low load region is crucial for reducing the ship operating cost.
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Figure 9. Engine operating profile of panamax vessels in 2012.

In order to analyse the fuel saving and CO, emissions reduction potential, the fuel consumption
during the ship annual operation was calculated for the following three cases: (a) the engine normal
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operation; (b) the engine operation with one turbocharger cut-out at loads lower than 50%; and (c) the
proposed herein engine part load operation schedule. In addition, the annual CO, emissions amount
was estimated by using the CO, emission factor (3.114 kg CO,/kg HFO) as proposed by IMO [55]. For
the calculation presented below, it was assumed that the ship sails around 5900 h per year, which were
estimated by excluding 10% and 25% of the total annual time for ship maintenance and port staying,
respectively. The annual engine operating hours at each load were calculated by using the operating
profile shown in Figure 9, whereas the engine brake specific fuel consumption was taken as function of
the load and the operating mode from the data presented in Figure 6. The annual fuel consumption was
calculated by using the following equation:

“~\ 100 5oy,

HFO

FC,=H, Z(EBSFC Mo 1%,,} (18)

where H, is the engine annual operating hours, POT is the percentage of operating time at a specific load,
BSFCiso 1s the engine ISO corrected brake specific fuel consumption at this load, Py is the engine brake
power at this load, and i denotes the various engine loads according to the considered engine operating
profile.

The calculation results for each operating strategy are presented in Figure 10. It must be noted that
three blowers simultaneous operate under normal engine operating conditions; two blower units
operate when one turbocharger unit is cut-out, whereas only one blower operates according the
schedule recommended in this work. Since the same engine load profile was used in all the
investigated cases, fuel savings are expected when the engine operates with one or two turbochargers
cut-out due to the lower obtained engine BSFC as shown in Figure 6. Indeed, as it can be inferred from
Figure 10, the engine operation with turbocharger cut-out can save annually up to 250 tonnes of fuel
and reduce the CO, emissions by 760 tonnes per year, which corresponds to approximately 2% fuel
and CO; emissions reduction compared with the normal operating mode.
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Figure 10. Calculated annual fuel consumption (left) and CO, emissions (right).

It seems that the engine operation with one turbocharger cut-out and the proposed engine operation
strategy can achieve a similar improvement in terms of the total fuel consumption and CO, emissions.
However, the annual blowers operating time (per blower unit) is substantially reduced when the
proposed turbocharger cut-out schedule is used as shown in Figure 11. This is expected to have a
positive influence both to the maintenance cost and the electrical energy cost, as the electrical energy
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consumption needed for the operating blowers is very small for the case of the proposed turbocharger

cut-out schedule due to the blowers limited operating hours.
600000 [ == === === === m e e e

Blowers operating time (h/year)
s
2
=
T

Normal operation 1 TC cut-out Proposed engine
operation

Figure 11. Annual blowers operating time (per operating unit); Normal operation: three
blowers operate; Operation with 1 TC cut-out: two blowers operate; Proposed engine
operation: one blower operates.

4. Conclusions

The study of two stroke marine diesel engine operation was carried out at steady state conditions
focusing on part loads using a modular zero-dimensional model implemented in the
MATLAB/Simulink environment. The main conclusions drawn from the present investigation are
summarized as follows.

The developed modular engine model is a very effective way of engine modelling since the
components submodels can be easily replaced based on the specific purpose of investigation. The used
zero-dimensional model proved its capability of adequately predicting the engine steady state
performance including the in-cylinder parameters variation in the whole engine operating envelope
down to the ultra-low load region with high accuracy. The model complexity is greater comparing with
the MVEM alternative, but it is compensated by the model enhanced predictive ability.

For the case of engine normal operation at loads lower than 50% of MCR, the cylinder maximum
pressure reduces drastically as scavenging receiver pressure decreases, leading to greater brake specific
fuel consumption. In addition, the exhaust receiver temperature increases resulting in a higher thermal
loading as engine load reduces since the engine air to fuel ratio becomes lower. As a consequence, the
blowers activation is required at low load region ensuring a reliable engine operation. The blowers
activation results in a significant increase of a number of engine parameters including the
turbochargers speed, the scavenging pressure and the engine air amount. Therefore, the cylinder
maximum pressure and the air to fuel ratio increase, which in turn, improves the engine brake specific
fuel consumption and decreases the exhaust gas temperature, resulting in lower thermal loading of the
engine and its components. As an alternative option, the turbocharger cut-out can achieve equivalent or
slightly better results with regards to the fuel consumption. Based on the conducted analysis, the
preferable engine operation scenario at part loads was found to be as follows: one turbocharger cut-out
without blower activation is preferred for the engine operating region between 25% and 50% load; two
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turbochargers cut-out without blower activation is favoured when the engine operates between 15%
and 20% load; two turbochargers cut-out with blower activation should be used at around 10% load.

The proposed turbocharger cut-out schedule can reduce the annual fuel consumption of a panamax
containership operating at slow steaming conditions by approximately 2% with a similar reduction in
the released CO, emissions compared with the respective operation at slow steaming conditions
without turbocharger cut-out. In addition, it can reduce the operating hours of the electric driven
blowers and the associated electrical energy consumption. Therefore, a positive influence on the ship
operating cost from both fuel and maintenance as well as the environment is expected.
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Abbreviations
BL Blower
BDC Bottom Dead Centre
CA Crank Angle
EVC Exhaust Valve Close
EVO Exhaust Valve Open
IMO International Maritime Organization
ISO International Organization for Standardization
MCR Maximum Continuous Rating
MVEM Mean Value Engine Model
SPC Scavenging Port Close
SPO Scavenging Port Open
TC Turbocharger
TEU Twenty-foot Equivalent Unit
VIT Variable Injection Timing
VLCC Very Large Crude Carrier
Latin Symbols

A Area [m’]
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BMEP Brake Mean Effective Pressure [bar]
BSFC Brake Specific Fuel Consumption [g/kW h]
Cy Specific heat at constant volume [J/kg K]
D Cylinder bore [m]

h Specific enthalpy [J/kg], heat transfer coefficient [W/m’

K]

H, Annual operating hours (h)

FA; Stoichiometric fuel-air ratio [kg fuel/kg air]
FC Fuel consumption (t)

1 Mass moment of inertia [kg m?]

k Coefficient

LHV Lower heating value [kJ/kg]

m Mass [kg], combustion model constant
m Mass flow rate [kg/s]

N Rotational speed [r/min]
p Pressure [Pa]

Py Engine brake power [kW]

POT Operating time percentage [%]

0 Torque [Nm]

0 Heat transfer rate [W]

R Gas constant [J/kg K]

t Time [s]

T Temperature [K]

u Specific internal energy [J/kg]

v Volume [m”]

w Representative cylinder velocity (m/s)

Greek symbols

a Combustion model constant

y Ratio of specific heats

A6 Crank angle duration (deg)

0 Crank angle (deg)

A Air/fuel equivalence ratio

é Burnt fuel fraction

® Fuel/air equivalence ratio

Subscripts

a Air

cy Cycle

cyl Cylinder

exh Exhaust
f Fuel
/b Burnt fuel

S Stoichiometric

Gas

in Inlet
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IGD Fuel injection delay
0 Reference point

out Outlet

sca Scavenging

sf Surface

SocC Start of combustion
SOl Start of fuel injection
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