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Abstract: Development of intelligent ships requires marine diesel engine simulation models of high
accuracy and fast response. In addition, with advent of tighter shipping air emissions regulations,
such models are required to have emission prediction capabilities. In this article, such a model
was developed and validated for a 30,000-ton bulk carrier main engine using MATLAB/Simulink.
The simulation is based on mean value model, which predicts both the steady-state and dynamic
performance of the engine. The results show that the steady-state performance parameters of the
main engine are predicted within 2.2% error, and the exhaust emissions parameters are predicted
within 7% error as compared to the bench test data from the engine manufacturer. The Maximum
Continuous Rating (MCR) points at 100%, 75%, 50% and 25% of the E3 duty cycle were investigated
with emphasis according to the diesel propulsion characteristics. In dynamic simulation, it is found
that the compressor pressure fluctuation is greater than that of the exhaust pressure with the load
variation. Furthermore, the compressor and the exhaust pipe have a similar temperature drop value
(about 60 K) when the engine load changes from 100% to 50% MCR, and the exhaust pipe temperature
fluctuation is more significant when the load varies from 50% to 25% MCR. The above results show
the model’s good transient capability in simulating the dynamic characteristics of the engine. This
model can be used especially for the development and control of marine diesel engines in intelligent
ships as well as training-oriented marine engine and ship simulators.

Keywords: marine diesel engine; mean value model; dynamic simulation; exhaust emissions

1. Introduction

As the worldwide shipping activities are continuously growing, higher requirements
are put forth towards the green shipping in order to limit the environmental impacts of
maritime industry. The International Maritime Organization (IMO) has established a series
of regulatory frameworks for the limitation of both the air pollutants, such as nitrogen
oxides (NOx), and greenhouse gaseous emissions, primarily CO2 [1–3]. Especially, Annex
IV of MARPOL Convention defines the Energy Efficiency Design Index (EEDI) for new
ships, the Energy Efficiency for Existing Ship Index (EEXI), the Ship Energy Efficiency
Management Plan (SEEMP), ship fuel oil Data Collection System (DCN) and the Carbon
Intensity Indicator (CII) and CII Rating [4,5]. These regulations together focus on the
reduction of both CO2 emissions and fuel consumption throughout the ship’s lifetime
including ship design and ship operation.

On-board marine diesel engines are the main source of the above emissions and thus
the reduction of shipping air emissions is highly influenced by design and operation of
such engines. A good marine diesel engine needs to not only keep good steady-state and
dynamic characteristics, but also improve fuel economy and minimize the emissions. To
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support this process, modeling techniques are used in order to realistically simulate the
diesel engine. In order to meet these requirements, it is necessary for the marine diesel
engine model to predict its performance and emissions at different loads and speeds.
Moreover, the simulation of dynamic performance of diesel engine has a great significance
for validating and optimizing the performance of diesel engine itself, for whole ship
simulation and developing marine engine simulators for crew training.

For the above applications, the premise of ensuring the accuracy of the simulation
results of the engine model together fast simulation speed should be selected. In 1989,
E. Hendricks combined the advantages of the quasi-steady-state model and the volume
method model to build a Mean Value Engine Model (MVEM) [6]. This work in this paper is
based on the MVEM development principle and uses PID algorithm control to simulate the
working process of the engine dynamically. It can observe the pressure and temperature
vary with load in some key units, such as scavenge box, exhaust pipe and compressor.

In the MVEM, the diesel engine is normally divided into several relatively independent
units, such as scavenging box, diesel cylinder, exhaust manifold, turbocharger, inter-cooler
and governor. Various types of MVEM have been used in the past for the simulation of
marine engines and the ship propulsion system under steady-state and transient conditions.
A detailed description of the MVEM was given by Theotokatos [7]. The engine cylinder
flow process was considered to take place continuously in this cycle mean value model,
thus neglecting the intermittent nature of the engine cylinder processes. As a result, the
engine cycle averaged temporal evolution of the engine operating parameters could be
provided by this model, while the changes of in-cycle variation (e.g., per degree of crank
angle) cannot be calculated. Wang [8] established a mean value model of the 6S60MC
engine and added scavenging coefficients in the scavenging box modeling to make the
prediction of the scavenging pressure variation with crank angle higher accuracy. Tradi-
tional MVEM could not simulate the working process of the cylinders dynamically, and the
simulation and calculation of the volumetric model could be time consuming and error
prone. Cao [9] established a new model that combined volumetric model and mean value
model methods and used open-loop control to simulate the working process of the cylinder
dynamically. This model could reflect not only some average parameters, but also pressure
and temperature of cylinder in real time under different load.

