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Abstract: This study reports on the development of a training simulator for low-speed marine two-stroke diesel engines for learning
about the knowledge of diesel engines required for ship engineers through the Standards of Training, Certification, and Watch-Keeping
for Seafarers (STCW) Convention of the International Maritime Organization (IMO) model courses 7.02 and 7.04. In consideration of
the learning subjects, the program is divided into contents for operation-level, management-level, and graduate school-level training
for the design of engines by changing the group of engine parameters that can be adjusted. According to the adjustment of the input
parameters, this program can describe the output, specific fuel oil consumption (SFOC), temperature and concentration of exhaust
emissions, cylinder pressure, performance of the turbocharger, and output values such as P-V and P-T diagrams. In addition, NOx
calculations are programmed to provide access to the environmental issues caused by NOx, which have recently become an issue, from
an engine design perspective. Based on the requirements of the STCW and model courses, this study confirms that the developed
simulator can sufficiently simulate what is required at each stage and help with learning and research, by organizing learning scenarios
and using simulators to derive results.
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1. Introduction

The International Maritime Organization (IMO) presents the
qualifications and training standards for sailors aboard ships
through the Standards of Training, Certification, and Watch-
Keeping for Seafarers (STCW) Convention. Articles A-111/1 and
A-111/2 and A-111/3 of the STCW Convention provide the criteria
for the minimum functions for operation-level engineers in
charge of watch keeping, for management-level engineers with
propulsion units of more than 3,000 kW, and for management-
level engineers with propulsion units of more than 750 kW and
less than 3,000 kW.

The Convention calls for knowledge of the operation control
method of the ship’s diesel engine and the thermodynamics of the
diesel engine for the management-level engineer. In addition, the
details of the training requiring operation- and management-level
engineers are further defined in IMO model courses 7.02 and
7.04.

As the STCW Convention requires both theoretical and

practical knowledge such as on the operation and maintenance of
diesel engines, it is an effective way to combine theoretical and
hands-on education. Among the curricula currently being imple-
mented in Korea's maritime education institutions, the teaching
methods for diesel engines can be divided into theoretical educa-
tion, practical training by workshop and training ship, and train-
ing using a simulator. As the training on the ship is operated
within the regular curricula of maritime high schools, maritime
colleges, and the maritime institute, those who want to become
seafarers may not have the opportunity to experience the training
on the ship. Engine room simulator (ERS) training is the way that
can be presented to overcome these limitations. As there is no
locally developed ERS equipment, the cost of education is high
mainly because expensive equipment developed abroad, such as
by Kongsberg [1], Transas [2], and ARI, are imported and used
mainly for the training of marine engineers. In addition, training
using a training ship and ERS is considered to be very efficient

in training for the operation of diesel engines, but rather
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insufficient for learning and understanding the kinematics and
thermodynamic principles of diesel engines on their own. Be-
cause the main engine of an ocean-going vessel mainly uses low-
speed two-stroke diesel engines because of their high propulsion
efficiency, it is necessary for the trainees of the maritime educa-
tion institution to focus on low-speed two-stroke diesel engines.

Performance prediction models and simulations for improving
the performance of diesel engines have been studied very ac-
tively until recently [3]. Recently, the development of simula-
tions for diesel engine performance prediction and fault diagno-
sis using artificial intelligence has been actively conducted [4]-
[6]. However, there is no program that can provide practical train-
ing in the form of a simulation on the mechanical and thermody-
namic principles of a marine two-stroke diesel engine.

This study aims to adopt an educational simulation program
for marine two-stroke diesel engines so that the subject can learn
the operation and theory of diesel engines on his own. Consider-
ing the learner's level, the program divides the groups of varia-
bles that can be controlled by the learner according to their level
of education into classes for operation- and management-level
engineers, and for designing engines at postgraduate or higher
levels.

This program can check the output of diesel engines and the
specific fuel consumption, temperature of exhaust gases and the
concentration of exhaust emissions, compression pressure of cyl-
inders and maximum explosive pressure, performance of the tur-
bocharger, and output values such as P-V and P-T diagrams ac-
cording to the adjustment of the input variables. In addition, NOx
calculations are programmed to provide access to environmental
issues caused by NOx, which have recently emerged from an en-
gine design perspective. This study introduces the calculation
model of the marine two-stroke diesel engine simulation pro-
gram, the configuration of the scenario for education, and the ap-

plication of the scenarios.

