INTERNATIONAL JOURNAL OF ENERGY, Issue 4, Vol. 2, 2008

Ship Propulsion Plant Transient Response
Investigation using a Mean Value Engine Model
Gerasimos P. Theotokatos

campaigns in order to experimentally investigate its dynamic
behavior would be prohibited. Instead, simulation tools are
used for propulsion plant transient response investigations as
well as throughout the development and optimization
procedure of the ship powerplant components.
The simulation tools used for the propulsion plant engine
transient response studies are categorized as cycle mean value
models and zero or one-dimensional models. The
representation of the real engine processes is enhanced as the
complexity of the used simulation tool is increased (i.e. from
cycle mean value models to one-dimensional models), but at
the same time, greater amount of input data is required, the
model execution time lasts longer and the model usage
becomes more laborious. The cycle mean value models have
the ability to represent the engine behavior with sufficient
accuracy, whilst requiring limited amount of input data and
quite reasonable time of execution [3], [4]. The basic
assumption used in cycle mean value modeling approaches is
that the air and fuel flows entering the engine cylinders are
continuous and therefore the intermittent nature of engine
operating cycle is neglected. In that respect, cycle mean value
models can provide the engine cycle averaged temporal
evolution of the engine operating parameters, whereas their incycle variation (e.g. per degree of crank angle) cannot be
calculated. The mean value engine modeling approaches are
divided in two groups: the quasi-steady ones, in which no mass
accumulation is considered between the engine components
[5], and the ones where modeling of engine receivers are
additionally implemented [3], [4].
Previous studies concerning the development of cycle mean
value engine models for two-stroke marine Diesel engines
were reported in [6]–[11]. Studies of marine propulsion plants
transient response investigation were presented in [12]–[23].
Transient cases of propulsion plants comprising four-stroke
marine Diesel engines were investigated using either zerodimensional models in [15], [19]–[20] or mean value models
in [12], [21], [23]. Investigations of the transient behavior of
propulsion plants with two-stroke marine Diesel engines using
zero-dimensional simulation, which requires a considerable
number of input data, were presented in [13]–[14], [16] –[18].
In [22], a cycle mean value model was used for the
investigation of the transient behavior of a tanker propulsion
plant during ice braking conditions, but a number for its
required input data were produced using a zero-dimensional
engine simulation code.
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The main engine of the vessel, which is considered to be of the twostroke marine Diesel type, is modeled by the means of a quasi steady
cycle mean value approach. According to that, two non-linear first
order differential equations, which are derived by applying the
angular momentum conservation in engine crankshaft and
turbocharger shaft, are used for the calculation of engine crankshaft
and turbocharger shaft rotational speeds. The other engine operating
parameters are calculated after the solution of a non-linear algebraic
system of three equations corresponding to the mass and energy
balances in the engine components. In order to calculate the propeller
thrust and torque, the polynomials for the propellers of the
Wageningen B type are used. In addition, the ship velocity and the
movement along its longitudinal axis are also calculated using the
differential equation describing the ship surge dynamics. The engine
model is validated against previously published experimental data.
Then, the simulation of merchant ship propulsion plant under various
operating conditions is performed and the derived results are
presented and discussed.
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I. INTRODUCTION

P

of the vast majority of merchant ships utilizes
marine Diesel engines as prime movers. A typical
propulsion plant of a merchant ship include a single, slow
speed turbocharged, two-stroke marine Diesel engine directly
coupled via the shafting system to a single, fixed pitch
propeller [1], [2]. Although a merchant ship propulsion plant is
designed based on the steady state performance characteristics
of its components [1], [2], a great amount of time of the
propulsion plant operation is spent under dynamic conditions
throughout the ship lifetime. In that respect, the understanding
of the transient response of the ship propulsion plant is of
essential importance in order to elucidate the complex
interactions occurring between the propulsion plant
components. The costs for the procurement and operation of a
merchant ship propulsion plant installation are extremely high
and therefore, the accomplishment of extensive measuring
ROPULSION

G. P. Theotokatos is Assistant Professor in the Department of Naval
Architecture at Technological Educational Institute (TEI) of Athens, Ag.
Spyridonos Str., Egaleo, GR-12210 GREECE (e-mail: mtheot@teiath.gr).