In addition, in order to comply with the development of intelligent ships and emis-
sion management regulations, it is necessary to simulate the exhaust emission of diesel
engines [10,11]. Charles [12] established a chemical kinetic model of high-temperature
hydrocarbon oxidation in combustion, and the coefficients were validated by compari-
son with data from a wide range of experimental regimes. In Wetenberg’ study [13], the
kinetics of NO formation and CO conversion in lean, premixed, hydrocarbon-air flames
were discussed in terms of the elementary reactions involved. With the assumption of
constant temperature and equilibrium O and OH concentrations, it was shown that simple,
analytic solutions for NO and CO as a function of time would be derived. Through experi-
mentation and Taguchi approach, Muqeem et al. [14] got the optimum combination of the
input parameters of diesel engine including compression ratio, fuel injection timing, air
temperature and air pressure to decrease hydrocarbon emission and smoke opacity under
no load, half load and full load conditions. The above research works included multiple
input parameters of diesel engine, a large number of experimental data and complex fuel
oxidation reaction kinetics, so that these models could not rapidly reflect the variation of
marine diesel engine exhaust emissions with load. They could not meet the requirements
of future intelligent ship simulation model.

The MVEM techniques used in this research take a shorter execution time. The
method is faster because it ignores detailed in-cylinder and crank angle-based calculations.
Additionally, this modeling technique does not depend on the detail type of engine. In this
article, the first-order differential equations were used for calculating some key working
parameters of diesel engine, such as engine speed and scavenge box pressure, to reduce
the simulation time. On the basis of analyzing the experimental data of engines, MVEM
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also used the empirical formula containing the indicated thermal efficiency to calculate the
indicated torque and exhaust temperature, ignoring the complex working process in the
cylinder. The engine exhaust gas carbon dioxide (CO2) emission was calculated using the
approach of perfect combustion in excess air, whereas the nitrogen oxide (NOx) emission
was estimated by calculating the nitric oxide (NO) instantaneous concentration. The way
of calculating some incomplete combustion products such as carbon monoxide (CO) and
hydrocarbon (HC) was based on the empirical formula method. The final amount of the
incomplete combustion products can be calculated by subtracting the oxidized amount from
the initially generated amount. The new approach for the engine propulsion characteristic
modeling and exhaust emission description is adopted to instead of the traditional one
(based on the actual cycle in-cylinders calculation model). It strongly reduced the engine
transient computation time and made it possible to transform the simulation model into a
real-time executable application. This simulation model can be used for the development
and control of intelligent marine diesel engines, subsequently used as part of development
of intelligent ships and also as part of training-oriented marine engine and ship simulators.

2. Model of Marine Diesel Engine
2.1. Overview of the Mean Value Engine Model (MVEM)

MVEM was established based on the laws of mass, energy conservation and ideal
gas state equation. Combining with the character of quasi-static model and volumetric
model, the engine was divided into several relatively independent volume units. Figure 1
shows the schematic diagram of a diesel engine. According to the characteristics of the
thermal system of the marine turbocharged diesel engine in this article, the diesel engine
was divided into several relatively independent instantaneous balance systems, and it was
assumed that the gas composition, temperature and pressure at each point in each system
were uniform.
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Figure 1. Schematic diagram of modeled diesel engine. 
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Figure 1. Schematic diagram of modeled diesel engine.

Under steady-state operating conditions, the turbine is driven by exhaust gas and
supplies energy to compressor pressurizing the air from atmosphere. The compressed air
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passes through the intercooler and enters the scavenging box for storage and supplying
to engine cylinders. After entering the cylinders, the fresh air is mixed with the fuel and
undergoes combustion reaction in the combustion chamber. The piston is pushed by high
temperature and pressure mixture and drives the crankshaft, which means output work of
the engine is transferred to propeller for ship propulsion. The exhaust gas is discharged
into the atmospheric environment after the exhaust manifold and the exhaust turbine.