2. Modelling for Marine Two-Stroke Diesel En-
gine
To simulate the kinetic process of the engine, the expression
of the movement of the piston is necessary, and thermodynamic
equations are used to calculate the changes in the kinetics and
gas flow and state. The marine two-stroke diesel engine adopts
the uniflow scavenge method. It is composed of a scavenging
port and an exhaust valve for intake and discharge of the work-
ing gas, and a fuel injector is attached to the cylinder cover for
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fuel injection.

To simulate the mechanical process of diesel engines, it is neces-
sary to make simplified models for the compression, combustion,
expansion, and exhaust processes. The filling and emptying air
flow model is used to simulate the intake and discharge process
of the working fluid during the scavenging and exhausting pro-
cess. The thermodynamic state equation of the gas and Annand
coefficient are used to calculate the loss owing to compression,
simulation of the expansion process, and heat transfer during the
process. In addition, the combustion process for heat flow into
the cylinder is simulated using a double Weibe function [7]. To
calculate the generation of emissions by the combustion process,
the two-zone model [8]-[11] that divides the combustion cham-

ber area into burned and unburned areas is used.

2.1 Air Flow Model

The target model of this program is a low-speed marine two-
stroke engine, and has a manifold in the intake system. Therefore,
to describe the air flow of a marine two-stroke engine, a filling
and emptying model that approximates the volume of the intake
and exhaust relationship and the cylinder, etc. is used. Figure 1
shows a conceptual diagram of the filling and emptying model.
Air from the atmosphere enters the cylinder through the mani-
fold, and the gas from the cylinder is released into the atmosphere

through the exhaust manifold.

Compressor Scav. port Ex. valve Turbine

A A T A

volume volume
|
Atmosphere | Scav. Cylinder I Exh. I Funnel
manifold manifold

Figure 1: Filling and emptying air flow model

2.1.1. Calculation of Mass Flow Through Port and Valve
The air and gas velocity through the scavenging port and ex-

haust valve are as follows:
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The gas flow rate can be calculated as follows:

dm, = CaRuPaTt;lASPUin 3)
dmg,, = CeRePeTglAEVUout 4)
dm = dm;, + dm,, (5)

The flow coefficient (C,) of the scavenging port is applied dif-
ferently according to the shape of the port and degree of opening
of the port as shown in Figure 2, and the flow coefficient of the
exhaust valve (C.) is applied differently according to the valve
lift, as shown in Figure 3 [12].

) 't ~ow/2
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BDC |Pson X, S w2

Crank angleldeg CA]

Figure 2: Dimensions and area of scavenge port
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Figure 3: Passage and lift curve of exhaust valve

2.1.2 Calculation of Area of Scavenge Port

The opening area of the scavenge port is determined by the
overall length and width of the port and the position of the piston
at the bottom dead center. It is calculated as follows from the re-
lationship with the lower part of the port. The crown surface of
the piston at the bottom dead center is expressed as the relative
position (Xy) with the lower part of the port. Also, the top and
bottom of the port are treated as a semicircle with the port width
as the diameter.

Number of port: N,

Port height: H=Hy+w

Port width: W =2r

Start of scavenging: t>0,t=H—-X,—(S—S5(0))
Port Area: Asp =A;" N,

No<t<r
A, = r*(a — sin( a)) + rtsin(a) (6)
— -1(rzt
a = cos ( - ) )
2Q)r<t<H-r
A, = %11'r2 +({t-7r)w (8)
HH-r<t<H-X,
A= %nrz + How +%TL’T2 —ria +rt'sine 9)
t=t—(H-71), a=cos™ ! (%) (10)

2.1.3 Calculation of Area of Exhaust Valve
To calculate the flow rate of the working gas escaping through
the exhaust valve, the area of the valve by the angle of the valve

seat is calculated as follows:

As shown in Figure 3, the data of the valve lift inputs each
crank angle and the lift at that position in the direction from the

exhaust valve opening angle to the crank angle.

2.1.4 Work of Compressor and Turbine of Turbocharger
The compression work in the compressor and turbine work
(expansion work) in the turbine can be obtained from relational

expressions as follows:

p\ (k=1)/k
W, = CpaGaTq [(P—”) - 1] (12)

(k-1)/k
Pe) ] do (13)

W, =[CpyG,T, [1 - (PT

It is assumed that the condition of the compressor outlet is con-
stant. The condition of the turbine inlet is the same as that of the
exhaust receiver. The instantaneous state of the turbine is calcu-
lated from the state of the exhaust receiver. The turbine work can
be calculated by integrating the state values for one cycle. How-

ever, the efficiency of the turbine is assumed to be constant.