66

INTERNATIONAL JOURNAL OF ENERGY, Issue 4, Vol. 2, 2008

The objective of this work is to investigate the transient
response of the overall propulsion plant of a bulk carrier
vessel. In that respect, the mathematical modeling of the
overall ship propulsion plant installation, implemented in the
computational environment MATLAB/Simulink is used. The
main engine of the ship propulsion plant is modeled using a
quasi steady cycle mean value engine modeling approach. The
engine crankshaft and turbocharger shaft speeds are calculated
by solving two first order differential equations derived
applying the angular momentum conservation in
engine/propeller and turbocharger shafts, respectively. By
applying the energy and mass conservation in the engine
components, a non-linear algebraic system comprising as
variables the air mass flow rate and the exhaust receiver gas
pressure and temperature is derived. After the solution of that
system the remaining engine variables are calculated. The ship
velocity is calculated by solving a first order differential
equation derived using the ship surge dynamics. The required
propeller toque and thrust are calculated using the polynomials
for the Wageningen B propeller type. Simulation of a twostroke engine is performed, so that the model is validated
based on previously published experimental data. Then, the
simulation of the bulk carrier propulsion plant under various
operating conditions is performed and the derived results are
presented and discussed.

A. Cycle Mean Value Modeling of Two-Stroke Marine
Diesel Engine
The cycle mean value modeling of the two-stroke marine
Diesel engine is accomplished by considering the processes
occurring in the engine components. The main engine
components that have been mathematically modeled, shown in
Fig. 2, are the cylinders, the scavenging and exhaust receivers,
the compressor and turbine of the turbocharger and the engine
air cooler. In addition, models for the engine exhaust pipe the
engine speed governor are also used.

compressor

scavenging
receiver

VS

exhaust
receiver

engine
cylinders
NE

engine
crankshaft

Fig. 2 Components of the two-stroke marine Diesel engine used for
cycle mean value modeling

The engine crankshaft and turbocharger shaft speeds are
calculated using the following equations derived by applying
the angular momentum conservation in the propulsion plant
shaft system and the turbocharger shaft, respectively:
30 (η Sh QE − QP )
dN E
(1)
=
dt
π ( I E + I Sh + I P + I ew )

The typical propulsion plant installation of a modern
merchant vessel, shown in Fig.1, consists of the main marine
Diesel engine, the shafting system and the propeller. The main
engine can be of the two-stroke type for installations of high
power or of the four-stroke type for installations of lower
power [2], [24]. In both cases, the engine is turbocharged by
one or more turbocharger units so that the power produced by
the engine is maximized. The shafting system comprises the
connecting shafts and the bearings. For the cases where the
main engine is of the four-stroke type, one gear box is
connected between the engine crankshaft and the propeller
shaft. In high power installations, a shaft generator is often
installed in order to produce the required by the ship electric
power during ship voyages, where the engine operates at
relatively high load.
In the case of merchant vessels propulsion plant installation,
the propeller is usually of fixed pitch type, although during the
last years designs with controllable pitch propellers have also
been used [25].

