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Abstract
The turbocharger is an essential component for the propulsion and auxiliary engines of the modern ships’ power plants
as it supplies the required air amount thus affecting the engine cylinders combustion process. In this respect, the matching
of the marine engine with their turbocharging system is crucial for ensuring the engine efficiency as well as the propulsion
systems response. In this paper, a new methodology consisting of three phases is proposed for facilitating the matching
and selection process of a single turbocharging system with a two-stroke marine engine. The first phase included the
estimation of the engine performance and the development of the compressor families’ databases by employing a single
engine cylinder zero-dimensional model and a parametric compressor tool, respectively. The second phase involves the
compressor maps-engine matching checking and the identification of the compressor maps that satisfy the set
requirements, whereas the third phase includes the turbine matching along with the selection of the optimal compressor
and turbine to minimise the specific engine fuel consumption for a selected propeller curve. The derived results indicate
that the developed method can identify an appropriate turbocharger that is possible to improve the engine fuel
consumption by 2−4%.
Keywords: turbocharger matching, marine Diesel engine, modelling, compressor map parameterization.
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INTRODUCTION

In the recent years, several improvements and
developments have been performed in the turbocharged
engines to improve the overall energy efficiency [1]. The
turbocharging system is considered the best option with
relatively low cost and complexity for improving the large
marine engine efficiency and specific power output [2].
The aim of the engine-turbocharger matching procedure is
to select the appropriate turbocharger unit including
compressor and turbine, which will deliver the required air
volumetric flow rate at the specified conditions (pressure,
temperature) to the engine cylinders. Traditionally, the
engine-turbocharger matching is performed by using
simulation tools representing the engine as well as the
turbocharger components. Although various modelling
approached have been developed for the simulation of
marine engines, compressor and turbine, the selection and
matching of the engine-turbocharger is discussed mostly
in the automotive applications [3], whereas very limited
studies are available focusing on marine applications.
In the pertinent literature, the engine-turbocharging
system matching is performed by investigating the
compressor or turbine individually, depending on the
engine flow and thermodynamic parameters requirements.
An approach on the turbocharger-engine matching
procedure was initially presented by Meier [4], whereas
the various requirements for the most common

turbocharged engine applications including marine
applications were reviewed in [5].
An approach for engine-turbocharger matching in
turbocompounded systems, which is based on the
estimation of the compressor and turbine operating points
taking into account the turbocharging system
characteristics and the engine parameters, was presented
in [6]. Based on this, an artificial neural network was
developed for the matching and selection of fixed or a
variable geometry compressor map family for a smallsized Diesel engine [7].
Various methodologies regarding the turbine matching
to an existing engine were proposed by Pesiridis et al. [8]
and Tancrez et al. [9]. In these approaches, an
approximation model and existing turbocharger data were
used to evaluate the engine performance. Similar models
were presented in [10-12] for matching automotive engine
with a two-stage turbocharging system.
The various modelling approaches for the prediction of
the compressor and turbine performance can be
categorised to data-driven models and physical models
[5]. A review of the available physical models is presented
in [13]. A physical 1-D turbocharger model coupled with
a marine Diesel simulation model was reported in [14].
Considering the high computational cost of the
physical models, data-driven models, which employ
tabulated data and apply interpolation and extrapolation
techniques, can be used for representing the turbocharger
components. The first attempt to describe the compressor
flow using a single cubic polynomial model was reported
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in [15]. Following the Moore-Greitzer’s polynomial
equation, several alternative approaches have been
proposed [16, 17] for improving the compressor model
accuracy. An alternative approach for the compressor map
representation is by the application of an elliptic model
[18-20], which provides better description of the constant
speed curves. This methodology was tested in various
applications on the effort to extrapolate the existing
available compressor maps [21, 22]. Further development
of the data-driven models included the description of the
compressor families using a generalized parameterization
method. The latter approach was initially developed for
automotive industry in [23] and also employed for marine
applications [24].
From the preceding literature review, it was inferred
that the investigation of the matching process focuses
mostly on the automotive applications, using existing data
or investigating the performance of a specific component.
Existing methodologies investigate the individual
selection of either compressor or turbine taking into
account the engine response for the estimation of the
turbocharger components operation. It is deduced that
there is not an automated procedure or a structured
methodology that could be followed for the matching of a
single turbocharging system to a marine engine.
Moreover, the available matching procedures cannot be
employed for making the optimal turbocharger systems
selection considering a given engine operating profile.
In this study, a new methodology, which includes a
number of simulation tools, is proposed for the selection
and matching of a marine engine with its turbocharger.
This methodology is implemented for the case study of a
ocean-going vessel propulsion engine also considering
typical engine operating profiles. Finally, the turbocharger
optimal selection as well as the modularity of the
developed methodology are discussed.