2.2 Combustion Model

Because diesel engines are injected with fuel near the top dead
center, the process of forming a mixture of air and fuel is very
complex. The reason for this is that in the process of fuel injec-
tion and evaporation, the process of forming a mixture by the air

flow affects the combustion; correspondingly, many theoretical
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models have been studied [13]-[15].

In the generation of combustion products, the temperature and
mixing ratio of the mixture of air and fuel in the combustion
chamber are closely related [16]. Therefore, it is necessary to
treat combustion chamber areas separately, i.e., as several areas.
The larger the number of areas separating the combustion cham-
bers, the more precise the calculations; here, the two-zone model,
divided into a burned and an unburned area, is adopted. The two-
zone model assumes that the mixing gas in the cylinder is divided
into two areas separated by a surface of discontinuity. The tem-
peratures and gas compositions in the two areas are different, and
the pressure is assumed to be the same. Therefore, it is suitable
for the calculations for combustion products greatly affected by

temperature.

2.2.1 Basic Equation for Two-Zone model

The two-zone model distinguishes between the combustion
zone and unburned zone. The variables to represent the state of
the two regions are P, V,, V,, Ty, and T,,, and five relational
equations are required. The derivation process for calculating

each variable is omitted, and the resulting equations are as fol-

lows:
dP = CB'AB+CU-AU-A-P-m:CAB (14)
CDP
Each letter used in the equation is determined as follows:
T Ty
CDP=A-R-m{x-k—:+(1—x)-k—u} (15)
dav d
CAB="—V" m—’;‘ — (v — vy)dx (16)
cp="51 an
kp
U= "';;1, AB = dQ; — dQ,, — Cpp * Ty - (dmy, + dmy,) (18)

AU = —-dQ,,, — Cpy, * T, (dm, + dmy,) (19)
_ kp-1 dapP AB

dT), =0 Ty (G + 5 (20)
k-1 dP AU

dT, = %2 T, (F + 155) (21)

dVb =my- dvb + vy dmb (22)

av, =m,-dv, + v, -dm, (23)
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The initial temperature of the combustion zone at the start of heat
generation, assuming the adiabatic combustion temperature us-

ing the initial value of the excess air rate, is calculated as follows.

quel'ncnmb
Tinitiat = Te +

€ Cymp(1+AFy-2) (24)

2.2.2. Heat Release

The combustion process of the compression ignition engine is
explained in four sections: the ignition delay period, non-con-
trolled combustion period, control combustion period, and post-
combustion period. During the ignition delay period, the fuel
evaporates and breaks up into micro droplets, and the droplets
mix with air to form a mixing gas. Then, the mixing gas begins a
chemical reaction. The rapid or uncontrolled combustion period
is when the air fuel mixture formed during the ignition delay pe-
riod is ignited, resulting in very fast pressure increases and high
heat generation. This period greatly affects the generation of
NOX, which is sensitive to the combustion temperature. The con-
trol combustion period starts combustion from the mixture of the
prepared fuel and the air, and the combustion period and condi-
tion are adjusted according to the amount of fuel mixed with the
air. The heat generation by combustion lasts until the post com-

bustion period.

30 7 Pre-mixed combustion
50 J "~ Diffusive combustion
q) Y
o
=
o
1.0 A
0.0 "'-// T T T T 1
0.0 0.2 04 06 0.8 1.0
(6 - 6,)/64

Figure 4: Rate of heat release by double Wiebe function

Therefore, the heat release rate generated by burning the fuel in-
side the cylinder is simulated using the Wiebe function. Also, to
describe the actual engine, as shown in the Figure 4, it is divided
into pre-mixed combustion and diffusive combustion, and the
heat release is simulated by the double Wiebe function [17][18].

Wiebe function:

(25)

x=1—-exp [—6. 9 (e—as)(n+1)]

0p
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Double Wiebe function:

) o (26)

0p

dx _ 0-0,
Z=6.91-0)n+1)( :

2]

2= Fore (55) .+ Fair ()., (@1)

Fpre and F4;5 are the ratios of pre-mixed and diffusive combus-

tion, and Fp,e + Fgip = 1.