Engine

turbine
NTC

air cooler

II. PROPULSION PLANT DESCRIPTION

F

to ambient via engine
exhaust piping system

engine ambient

dNTC 30 ( QT − QC )
=
dt
π ITC
The energy balance applied on engine cylinders gives:
(m a hSC + η comb m f H Lζ )ηex = m e hER

(2)

(3)

where, ζ is fuel chemical energy proportion in the exhaust gas
entering turbine [26] and ηex is a correction factor used to take
into account the heat transfer from the exhaust gas to the
ambient in the cylinder exhaust ports and exhaust receiver.
The air and gas properties are considered to be constant.
Thus, the temperature of the working medium (air or gas)
throughout the engine components is calculated using the
following equation:
(4)
h = c pT
Combining eq. (3) and (4), the following relation is derived:

(ma c paTSC + ηcomb m f H Lζ )ηex = m e c peTER
(5)
The proportion of the fuel chemical energy contained in the
exhaust gas is considered linear function of the engine brake
mean effective pressure [26]:
ζ = k z 0 + k z1 pb
(6)

RS

The engine brake mean effective pressure is calculated by
subtracting the friction mean effective pressure from the
indicated mean effective pressure, i.e.:

TP

Fig. 1 Ship propulsion schematic
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pb = pi − p f

following equation, where of the injected fuel mass per
cylinder and per cycle (mf,cy) vs. fuel rack position is provided
as input:
(16)
m f = zcyl m f ,cy N E / ( 60 revcy )

(7)

The indicated mean effective pressure is calculated using
the rack position, the maximum indicated mean effective
pressure of the engine and the combustion efficiency, which in
turn is regarded as function of engine air to fuel ratio [27],
[28]:
pi = xr pi ,maxηcomb
(8)

The pressure and temperature of the air contained in the
scavenging receiver are calculated by modeling the
compressor and the air cooler. The compressor is usually
modeled using its performance map. However, in marine
propulsion plant systems, the engine is loaded according to the
propeller law and the compressor operating points under
steady state conditions lay on a single curve on the compressor
map [13], [28], [29]. Depending on the selected surge margin,
the compressor operating points could be located on regions of
constant efficiency or close to the optimum compressor
efficiency parabola. In that respect, the compressor pressure
ratio can be modeled as function of the turbocharger shaft
speed, whereas the compressor efficiency can be taken either
as constant or on the optimum efficiency curve of the
compressor map. In this work, the compressor pressure ratio
and efficiency are regarded as second order polynomial
functions of the turbocharger shaft speed and are calculated
using the following equations:
2
(17)
prC = 1 + kC1 NTC + kC 2 NTC

The friction mean effective pressure is considered function
of the indicated mean effective pressure and the engine
crankshaft speed [9]–[11]:
(9)
p f = k f 0 + k f 1 N E + k f 2 pi
By applying the mass balance in the engine cylinders, he
following equation is derived:
(10)
m a + m f = m e
The engine cylinders of a two-stroke marine Diesel engine
are modeled considering a system comprising two orifices
connected in series. Each one of the orifices represents the
cylinder intake ports and exhaust valve, respectively. These
two orifices can be combined in one equivalent orifice, which
produces the same mass flow rate for a given pressure ratio
across engine cylinders. The equivalent orifice geometric area
can be estimated using the areas of intake ports and exhaust
valves, as follows [26]:
zcyl 2π Ai (φ ) Ae (φ )
Aeq =
(11)
dφ
2π ∫0
Ai2 (φ ) Ae2 (φ )

2
ηC = kCef 0 + kCef 1 NTC + kCef 2 NTC

The temperature of the air exiting compressor is calculated
using the following equation, which has been derived using the
compressor efficiency definition equation [28]:

The cylinders air mass flow rate is calculated using the
following equation, which has been derived according to the
quasi-one dimensional consideration in an orifice with
subsonic flow [27], [28]:
m a = cd Aeq pSC / RaTSC f ( prcyl , γ α ) ,

(

( (

TC = Tatm 1 + prC (

γ α +1) / γ α

)

(12)

) )

− 1 / ηC

(19)

(21)
pSC = pC − ∆p AC = prC patm − ∆p AC
The air cooler effectiveness is assumed to be a polynomial
function of the air mass flow rate, according to the following
equation:
ε AC = k AC 0 + k AC1m a + k AC 2 m a2
(22)