The block diagram of mean value model shown in Figure 1 was implemented in the
MATLAB/Simulink as depicted in Figure 2. It included Proportion Integration Differ-
entiation (PID) speed regulation module, compressor, scavenging box, cylinder, turbine
and other subsystems. In order to avoid the emergence of algebraic ring, some memory
modules were used to store the value in the current calculation step and calculate the
next step.
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Figure 2. Simulation diagram of diesel engine in Simulink.

For the simulation of the ship main engine, various input data are used. These
include the engine geometric data, the compressor and turbine performance data, the
engine ambient conditions and the empirical parameters for engine modelling. This model
can observe (i.e., predict/estimate) many process parameters in the operation of diesel
engine. In this paper, engine speed, scavenge pressure, scavenge temperature, exhaust
pressure, exhaust temperature, compressor outlet temperature and mass flow of each part
were selected as the observation objects. Using these parameters, the key performance
parameters of diesel engine, such as output power and brake specific fuel consumption
(BSFC), were calculated.

2.2. Engine Simulated

The 6RT-flex58T-D large two-stroke low-speed marine diesel engine produced by
Wartsila company was chosen as the object for the simulation, which is the main engine
of a 30,000-ton bulk carrier. The engine crankshaft is directly connected to the ship fixed
pitch propeller via the ship shafting system. Information relating to engine geometry
and other engine components is shown in Table 1, and fuel characteristics are shown in
Tables 2 and 3.
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Table 1. Technical parameters of the parent engine.

Name Parameter

Engine type 6RT-flex58T-D
Number of cylinders 6

MCR power [kW] 10,850
MCR BSFC [g/kWh] 162
MCR speed [r/min] 105

Bore [mm] 580
Stroke [mm] 2416

Compression ratio 15
Maximum cylinder pressure [bar] 155.2

Mean effective pressure [bar] 16.2
Turbocharger 2 × A165-L34

Air cooler 2 × SAC245F

Table 2. Fuel characteristics of diesel oil.

Name Value

Fuel oil specification 0# DMA (GB 19147-2013)
LHV [MJ/kg] 42.7625

Density [kg/m3] at 15 ◦C 841.7
Viscosity [cSt] at 40 ◦C 3.02

Table 3. Elemental analysis of diesel oil.

Component Content

C 85.89 wt%
H 12.97 wt%
N 0.41 wt%
O 0.28 wt%
S 0.008 wt%

2.3. Mean Value Engine Model
2.3.1. Turbocharger

According to the pressure ratio πc and the speed of the turbocharger rotor ntc, the
flow of the compressor qc and the isentropic efficiency of the compressor ηc can be obtained
from the characteristic map of the compressor [15–17]. Figure 3 is the compressor flow
characteristic curve obtained by transforming two-dimensional map.
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Then the compressor outlet temperature Tc and the torque Mc can be obtained through
Equations (1) and (2):

Tc= Tb

[
1+

1
ηc

(
π

k−1
k

c − 1
)]

(1)

Mc =
30
π

qccpTb

ntcηc

(
π

k−1
k

c − 1
)

(2)

where cp is the constant pressure specific heat capacity of air; k is the adiabatic coefficient
of air, which is related to temperature; and Tb is the outlet temperature of the filter, which
can be directly used as the ambient temperature Tatm.

Similar to the compressor, the turbine also uses the static data look-up table to calculate
the dynamic data. Different from the compressor, the turbine is generally simplified as a
nozzle [18,19], and the engine exhaust mass flow qt is calculated by the following formula:

qt= µtFTA ϕ
√

2Pemρt (3)

where µt is the flow coefficient, FTA is the equivalent cross-sectional area of turbine nozzle,
ϕ is a flow function including exhaust adiabatic index and expand rate and ρt is the gas
density in front of the turbine; Pem is the exhaust manifold pressure, which can be regarded
as the inlet pressure of the turbine.

The torque generated by the turbine Mt and supplied to the compressor is calculated
using the following formula:

Mt =
30
π

qtcpeTemηt

ntc

1 −
(

Pt

Pem

) ke−1
ke

 (4)

where cpe is the constant pressure specific heat capacity of exhaust gas, Tem is the turbine
inlet temperature, ηt is the isentropic efficiency of the turbine, ke is the adiabatic coefficient
of exhaust gas and Pt is the backpressure of the turbine.

According to Newton’s second law of motion, the speed of turbocharger ntc can be
obtained as follows:

dntc

dt
=

30
π

ηm Mt − Mc

Jtc
(5)

where ηm is the mechanical efficiency of the rotor and Jtc is the polar moment of inertia of
the turbocharger rotor.