2.3. NO Calculation Model

The Zeldovich mechanism, in which NO is produced from ni-
trogen in the atmosphere, is generally the best applicable to com-
bustion systems in an air-fuel mixture. Therefore, it is possible to
perform the combustion model for the NO calculation by using
the Zeldovich mechanism. The combustion zone in the cylinder
is divided into two areas, burned and unburned, and the emission
is calculated by applying the Zeldovich mechanism, assuming

that the mixing conditions are uniform within each area.

2.3.1. Chemical Equilibrium Calculation

When the hydrocarbon fuel CmHn is reacted with air, only O,
N2, CO2, and H20 are produced and discharged in case of com-
plete combustion, but in reality, complete combustion does not
occur, and dissociation is caused by the high-temperature com-
bustion gas. That is, CO2, H20, and Oz, which are complete gas
components, cause dissociation, and the Hz and Oz generated by
this dissociation stop while causing dissociation again.

At the beginning of combustion, the temperature of the gas in
the combustion chamber is low; this is different from the rapid
combustion pattern during the main combustion period, and
causes a different type of reaction. When the combustion gas is
less than 1000 K, only CO2, H20, N2, O2, CO, and H2 are gener-
ated, and in the range of 1000-3000 K, 10 components (COz,
H20, N2, Oz, CO, Hz, H, O, OH, NO) are considered [19].

The equilibrium calculation method is a method of calculating
the number of moles of each product using the law of conserva-
tion of mass and the equilibrium constant under a given temper-

ature and pressure.

Table 1: Correlation coefficients of equilibrium constants

In this study, only 10 components (COz, H20, Nz, Oz, CO, Hz,
H, O, OH, NO) were considered. When the diesel fuel ChHm with
an equivalent ratio of @ is chemically reacted, it is expressed by

a reaction equation as follows:

GQ)CnHm+02102 + 0. 79N2 = v1C02 +v2H20+
'UgNZ + 174,02 + v5C0 + UﬁHZ + v7H + 1780 + v90H +
'UloNO (28)

From the reaction equation above, using the law of conservation
of mass, five equations can be derived by using the equation, in
addition to the relationship with the total number of moles using
the mole fraction y;. By assuming a chemical reaction in which
COz2, H20, N2, and O2 generate CO, Hz, H, O, OH, and NO by
dissociation, six relational expressions can be obtained by using
this relation. That is, in the above dissociation reaction, the equi-
librium constant K at which these reactions are in equilibrium
where the reverse reaction and the forward reaction rate are bal-

anced can be obtained as follows:

7P1/2

1
SHy & H Ky =" (29)
Yo
1/2
20,50 Ky =20 (30)
Ya
0, +20, 200 Ky=—2 (31)
2772 272 3= T1/2_1/2
Ys Yo
1 1 Y
1 _ Y2
H, +502 < H,0 Ks = —yi/zyﬁPl/z (33)
1 _ Y1
C0+202<:C02 Ké—W (34)

The equations can be solved by determining the values of the
equilibrium constants Ki—Ks with the above six reaction equa-
tions. The equilibrium constant K is a function of the temperature
only, and the following approximation equation presented by
Olikara and Borman is used [20]. The constants Ki—Ks of
Equations (29)-(34) and A to E of Equation (35) are shown in
Table 1.