The engine exhaust gas mass flow rate is calculated by the
following equation derived applying a quasi-one dimensional
approach in the turbine [27], [28]:
2γ e
pER
γ +1 / γ
m e = AT , eff
prT2 / γ e − prT( e ) e
ReTER (γ e − 1)
(13)
γe


−
1
γ
with prT = max  pT , d / pER , ( 2 /(γ e + 1) ) e 


The turbine effective flow area is calculated from the
turbine geometric area and the turbine flow coefficient. The
turbine flow coefficient and efficiency are derived from
turbine steady state performance maps and are considered
polynomial functions of the turbine pressure ratio, i.e.:
(14)
AT , eff = αT AT , geo , αT = f ( prT ), ηT = f ( prT )

(

γ a −1) / γ α

The pressure and temperature of the air contained in the
engine scavenging receiver are derived as follows:
TSC = TC (1 − ε AC ) + ε AC Tw, AC
(20)

prcyl = pER / pSC ,

f ( prcyl , γ α ) =  2γ α / ( γ α − 1)  prcyl 2 / γ α − prcyl (

(18)

)

The pressure drop in the air cooler is calculated by:
2
∆p AC = f AC ( ρ AC v 2AC / 2 ) = f AC m a2 / ( 2 ρ AC AAC
)

(23)

Combining the equations (5)-(23), for a given set of engine
speed, turbocharger shaft speed and engine governor rack
position, (NE, NTC, xr), a non-linear algebraic system is solved
to obtain the following three independent variables: the air
mass flow rate, the exhaust receiver gas pressure and the
exhaust receiver gas temperature. Then, the remaining engine
parameters are calculated from the respective equations given
above.
In addition, the engine torque, power, brake specific fuel
consumption and efficiency are calculated using the following
equations:
m f
pbVD
Pb
Q π NE
(24)
QE =
, Pb = E
, bsfc =
, ηb =
2 π revcy
30
Pb
m f H L

The pressure after the turbine is calculated using the
pressure increase of the exhaust piping system, which in turn is
regarded as proportional to the exhaust gas mass flow rate
squared:
(15)
pT , d = patm + ∆pep = patm + kep m e2
The engine fuel mass flow rate is calculated using the
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The speed of advance is calculated using the ship velocity
and the ship wake fraction, w, which is considered constant
taking values in the range from 0.20 to 0.45 for ships with a
single propeller [30], [31]:
(34)
VA = (1 − w ) VS

The absorbed compressor impeller and delivered turbine
wheel torques, required in eq. (2), are calculated by the
following equations, respectively:
m a c pa (TC − Tatm )
PC
QC =
=
(25)
π NTC / 30
π NTC / 30
QT =

PT

m e c pe (TER − TT , d )

The propeller open water efficiency is defined by the
following relation:
(35)
η P = kT J / ( kQ 2π )

=
(26)
π NTC / 30
π NTC / 30
The temperature of the exhaust gas exiting turbine is
calculated using the following equation, which is derived using
the turbine efficiency definition equation [28]:

In order to take into account the inertia of the entrained
water by the propeller, the entrained water coefficient, which,
in turn, is presumed function of the propeller blades angle of
attack [32], is used:
(36)
I ew = ηew I P
The propeller blades angle of attack is derived as the
difference between the blades geometric pitch angle and the
angle of relative velocity at propeller blades leading edge
(advance angle):
 VA 
 p / DP 
α = arctan 
(37)
 − arctan  V 
π


 u

γ e −1



TT , d = TER 1 − ηT 1 − ( pT , d / pER ) γ e  
(27)



The engine governor is modeled using a proportionalintegral (PI) controller law. Thus, the engine governor rack
position is calculated as follows:
t

xr = xr , o + k p ∆N + ki ∫ ∆Ndt

(28)

0

where ∆N=Nord-NE is the difference between the ordered
engine speed and the actual engine speed. In addition, torque
and scavenging pressure limiters have been also incorporated
in the engine governor model as proposed and used by engine
manufacturers for protecting the engine integrity during fast
transients [16].