2

MARINE ENGINE-TURBOCHARGER
MATCHING

During the design phase of a propulsion system, the
selection of the turbocharging system is carried out by the
engine manufacturer using the turbocharger components
steady state performance maps provided by the
turbocharger manufacturer. The main purpose of the
proposed methodology is to provide an automated way for
selecting the turbocharger system components for a
marine engine. This is accomplished by developing and
employing a number of computational tools and models.
The proposed methodology includes the following three
phases: (a) engine performance parameters and
compressor maps database development; (b) compressorsengine matching check; and (c) Turbine selection and TC
sorting. Each phase includes a number of steps, as shown
in the flowchart presented in Fig. 1.
Considering the limited data that are available during
the ship propulsion system design phase, computational
tools were used for developing the engine performance
parameters response surfaces and the compressors
database. For the estimation of the engine performance
parameters, a zero-dimensional (0D) single cylinder
model was employed, whereas a compressor map
parametric tool was used for the development of the

compressor maps database. The 0D model allows the
simulation of the cylinder performance by controlling its
boundary conditions to represent the effect of various
turbocharging systems [25]. The engine brake power, the
thermodynamic properties of the exhaust gas as well as the
air and exhaust gas mass flow rates are used for the
engine-turbocharger matching considering the engine
operation at steady state conditions. The developed 0D
model is validated comparing the simulation results with
the engine’s performance data at the boundary conditions
that engine was tested.
The data generation for the turbocharging system
components is a more challenging task. The estimation of
the compressor and the turbine curves may lead to
numerous combinations, increasing the complexity of the
overall methodology. Following the previous attempts that
focused mainly on the matching only one of the
turbocharging system components, the compressor
component is selected as the component that is
investigated in the second phase of the matching
procedure. Although the turbine is the component that
utilizes the engine cylinders exhaust gas waste heat, the
compressor is included first due to its importance to the
engine scavenging process. Thus, a database of
compressor families is generated in this step.
For the development of a database with various
compressor families, either physical or data-driven models
can be employed, depending on the desired accuracy and
the available data. Although the physical models that use
fluid dynamic equations provide great accuracy, their
application is considered insufficient for a simple
estimation of compressor map at steady state conditions.
On the contrary, the application of geometric
representation approaches and parametric tools is
considered as a more efficient method for the generation
of the required compressors maps database. Additionally,
in case that compressor maps are available from the
manufacturer, they could be fed directly to the second
phase of the proposed methodology. Considering that this
process takes place at the initial design phase, a parametric
tool is used in this study.
Usually, the parametric tools use interpolation and
extrapolation techniques to represent the geometry of the
compressor map constant rotational speed curves. The
accuracy and the applicability of the method to
sufficiently represent the operational range of different
compressors depend on the selected techniques and the
parameters that will be used. The initial purpose of these
tools is the fast estimation of the operational point of the
compressor map. In this case, the parametric tool should
be modified accordingly to generate new compressor map.
For this task, additional constrains should be defined to
control the parameters that represent the compressor map,
concerning the surge and choke limits, as well as the
geometry of the generated compressor.
Having established the compressor map family and the
engine response surface databases, the second phase of
this methodology, which includes the matching check of
the established databases, can be performed. During this
phase, the generated compressors maps are tested
individually considering the engine operation at various
operating points. The main objective of this process is to
check if the engine can provide the required power
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(estimated for the specific operating point) and the
compressor can deliver the required air mass flow rate for
the specified scavenge air receiver pressure. In case where
the compressor cannot deliver the required air mass flow
rate, the compressor is considered insufficient for the
given operational profile and engine characteristics. Then,
the process continues to the next compressor until a single
compressor is found that satisfies the given conditions.
The engine operating points at which the compressor
matching process is performed are provided as input.
These points can be initially estimated from the selected
propulsion system performance at various vessel speeds.
During the compressor matching process, several
constraints are considered for the normal operation of the
system. The main boundary that is defined by the process

is the operational range for each investigated compressor
map, taking into account an offset factor in order to avoid
the operation of the investigated compressor map close to
its surge and choke limits. Moreover, this offset allows the
operation of the compressor to the highest efficiency
region, improving the performance of the overall
turbocharging system. The second condition deals with
the order of the operational points that the matching check
is performed. The matching process starts from the
operational point with the highest load demand. Thus, the
pressure ratio that corresponds to this point can be set as
the maximum pressure ratio limit for the evaluation of the
next point.