2.3.2. Intercooler

The air outlet temperature of the intercooler Tic is calculated by introducing a simpli-
fied method of cooling coefficient according to Formula (6):

Tic= Tc − ηic(Tc − Tcw) (6)

where ηic is the cooling coefficient of the intercooler. The cooling efficiency of intercooler
of marine large two-stroke diesel engine is very high [20], generally above 0.9. Tcw is
the cooling water temperature. The air pressure drop ∆Pint across the intercooler can be
calculated by the following formula:

∆Pint = −0.682q2
c − 44.53qc+88.61 (7)

2.3.3. Scavenging Box

In this model, the scavenging box is regarded as a container. According to the law of
conservation of mass and energy and the ideal gas state equation, and ignoring the heat
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dissipation effect in the scavenging box, the change of pressure ∆Psc can be calculated by
the following formula:

∆Psc =
kR
Vsc

(qcTic − qaTsc) (8)

where Vsc is the volume of scavenging box and qa is the compressed air flow into the cylin-
der, which can only represent the average mass flow. Tsc is the temperature of compressed
air in scavenging box and R is the ideal gas constant.

2.3.4. Excess Air Coefficient

The excess air coefficient λ refers to the ratio of the actual amount of air supplied for
combustion to the amount of air required q f for the complete combustion of theoretical
fuel. The accuracy of the excess air coefficient has a vital impact on the accuracy of the
MVEM. The calculation of excess air coefficient is shown in Formula (9):

λ =
qa

q f L0
(9)

where L0 represents the theoretical air mass required for complete combustion of 1 kg fuel,
which is 14.3 in this model. In this paper, the average mass flow of compressed air entering
the cylinder can be calculated by the following formula [21,22]:

qa = Ncylηv
ne

60
PscVd
RTsc

(10)

where Ncyl is the number of cylinders, Vd is the working volume of cylinder, ne is the speed
of diesel engine and ηv is the volumetric efficiency of the cylinder, which refers to the ratio
of the actual intake volume of the cylinder to the cylinder volume during the intake stroke.

2.3.5. Indicated Torque and Exhaust Temperature

The indicated thermal efficiency ηi of large low-speed diesel engine is a function of
the excess air coefficient [23]. In order to avoid increasing model complexity, the model
uses experimental data for calculation:

ηi =
−0.7844λ2+7.131λ + 36.16

100
(11)

The indicated torque Mi of diesel engine can be calculated according to the indicated
thermal efficiency.

Mi =
30
π

ηiq f Hu

ne
(12)

where Hu is the calorific value of fuel. The exhaust temperature Tex of diesel engine is an
important factor to determine the working state of turbocharger. The exhaust temperature
can be calculated by the following formula:

Tex= Tsc +
(1 − εw − ηi)Hu

(1 + λL0)cpe
(13)

where εw is the cooling efficiency, which is corrected in this model. The cooling efficiency
will decrease with the decrease of rotating speed.

Moreover, the modeling method of exhaust manifold is similar to that of scavenge
box, the change of pressure ∆Pem across exhaust manifold can be calculated by the
following formula:

∆Pem =
keR
Vem

(qtTex − qtTem) (14)

where Vem is total volume of exhaust manifold.
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2.3.6. Friction Torque and Load Torque

According to the propeller characteristics, the load torque ML for this model is calcu-
lated using the following formula:

ML= KQρn2
e D5 (15)

where D is the diameter of the propeller and the propeller diameter used in this model is
6.7m, KQ is the torque coefficient and ρ is the seawater density. According to the average
friction loss pressure Pf and the working volume of the cylinder, the average friction loss
power can be calculated, and then according to the relationship between torque, power and
speed, the calculation formula of average friction torque M f is obtained as follows:

M f =
30P f Vd

ne
(16)

According to Newton’s second law of motion, the change in speed of diesel engine
with time can be obtained:

dne

dt
=

30
π

Mi − M f − ML

Je+Js+Jp
(17)

where Je, Js and Jp are the moment of inertia of diesel engine, shafting and propeller,
respectively.