The circumferential blade velocity is given by:
Vu = 0.7 DP ( π N P / 60 )

The propeller real slip ratio [30], which is a parameter used
in order to indicate the propeller loading under various
operating conditions, is calculated by:
VA
SRR = 1 −
(39)
p N P / 60

B. Propeller Modeling
The torque and thrust of the ship propeller, either of fixed or
controllable pitch type, are calculated using the nondimensional coefficients of torque and thrust respectively, as
follows:
(29)
QP = kQ ρ sw N P2 DP5

In the case where engine modeling is only of interest, i.e. the
propeller and ship models will not be used, the propeller
torque, required in eq. (1), is calculated according to the
propeller law through the engine maximum continuous rating
(MCR) operating point, as follows:
QP = k P N E2 , k P = QE , MCR / N E2 , MCR
(40)

TP = kT ρ sw N P2 DP4

(30)
The non-dimensional coefficients of torque and thrust are
calculated using the polynomial equations for the Wageningen
B propeller type [30]:
kQ = ∑ CQs ,t ,u , v J s ( p / DP ) ( AE / Ao ) z Pv

(31)

kT = ∑ CTs ,t ,u , v J s ( p / DP ) ( AE / Ao ) z Pv

(32)

t

t

u

u

(38)

C. Ship Longitudinal Movement Modeling
By applying the ship surge dynamics, the following
differential equation is derived for the calculation of the
longitudinal ship velocity:
(41)
( mS + mhydro ) dVdtS = TP − F − RS
The ship resistance, RS, is considered a second order
function of the ship velocity, VS [24]. The mass, mS, is the
mass of the ship, which is calculated by multiplying the ship
displacement with the sea water density. The term, mhydro, is an
added virtual mass, which is used in order to take into account
the hydrodynamic force arising due to the acceleration of a
body in a fluid [30].
The thrust deduction, F, is calculated using the thrust
deduction coefficient, t, as given below:
(42)
F = t TP

In the above relations, the number of propeller blades, zP,
the disk area coefficient, AE/Ao, the pitch to diameter ratio,
p/DP, and the propeller advance coefficient, J, are required as
input. Provided that the propeller of the ship has been selected,
the first two parameters are constant. In addition, for a fixed
pitch type propeller, the pitch to diameter ratio also takes
constant value. For the case of a controllable pitch propeller,
the p/DP values can vary according to a predetermined
schedule or by the propeller pitch control system. The
propeller advance coefficient, J, depends on the speed of
advance (velocity of the water arriving in the propeller), VA,
the propeller rotational speed and the propeller diameter,
according to the following equation:
VA
J=
(33)
N P DP / 60

The thrust deduction coefficient can be taken as constant
with typical values in the range from 0.12 to 0.30 for ships
with a single propeller [31], or alternatively it can be presumed
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as a function of ship velocity.

exhaust receiver gas pressure and temperature calculated, the
remaining engine parameters as well as the time derivatives of
the engine crankshaft speed and the turbocharger shaft speed
are also derived. The last two parameters and the time
derivative of the ship velocity are fed to the integration blocks,
where the engine crankshaft speed, the turbocharger shaft
speed and the ship velocity, are calculated, respectively, using
a fourth order Runge-Kutta integration method with fixed time
step. The above described procedure is repeated for every time
step till the end of the simulation time.
For each time step, a set of parameters of the ship
propulsion plant is stored in a variable available to the
workspace of MATLAB, so that the plots of the parameters
variation can be easily constructed.
For the case of simulating only the two-stroke marine Diesel
engine, a modified version of the model shown in Fig. 3 was
also implemented, in which eq. (40) is used for the calculation
of propeller torque.