Fig. 1. Flowchart of the proposed methodology for the selection and matching of a turbocharger with a marine engine.
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The third and final phase of the matching procedure
includes the estimation of the turbine curves that are
suitable for the matched compressor and marine engine as
well as the selection of the single turbocharger (for the
case where more than one solution is identified in the
previous phase). The input parameters of this phase
include the compressor required power and the rotational
speed (also estimated form the previous phase) as well as
the engine performance (estimated in the first phase).
Thus, the turbine total-to-static isentropic efficiency and
pressure ratio are predicted and the turbine geometric
characteristics can be estimated.
The introduction of the operational points to the
established methodology allows the selection of the
optimum turbocharging system, depending on the
objectives that will be defined during the design. The
operational points are estimated for a given resistance
curve that represent specific environmental and hull
conditions, as well as for a specific propulsion system.
Considering the energy efficiency as one of the most
important objectives during the design and selection of
system components, the engine operational profile can be
used for the estimation of the single turbocharging system
that offers the greatest fuel efficiency. Estimating the fuel
mass flow rate at different vessel speeds, the vessel annual
fuel consumption is estimated by using operating profiles
of existing vessels of similar size. Based on the estimated
annual fuel consumption, the matched single
turbocharging systems can be evaluated and the optimal
turbocharger can be selected. Additionally, alternative
objectives can be set, such as the engine response at low
engine speeds or the optimisation of the turbocharging
system at a specific operating point.

order Fourier series. The selection of this approximation
is preferred due to the different profiles that the exponent
distribution may exhibit on different reference maps. In
addition, the selection of the exponent depends on the
selected edges of the ellipse. The isentropic coefficient is
simulated using the approach presented in [22]. The
process for the estimation of the parameters for a reference
compressor map is presented in Fig. 2.
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COMPRESSOR PARAMETRIC TOOL

The parametric tool is considered as the most efficient
method for the description of a reference compressor map
and the generation of compressor families. Herein, a
similar approach to the elliptic model presented in in [23]
and [24] is employed for the geometric approximation of
the compressor map. The following equation was used for
the estimation of the compressor constant speed curves:
PR  PRISP  PRZSP

 VFR  VFRZSP
 PRISP n 1  
 VFRISP  VFRZSP





n

(1)

where the PR and the VFR are the pressure ratio and the
volumetric flow rate, respectively; ISP and ZSP
correspond to the values on the infimum and zero slope
points of the elliptic curve. The exponent of the applied
elliptic model is modified in order to effectively
approximate the elliptical curves curvature.
The polynomials that are selected for the estimation of
the surge and the choke limits are different than the
original method. In order to improve the accuracy and
parameterization of the developed tool, a 5th order BezierBernstein polynomial curve is selected. The distribution of
the elliptic model exponents is described by using a 2nd

Two surge
points

Compressor
diameter

Compressor Map Nondimensional Parameters

Fig. 2. Layout of the computational process for the
parameterization of a given compressor map.
Using this method, 55 parameters are estimated,
representing the overall steady state area of the
compressor map. However, for the generation of the
compressor families, the tool converts the estimated
parameters to non-dimensional, using as reference two
points of the compressor map surge line and the diameter
of the compressor. Thus, the description of the given
reference map is performed by using one set of nondimensional and one set of dimensional parameters. The
database of the compressors can be established by
modifying either the dimensional or both sets of
parameters. The modification of the compressor geometric
characteristics as well as the pressure ratio and volumetric
flow rate of the two surge line points will provide a fast
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generation of the new compressor maps, whilst a more
detailed database of compressor maps can be developed
by modifying the shape of the constant speed curves and
map boundaries through the non-dimensional parameters.