2.3.7. Governor

For a large-scale two-stroke diesel engine, the speed regulating mechanism is gen-
erally modeled by PID algorithm [24]. The module control algorithm in this paper is
shown below:

q f = Kp

[
e(t) +

1
Ti

∫ t

0
e(t)dt

]
(18)

The input of the module e(t) is the difference between the set speed and the actual
speed. Kp and Ti are the proportional term coefficient and integral term coefficient of PID,
respectively. In order to simplify the calculation, the calculation link of throttle control fuel
supply is omitted, and the output result is the average mass flow of fuel q f . The power and
BSFC of the engine are calculated through Formulas (19) and (20).

P =
ne

(
Wi − W f

)
9549

(19)

BSFC =
q f(t)

P
(20)

where P is the output power of the engine, W f is the average friction loss power and Wi is
the indicated power.

2.4. Pollutant Emission Calculation Model
2.4.1. Calculation Model of CO2

Assuming the molecular formula of the fuel is CaHbOcNdSe (where the coefficients c, d
and e are generally close to 0). The actual number of air moles required can be calculated
by introducing an excess air coefficient (the volume fraction of oxygen in the air under this
condition is 21%).

nair= λ

(
a + e+ b

4 − c
2

)
0.21

(21)
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The number of moles of exhaust gas nex is calculated in Formula (22):

nex= λ

(
a + e+ b

4 − c
2

)
0.21

+
b
4
+

d
2

(22)

The average molar mass of exhaust gas Mex can be calculated by the following formula:

Mex =
nair Mair+1

nex
(23)

In addition to complete combustion of fuel, the proportion of substances produced
by other products, such as CO, HC and NOx, in the volume of exhaust gas is less than
0.5% [25]. Therefore, when calculating the mass flow qCO2 of complete combustion products
such as CO2, it can be regarded as the complete combustion of fuel in excess air, which can
be directly calculated by Equation (24):

qCO2= qt
a

nex

MCO2

Mex
(24)

where MCO2 is molar mass of CO2.

2.4.2. Calculation Model of NOX

The main component of NOx is NO, and the content reaches between 90% and 95%.
Therefore, the NOx emission model of diesel engine mainly needs to calculate the generation
of NO.

In this article, the simplified model proposed by previous research [26–28] is used
to calculate the NO generation rate. In this model, only the instantaneous concentration
is used for calculation, and the equilibrium concentration of NO and N is not assumed.
Under this condition, the generation rate of NO is deduced as follows:

d(NO)

dt
= 2ka1(O)(N2)k1 (25)

k1 =
1− (NO)2

k2(O2)(N2)

1+ kb1(NO)
ka2(O2)+ka3(OH)

(26)

k2 =
ka1ka2

kb1kb2
(27)

where kai and kbi (i = 1,2,3) are the chemical reaction rate constants, which are related to
the temperature in the cylinder. The concentration of oxygen and nitrogen is estimated
by the concentration in the exhaust gas, and the concentration of O atom is calculated by
Equation (28):

(O)= 0.397T0.5(O2)
0.5exp

(
−31090

T

)
(28)

The concentration of OH is calculated by using the formula:

(OH)= 2.129 × 10−4T0.57(O2)
0.5(H2O)0.5exp

(
−4595

T

)
(29)

The concentration of O2, H2O and N2 is estimated by the concentration in the exhaust gas.

2.4.3. Calculation Model of CO

After combustion, the carbon in the fuel is discharged as the mixture of CO, HC and
CO2. The way of calculating CO final generation is to subtract the amount of oxidized
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CO from the amount of initially generated CO. The calculation formulas of CO initial
generation and oxidation are compiled based on the empirical formulas:

dmCO
dt

=
dmCOi

dt
− dmCOox

dt
(30)

where mCO is the final production mass of CO, mCOi is the initial production mass of CO
and mCOox is the oxidation mass of CO.

dmCOi

dt
= ACOi m f iP

BCO1
z e(

−12000
Tz ) (31)

where m f i is the total mass of fuel injected into the cylinder.

dmCOox

dt
= BCO2 e(

Tz
1102 ) (32)

where Pz is the pressure in the cylinder, Tz is the temperature in the cylinder and ACOi ,
BCO1 , BCO2 are the empirical coefficients, respectively, which depend on the diesel engine
type and working condition. The calibration results of primary parameters are presented
in Table 4.

Table 4. Calibration results of primary parameter of model.