III. MODEL IMPLEMENTATION IN
MATLAB/SIMULINK ENVIRONMENT
The mathematical modeling of the ship propulsion plant
components, which was presented above in this text, was
implemented in the MATLAB/Simulink environment, as
shown in Fig. 3. The propulsion plant model consists of the
following types of blocks: a) the blocks where the inputs of the
submodels must be inserted, b) the blocks where the initial
values of the engine crankshaft speed, the turbocharger shaft
speed and the ship velocity have to be set, c) the blocks where
the integration of the model differential equations of the model
is performed, d) the blocks where the calculation of the
parameters of the ship propulsion plant components is carried
out, e) the ordered engine speed schedule block, f) the engine
governor block and g) the output block of the model.
The required input data for the propulsion plant modeling
are categorized in the following groups: the geometric data of
the components, the properties of working media (air, exhaust
gas, sea water) and the constants of the submodels.
The calculation procedure takes place as follows. At the
start of the simulation time, the values for the three
independent variables (air mass flow rate, exhaust receiver gas
pressure and temperature) are estimated. For each time step,
taking into account the values for the engine speed,
turbocharger shaft speed and the ship speed (their initial values
are taken into consideration at the start of the simulation time),
the required parameters of the submodels are calculated and
the non-linear algebraic system of the three variables are
solved using the “fsolve” function of the Optimization
Toolbox of MATLAB [33]. Having the air mass flow rate, the

IV. RESULTS AND DISCUSSION
In order to examine the ability of the above described mean
value engine model for predicting the engine operating
parameters with sufficient accuracy, the MAN B&W 4L60MC
engine was simulated. That engine is of the two-stroke marine
Diesel type, turbocharged by one turbocharged unit working
on constant pressure turbocharging system. For that type of
engine, experimental data under steady state and transient
operating conditions were previously published in [13]. Part of
those data is also used in Fig. 4 and 5 presented below,
indicated as “reference”. The main engine characteristics as
well as the required model input data were extracted from the
engine manufacturer project guide [34], whereas the required
compressor and turbine input data were taken from [13]. The
engine main parameters are given in Table I.
First, the model was set up providing the required input
data. Then, simulation runs of the engine steady state operating
conditions at 50%, 75%, 90% and 100% of the engine brake
power were performed. Slight adjustments were performed in
a number of the model variables, e.g. the engine cylinders
discharge coefficient or turbine equivalent area, so that the
model predictions are in acceptable agreement with the
reference experimental data. The model predictions for a set of
engine operating parameters including the brake mean
effective pressure, the exhaust receiver gas temperature, the
turbocharger shaft rotational speed and the scavenging
receiver pressure are presented in Fig. 4. In the same figure,
the respective measured data taken from [13] are also shown.
As it can be inferred by comparing the data presented in Fig. 4,
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Fig. 3 Ship propulsion plant model implemented in
MATLAB/Simulink
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the model predictions under engine steady state conditions
exhibit adequate accuracy.
The next step was to examine the model ability to capture
the engine transient response. In that respect, the Run 11
presented in [13] was simulated. According to that, engine
abrupt load changes from 97% to 67% at the 5th s and back to
97% at the 38th s were demanded. Those correspond to
changes in engine speed from about 110 rpm to 95 rpm. Such
load changes are considered very fast and are usually avoided
in real engine operation, but engine transient response under
similar conditions are used for the control system design.
The transient run was initially performed by using the
constants derived from the steady state runs, and the actual
value of the turbocharger rotating parts polar moment of
inertia. The analysis of the derived simulation results, which
are not presented in this text, showed good agreement between
simulation and measurements for engine speed and power
variations, whereas the predictions for turbocharger speed,
scavenging receiver pressure and exhaust gas receiver
temperature varied more rapidly than the respective measured
data. That was attributed to the unmodeled dynamics of engine
scavenging air and exhaust gas receivers and the turbocharging
system piping volumes, as it is also reported in [10]. The
transient run was repeated using for the turbocharger rotating
part polar moment of inertia its actual value increased by
100%, so that the dynamics of the engine receivers and
turbocharger system volume are taken into account. A set of
the derived simulation results, including the engine speed and
brake power, the turbocharger speed, the scavenging receiver
pressure and the exhaust receiver gas temperature, as well as
the respective measured data (taken from [13]) are presented
in Fig. 5. As it is deduced by comparing the simulation results
to the respective measured data, the presented engine
operating parameters (except for exhaust receiver gas
temperature) are predicted with very satisfactory accuracy.
Although the exhaust receiver gas temperature is adequately
predicted under steady state conditions as it is shown in Fig. 4
and Fig. 5 (time periods: from the 1st s the 5th s, from the 25th s
to the 38th s and from the 60th s to the 80th s), the model is not
capable to capture the exhaust gas receiver response during
engine fast transients (Fig. 5 time periods: from the 5th s to the
20th s and from the 38th s to the 60th s). To adequately predict
the exhaust gas temperature variation during fast transients, a
more detailed model, which should include the engine exhaust
gas receiver modeling by means of the open thermodynamic
system concept, is required, as it is explained in [10].
However, in cases of slow engine transients, which are usual
for the ship propulsion plant operation, the engine operating
parameters are predicted with enough accuracy using the
modeling approach presented above in this text [10].
Having validated the engine model, the propulsion plant of a
typical merchant ship was simulated. The ship taken into
consideration was of the bulk carrier type having deadweight
55000 t. The ship propulsion plant consists of a MAN B&W
6L60MC engine (the same engine type as presented in Table I,
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Fig. 4 Simulation results under steady state engine operating
conditions and comparison to reference data taken from [13]
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Fig. 5 Simulation under engine transient operating conditions and
comparison to reference data taken from [13]