4

Table 2. Error percentage of 0D model results against
engine’s shop trials at various engine loads.
Engine Load
Power
BSFC
25%
4.47%
-3.47%
50%
1.21%
-1.91%
75%
-3.05%
3.15%
90%
-2.81%
3.39%
100%
-2.15%
1.94%

CASE STUDY

The described methodology is used for the matching
of a single stage turbocharging system with a marine twostroke engine of an ocean-going tanker vessel. The
specifications of the investigated marine engine are
presented in Table 1. Based on the given geometric
characteristics of the engine, the physical model proposed
in [7] is used for the estimation of the selected engine
performance. Thus, the engine air mass flow rate and
brake power as well as the exhaust gas temperature and
the composition are correlated as functions of the fuel
mass flow rate, the scavenge air pressure, the exhaust
receiver pressure and engine speed. The combustion
parameters (i.e. valves and injection timing, heat release
profile) of the selected engine are remained constant
during the investigation. A comparison of the power and
brake specific fuel oil consumption (BSFC), estimated by
the developed 0D model, against the engine’s shop trial
test data at steady state conditions is presented in Table 2.
The results show the great accuracy of the model to predict
the engine performance at the shop trials boundary
conditions.
For the generation of the compressor maps, only the
set of the dimensional parameters set is modified. The PR
and VFR values of the surge line points are modified,
whereas the compressor diameter is selected taking into
account the maximum volumetric rate of the surge line.
The boundaries of a number of the generated compressor
maps are presented in Fig. 3.
Table 1. Investigated engine specifications
Parameter
Value
Type
MAN 7S60 MC-C6
Bore
600 mm
Stroke
2292 mm
Maximum Brake
14300 kW
Power
Maximum
105 r/min
Speed

Fig. 3. Map boundaries from sample of the model
generated compressor maps.
The investigation shows that the BSFC can be further
reduced by selecting the appropriate turbocharger.
Particularly, the simulation results show that the majority
of the matched compressors improve the fuel efficiency of
the selected engine at around 60% of the engine’s MCR.
However, setting as objective the selection of the
turbocharger that allows the maximum fuel efficiency at
80% of the MCR, only one of these can be selected.
The compressor map that corresponds to the optimum
selected turbocharging system is presented in Fig. 5,
including the operational profile that corresponds to the
investigated propeller curve.

The operating points used in the matching process
correspond to the calm water propeller curve that is
approximated by using a third order polynomial that
passes through the maximum continuous rating (MCR)
point of the engine. The process indicates that only 31 out
of the 144 totally generated maps are suitable to match
with the investigated engine. The turbocharging system is
selected by using as an optimisation objective the
maximum engine efficiency at the 80% of the MCR
engine load, assuming that this point corresponds to the
most frequent engine operation. The parameter that is used
for the sorting process of the matched turbochargers is the
brake specific fuel consumption. A comparison of the
reference brake specific fuel oil consumption (BSFC)
values against the derived ones for the matched enginesingle turbocharging system is presented in Fig. 4.

Fig. 4. Comparison of the BSFC between the reference
engine and the matched engine-turbocharging system
with a single turbocharger.
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Further improvements on the selected methodology
are the investigation of alternative turbocharging system
configurations, such as the matching of turbocharger
connected in parallel, as well as the generation of
compressor families by modifying the non-dimensional
estimated parameters and the study of their effect to the
engine performance. Additionally, alternative design
objectives can be defined on the selection of the
turbocharging system, introducing more details regarding
the operational profile of the vessel or investigating the
effect of the selected turbocharging system to the engine
response at low engine speeds.
The matching and the selection of the turbocharging
system are important for the evaluation of the overall ship
performance and the selection of the limiters for the
engine controlling system. Consequently, the described
procedure, including the developed parametric
compressor tool, can be considered as a guide to the
designer for the detailed simulation and selection of the
propulsion system engine and turbocharger components in
steady state conditions.
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Fig. 5. Matched compressor map with superimposed
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CONCLUSIONS

In this paper, the matching procedure of a single
turbocharging system with a marine engine was presented,
taking into account the selected engine performance, the
propulsion system configuration and the resistance curve
of the vessel. Moreover, a parametric tool was developed
for the approximation of any reference compressor map.
The parameters of the reference map were used for the
generation of compressor map families that are required
for the purpose of the matching process.
The presented “three-phases” methodology allows the
optimal matching and selection of a single turbocharger
for a marine two-stroke Diesel engine, evaluating
alternative turbocharging systems. Moreover, the
development of a parametric compressor model that needs
a limited number of input parameters to describe the
compressor map allows the complete description of the
entire steady state area of the compressor with increased
accuracy independently of the compressor maps curves
shape.
The modularity used in the first phase of the developed
methodology allows the introduction of alternative
physical and data-driven models or the selection of
existing tools to estimate the engine performance
parameter and the compressor map databases. Moreover,
the proposed methodology can be used for the
investigation of the turbocharging system performance
during the initial phase of the design, where there are
limited data available and a fast-computational process is
required for the indication of the system that will match to
the investigated engine.
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