Parameters Lower Bound Upper Bound
Calibrated Value (Load)

25% 50% 75% 1005

ACOi 2.05 2.47 2.47 2.37 2.29 2.05
BCO1 0.50 0.62 0.62 0.55 0.50 0.50
BCO2 0.039 0.044 0.040 0.039 0.042 0.044
BHCox 1.80 2.28 2.28 2.1 2.01 1.80
AHCox 4.35 × 10−26 3.65 × 10−26 4.35 × 10−26 3.65 × 10−26 4.18 × 10−26 3.89 × 10−26

There are some empirical formulars in the CO and HC emission model and calibration
has to be carried out to correct these parameters in models. The result of calibration directly
affects the accuracy of the model, and high predicting accuracy can be obtained within
limited test data. In this paper, the ambient and gaseous emission data in the parent engine
test report will be used for calibration. As the parent engine test method was selected as E3
cycle according to the propulsion characteristics, this 100% MCR point is calibrated first
and used as the reference point for the other load. The diesel model has been calibrated in
various load according to the test report of the parent diesel engine.

2.4.4. Calculation Model of HC

In this paper, the method of calculating the final generation of HC is similar to the
method of calculating CO. In this calculation model, the total amount of fuel injected into
the combustion chamber and evaporated is taken as the initial total amount of HC. The
final generation of HC is calculated by subtracting the amount of oxidized HC during
combustion [12,29,30].

dmHCox

dt
= AHCox mO2 PBHCox

z T5
z e(

−EHCox
RzTz ) (33)

where mHCox is the oxidation mass of HC and mO2 is the mass of oxygen.

mHC= m f −
∫ t

0
dmHCox dt (34)

where mHC is the final production mass of HC and m f is the total mass of fuel volatized in
the combustion chamber, meaning the initial total amount of HC; Rz is the gas constant



J. Mar. Sci. Eng. 2022, 10, 985 11 of 18

in the cylinder and EHCox is 1.5576 × 105 kJ/kmol. AHCox and BHCox are the empirical
coefficients, which depend on the diesel engine type and working condition. The calibration
results of primary parameters are presented in Table 4.

3. Result and Discussion
3.1. Propulsion Performance Simulation
3.1.1. Steady-State Simulation

For the sake of completeness, the modeling approach was validated by comparing
simulation results and experimental data from the parent engine test report including
power, BSCF and exhaust gas temperature. The technical sheet carried out 12 working
condition points test of diesel engine propulsion characteristics at 110%, 100%, 95%, 90%,
85%, 80%, 75%, 70%, 60%, 50%, 40% and 25% of MCR in turn.

In the speed setting module, the speed is set according to 110%, 100%, 95%, 90%, 85%,
80%, 75%, 70%, 60%, 50%, 40% and 25% of MCR, respectively. The results and relative errors
are shown in Figure 4a–c. It can be seen that relative error of the output power remains
between −1.13 and 0.21%, and the relative error of Break-Specific Fuel Consumption (BSFC)
is between −1.35 and 1.97%, which verifies the correctness of the model. Due to some
corrections in the modeling of cooling efficiency, the relative error of exhaust temperature
is between −2.2 and 0.2%, which can meet the requirements of the simulation accuracy.
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3.1.2. Dynamic Simulation

This dynamic simulation is mainly to observe the transient response ability of the
model under the condition of sudden increase and decrease of the set speed. The dynamic
simulation model in this paper chose four working points shown in Table 5 to examine the
model ability to capture the engine transient response at different load conditions.

Table 5. Parameters of the diesel engine operating points.

Name Point A Point B Point C Point D

Load percentage 100% 75% 50% 25%
Load [kW] 10850.0 8137.5 5425.0 2712.5

Speed percentage 100% 91% 80% 63%
Speed [r/min] 105 95.4 83.3 66.1

In the case (1), changes in the engine speed setpoint from 105 rpm to 95.4 rpm and from
95.4 rpm to 105 rpm are applied at the 10th and 70th second of the run, respectively. The
results of dynamic simulation runs are given in Figure 5a,b. In the case (2), the simulation
runs are applying to engine load changing from 75% to 50% MCR at the 10th second and
from 50% to 75% MCR at the 70th second. Meanwhile, the engine speed changes from
95.4 rpm to 83.3 rpm during the unloading period and then from 83.3 rpm to 95.4 rpm
during the loading period. The results of dynamic simulation are given in Figure 5c,d. For
further investigating the engine model prediction capability at the low load, the engine
operation from 50% to 25% MCR is simulated, and the results are presented in Figure 5e,f
in the case (3).