with two additional cylinders), which is directly connected to
the ship propeller via the shafting system (i.e. gearbox is not
installed). The main ship and propeller parameters are given in
Table II.
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TABLE II: SHIP & PROPELLER PARAMETERS
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Slight modifications in the engine model input data, which
was already set up for the MAN B&W 4L60MC, were
performed. Then, the calibrated engine model in conjunction
to the rest of the propulsion system geometric data was used to
set up the overall propulsion plant model.
A set of results including operating parameters of engine,
propeller and ship, which was derived from the simulation of
the operation of the above described ship propulsion plant
during a time period of 600 s (10 min), are shown in Fig.6.
During the first 60 s of the simulation run, the engine is
operating at 80 rpm, which corresponds to a rack position
value of 0.42 and ship velocity of 10 knots. It must be noted
the rack position value of 1.0 corresponds to the maximum
continuous rating of the engine. After the 60th s, there is a
linear increase in the ordered engine speed from 80 rpm to
105 rpm at the 180th s. This causes the action of engine
governor, which increases the rack position resulting in more
fuel to be injected and burnt into the engine cylinders, thus
producing more engine torque. That, in turn, increases the
engine shaft speed faster than the ship velocity rises, and as a
consequence, the propeller produced thrust exceeds the ship
resistance, thus accelerating the ship from 10 knots at 60th s to
13.1 knots at 280 s. As it is clearly seen from Fig. 6, during the
ship acceleration period, the engine air to fuel ratio reduces,
resulting in the increase of exhaust receiver temperature, which
is more pronounced at the initial part of the ship acceleration
period. That is owing to the slower response of the
turbocharger system and the delivery of inadequate amount of
air to the engine cylinders. However, after the 120th s, where
the turbocharger speed increases, more air mass flow is
available and the slope of the exhaust receiver gas temperature
exhibits an obvious reduction. During the ship acceleration
period, the propeller advance coefficient decreases due to the
fact that the propeller speed increases faster than the ship
velocity does, resulting in the reduction of the engine propeller
open water efficiency. In addition, the propeller is more
heavily loaded, which is also indicated by the observed
increase of the propeller non-dimensional torque and thrust
coefficients and the real slip ratio.
The engine ordered speed is held constant at 105 rpm till the
360th s. Then, a linear reduction in the engine ordered speed is
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Fig. 6 Simulation results including engine, ship and propeller
operating parameters