For the case (1), the point A corresponds to the simulation starting point (100% load),
and the engine load changes to the point B at the 10th second. The compressor pressure
drops from 4.56 bar to 2.92 bar and the exhaust pressure drops from 4.25 bar to 2.72 bar,
which means more pressure drop happens in the compressor. In addition, a similar temper-
ature decreasing amount happens in the compressor and the exhaust pipe, which is about
60 K. The case (2) simulates the engine transient operation with load changes 75–50–75%.
The compressor pressure drops from 2.92 bar to 1.86 bar from the point B to the point C,
and the exhaust pressure drops to the same pressure value with the compressor at the point
C. The compressor has a more pressure drop amount than the exhaust pipe about 0.21 bar
in the unloading period. Meanwhile, the compressor temperature drops from 425K to 365 K
and the exhaust temperature drops from 645 K to 598 K, the temperature drop amount
of the compressor is more than the exhaust pipe about 13 K. For further investigating the
engine model prediction capability at low loads, a transient engine operation from 50%
load to 25% load is simulated in the case (3). The result shows that the compressor pressure
drops from 1.86 bar to 1.26 bar and the exhaust pressure drops from 1.87 bar to 1.43 bar. The
exhaust pipe has a higher pressure value than the compressor at the point D about 0.16 bar.
The compressor temperature drops from 365 K to 321 K and the exhaust temperature drops
from 598 K to 460 K, the temperature drop amount of the exhaust pipe is more than the
compressor about 94K from the point C to the point D.

In summary, the cylinder pressure difference is calculated to be positive (compressor
pressure is greater than the exhaust pressure) when the diesel engine load is more than
50%. When the diesel engine load is below 50% of MCR, the cylinder pressure difference is
calculated to be negative (compressor pressure is lower than the exhaust pressure). This
illustrates that the compressor pressure fluctuation is greater than that of the exhaust
pressure with the load variation. Moreover, the compressor and the exhaust pipe have a
similar temperature drop value when the engine load changes from 100% to 50% MCR, but
the exhaust pipe temperature fluctuation is more significant when the load varies from 50%
to 25% MCR.
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3.2. Emission Simulation

Marine engine emission gas analysis system was supplied by Dalian Guangming Spe-
cial Gas Ch Research Institute using the HORIBA AIA-240, FAC-246 and IMA-241 Analyzer.
This system could analysis the compositions of diesel engine exhaust gas including NOx,
O2, CO2, CO and HC. The system inserted the sampling pipe into the exhaust pipe, which
is 12 m away from the outlet of diesel engine cylinders and measured the exhaust gas
with error below 0.79% according to the parent engine test report. The parent engine test
method was selected as E3 duty cycle according to the propulsion characteristics, so that
the technical sheet carried out four working condition points (100%, 75%, 50%, 25% of
MCR) exhaust emission test results, which is the same as shown in Table 5. The simulation
result of excess air coefficient is shown in Figure 6, which has a significant effect on diesel
engine emissions.
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For the marine main engine in this article, the NOx specific mass flow shows a
decreasing trend with the increase of load in Figure 7a. At these four loads, the calculated
and measured values show the same change trend, and the relative errors at 25%, 50%, 75%
and 100% load are 5.23%, 2.97%, 0.77% and 2.67%, respectively.

According to Figure 7b, the difference between the simulated specific mass flow of
CO2 and the test mass flow is very slight and maintain good consistency with the trend of
BSFC in Figure 4b, which proves the reliability of complete combustion product emission
model. The relative errors at 25%, 50%, 75% and 100% load are 0.56%, 1.10%,1.28% and
1.68%, respectively. The specific emission of CO2 decreases firstly and then increases with
the increase of load. This is mainly due to excess air coefficient decreasing firstly and then
increasing with the increase of load, which is the key parameter affecting the emission
of CO2.

After being injected into the combustion chamber at high pressure, the fuel directly
forms a combustible mixture with excess air in the cylinder and burns quickly. Due to the
excess air coefficient being between 1.5 and 3 under most operating conditions of the diesel
engine, the emissions of CO and HC from the marine engine are slight.
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(a) emissions of NOX variation trend with load, (b) emissions of CO2 variation trend with load,
(c) emissions of CO variation trend with load and (d) emissions of HC variation trend with load.

The emission of CO is largely determined by the excess air coefficient. In Figure 7c,
the trend of CO is opposite to that of excess air coefficient when the load is below 75% of
MCR. The fuel and air of diesel engine are mixed unevenly, so that there are always areas
with less air and low temperature in the combustion chamber. Moreover, the residence
time of reactants in the combustion area is short, which is not enough to complete the
combustion process and generate CO emission. At high loads (>75% MCR), the maximum
reaction temperature in the cylinder reaches more than 1600 K and the excess air coefficient
is less than 3, as shown in Figure 6. As combustion products, CO2 and H2O will undergo
pyrolysis reaction to produce CO under high cylinder temperature. Furthermore, a large
amount of soot is generated in the oil-rich and lean oxygen area of mixture combustion,
and the soot is oxidized to generate CO with excess oxygen. As a result, the specific mass
flow of CO is increasing with a high load of the diesel engine. As the simulation result, the
relative errors of CO emission model at 25%, 50%, 75% and 100% load are −5.72%, −5.05%,
3.51% and 4.30%, respectively.

As shown in Figure 7d, the simulation errors of HC emission at 25%, 50%, 75% and
100% load are −5.92%, −2.04%, 7% and 1.77%, respectively, and the specific flow of HC
decreases with the load increasing from 25% to 75% of MCR. Due to the low temperature
of the mixture gases near the cylinder wall, there is a thin boundary layer (quenching layer)
nearby the cylinder wall maintaining a temperature below the spontaneous combustion
temperature of the mixture, and the flames will be extinguished being close to the cylinder
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wall. The mixture gases containing HC in the quenching layer directly enters the exhaust
without complete combustion. Especially at low load, the temperature of the combustion
chamber wall is particularly low, causing the quenching layer to be thick and the mixture
gas to have a low temperature. As a result of that, more HC will be generated at a low load.

In addition, there are various narrow gaps in the diesel engine combustion chamber,
such as the gap between the piston bank and the cylinder wall, the sealing belt slit formed
by the exhaust valve and the valve seat surface, etc. The flames cannot enter these gaps,
which are small to a certain extent, so that some amount of HC in the gaps cannot be
oxidized. During the compression and combustion stroke, more mixture gases will be
squeezed into these gaps due to the pressure rising in the cylinders. After the piston
passing the Top Dead Center (TDC), the mixture gases in gaps will return to the cylinders.
Nevertheless, the oxygen concentration and temperature in the cylinder is decreased, so
that the reoxidation proportion of the mixture flowing back to the cylinder is small.

At high load (>75% load), a large amount of soot will be produced from the oil-rich and
lean oxygen area of mixture combustion. However, there are areas with the temperature
lower than the soot generation temperature in the over concentrated mixture, which will
generate liquid HC and be further volatilized out of the cylinder. Therefore, the specific
flow of HC will increase rapidly at high load.

4. Conclusions

In this article, a mean value engine model (MVEM) of a ship’s main diesel engine
was developed in MATLAB/Simulink with high accuracy and fast dynamic performance,
which is especially helpful when used for more advanced intelligent ships. The model
consists of two main parts: the engine power performance and the emissions. The model
was then validated with experimental data. When applied to a two-stroke low-speed
marine diesel engine of a 30,000-ton bulk carrier, the main conclusions are as follows:

1. When compared against the engine’s actual performance data, the relative error of
major parameters from this model in steady-state simulation is within 2.2%, indicating
a decent high accuracy.

2. The exhaust emissions models of CO2, CO, HC and NOX are established as a function
of the load, and the relative error is found to be within 7%.

3. Three particular dynamic processes with sudden increase and decrease of the engine
load at corresponding engine’s speed are simulated. The pressure of the compressor
varies more greatly than that at the exhaust pipe under load variations and the exhaust
pipe temperature fluctuation is more significant when the load varies from 50% to
25% MCR.

Due to the satisfying prediction capability as well as fast performance, the marine
diesel engine model presented in this article can be used for a number of purposes including
(1) as part of ship simulators for training purposes and (2) as part of an entire ship model
voyage and operation simulation. In addition, the transient characteristics of the main
engine can be obtained from this model, which can be used to study the interaction between
hull, engine and propeller or to design the control strategy of marine diesel engines.
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