commanded from 105 rpm to 90 rpm at the 480th s. After the
action of engine governor, the engine speed is reduced and the
ship gradually decelerates to 11.2 knots. The engine air to fuel
ratio increases as the fuel is reduced and at the same time due
to the turbocharging system slower response, adequate amount
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of air is still available. However, after the 500th s, the
turbocharger speed and the compressor pressure ratio have
been reduced enough so that the engine air mass flow rate also
decreases, resulting in the reduction of the air to fuel ratio. The
decrease of the mass of fuel injected into the engine cylinders
leads to the engine speed reduction since for that period of the
engine operation, the propeller absorbs greater amount of
torque than the one delivered by the engine. In addition, due to
the faster deceleration of the propeller speed than the
respective one of the ship, the ship resistance exceeds the
thrust delivered to the ship hull, thus causing the reduction of
the ship velocity. During the ship deceleration period, the
propeller advance coefficient increases resulting in a slight rise
of the propeller open water efficiency. The propeller operates
under lighter loading, as can be also deduced by the fall of real
slip ratio and the non-dimensional torque and thrust
coefficients.
As it is clearly deduced for the above described analysis of
the transient simulation results, the overall propulsion plant
modeling can be used in order to better understand the
dynamic behavior of the propulsion plant as well as the
engine-propeller-ship interaction.

variation during fast transients. In such cases, more detailed
modeling of exhaust receiver, e.g. using open thermodynamic
system approach, should be required.
The model can predict the dynamic behavior of the
components of the ship propulsion plant and can be used to
produce data that otherwise obtained using costly procedures.
In that way, by analyzing the derived by the simulation shippropeller-engine operating parameters response, the better
understanding of the complex interactions between the
subsystems can be obtained.
NOMENCLATURE
A
bsfc
CQ
CT
cd
cp
cv
D
F
f
Ι
J
HL
h
k
kp, ki
kQ, kT
m
mf,cy

m
N
P
p
pr
p
Q
R
revcy
SRR
T
t
u
v
VA
VD
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Vu
w
xr
zcyl
zP

V. CONCLUSION
The dynamic behavior of a bulk carrier propulsion plant was
investigated using a model implemented in the computational
environment MATLAB/Simulink. The main engine of the
vessel propulsion plant, which is considered of the two-stroke
marine Diesel type, is modeled using a quasi steady cycle
mean value approach. First, the validation of the two stroke
marine Diesel engine model under steady state and transient
operating conditions was performed. Then, typical operating
cases of the bulk carrier were simulated and the results
containing engine, propeller and ship operating parameters
were discussed.
The main findings derived from this work are summarized
as follows.
The quasi steady mean value engine model is relatively
simple compared to the more detailed zero or one-dimensional
codes, requires small amount of input data and takes less
computing time for execution. It adequately predicts the
engine speed response. In order to represent with acceptable
accuracy the turbocharger shaft speed and the scavenging
receiver pressure responses during fast transients, the value of
the turbocharger rotating parts polar moment of inertia,
provided to the model as input, must be increased by an
additional amount for taking into account the effect of the
volume inertia of the engine scavenging and exhaust receivers
and the turbocharging system piping. In such a case, additional
data (experimental data or simulation results from more
detailed models) are required in order to adjust the value of
turbocharger inertia. Although the model can predict the
exhaust receiver gas temperature under steady state conditions
and during slow transients with adequate accuracy, it exhibits
inefficiency to predict the exhaust receiver gas temperature
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propeller speed of advance (m/s)
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number of propeller blades (-)

propeller advance angle (rad)
turbine flow coefficient (-)
ratio of specific heats (-)
pressure drop (N/m2)
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proportion of the chemical energy of the fuel contained in
the exhaust gas (-)
efficiency (-)
correction factor for the temperature of the exhaust
receiver (-)
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density (kg/m3)
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