A B C D E
K1 0.432168E+0 -0.112464E+5 0.267629E+1 -0.745744E-4 0.242484E-8
K2 0.310805E+0 -0.129540E+5 0.232179E+1 -0.738336E-4 0.344645E-8
Ks -0.141784E+0 -0.213308E+4 0.853461E+0 0.355015E-4 -0.310227E-8
K4 0.150879E-1 -0.470959E+4 0.646096E+0 0.272805E-5 -0.154444E-8
Ks -0.752364E+0 0.124210E+5 -0.260286E+1 0.259556E-3 -0.162287E-7
Ks -0.415302E-2 0.148627E+5 -0.475746E+1 0.124699E-3 -0.900227E-8
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Table 2: Rate constants for NO formation mechanism
Reaction Rate constant [cm3/mol/s] Temperature [K]
0+N,=NO+N ki = 7.6 x 10" exp(—38000/T) 2000 — 5000
N+ NO=N,+0 ki =1.6x1013 300 - 5000
N+0,=N0+0 ki =6.4x10°T exp (—3150/T) 300 - 3000
0+NO=0,+N k; =1.5x10°T exp (— 19500/T) 1000 - 3000
N+ OH=NO+H ki=4.1x10% 300 - 2500
H+NO=O0OH+N k3 =2.0x 10" T exp (—23650/T) 2200 — 4500
logK = AIn(T/1000) + B/T+C+D-T+E-T? (35) Q= [[N‘]’l (41)
NO.,
T is the absolute temperature, and each coefficient is shown in R K01, [N, ] 1 (N1, [NO] 42)
Table 1 in the range of 600 K < T < 4000 K. 1 T eat T2 leq T W eq T ea
. I . R; = k;[N]eq[OZ]eq = kE[NO]eq[o]eq 43)
2.3.2. Chemical Unequilibrium Calculation
As the energy generation reaction rate in the flame side of the Rs = ki [N]eq[0H]oq = k3 [NOloq[Hleq (44)
cylinder proceeds very quickly and the burned gas is close to
thermodynamic equilibrium, the results of the equilibrium cal-
culation for the temperature and pressure can be used. However,
Input data
as the NO generation rate is generally much slower than the gen- ‘encga‘pceu Shec- &
eration rate of other emission components, the calculation for NO conaton
P
should be calculated at non-equilibrium. There are many reac- nitial condition T
tions for producing nitrogen oxides in the combustion chamber, blow-by

but the fastest and most dominant is the Zeldovich mechanism.
The extended Zeldovich mechanism used in the calculation of the
NO production at non-equilibrium uses a chemical reaction equa-

tion as follows:

0+N, = NO+N (36)
N+0,oNO+0 (37)
O0+0HSNO+H (38)

The rate constant of the extended Zeldovich reaction equation
is shown in Table 2, and the rate constant is expressed as a func-
tion of temperature only.

If the forward reaction rate constant is k+ and the reverse re-
action rate constant is k- in the expanded Zeldovich mechanism
reaction equation above, the NO production rates are expressed

as follows:

d[NO] _ 2R;(1-a?)
at ~  (1+aK)

(39)

__R
K= R2+R3 (40)

State in cylinder for
~compression(one zone)
—combustion(two zone)
—expansion(one zone)

State in cylinder for scavenging Calculation of %
process — Calculation of heat mass flow Emission
> — i
transfer, mixing factor and through scav.& Gas properties
) exhaust —Kinetics of Nox
excess air ratio formation

State in exhaust receiver
—Calcultion of mass
flow through turbine

]

Figure 5: Flowchart for calculation

3. Marine Two-Stroke Diesel Engine Simulator

3.1. Program Calculation Process

Figure 5 shows the calculation procedure for the diesel engine
simulation program. For the operation of the simulation program,
the initial inputs include the dimensions of the engine compo-
nents (figure of physical shape of the cylinder, scavenge port, ex-
haust valve), operation data (rpm, brake horsepower (BHP), spe-

cific fuel oil consumption (SFOC), scavenge air pressure), and
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Wiebe index (prefixed and diffused) for the heat release rate. The
concentrations of the pressure, volume, temperature, and gas
components are then calculated in the following order: i) scav-
enging process, ii) compression process, iii) combustion process,
iv) expression process, and v) emission according to the crank
angle. Finally, the work of the turbines is calculated by the pres-
sure, temperature, and mass flow of the gas in the process of ex-

pansion, and the efficiency of the turbocharger is calculated.

3.2. Simulator User Interface
This engine simulation program is designed to provide training
for operation- and management-level engineers as required by

the STCW, as well as for graduate students studying diesel en-

gines.

3 Output data r e

Figure 6: Program user interface

Figure 6 shows the user interface of a two-stroke diesel engine
training simulator. In Figure 6, (1) is an engine input data screen,
and is divided into colors (gray, green, purple) according to the
level of learning so that it can be divided into operation level,
management level, and graduate school level. (2) is an input data
item and is classified into data on the engine operating condi-
tions, air-fuel ratio, and engine dimensions. If the user clicks each
item, the user can enter each numerical value in a pop-up window
for it. (3) is the output for the result of the input, and the follow-
ing items are included: i) engine performance (indicated horse-
power (IHP), BHP, and SFOC), ii) exhaust gas conditions (tem-
perature, pressure, NOx and CQO2), iii) turbocharger and scav-
enge air (T/C efficiency, temperature, and pressure), iv) cylinder
condition (temperature and pressure). (4) prints the results for the
cylinder condition on pressure and theta (P-T), pressure and vol-
ume (P-V), and theta and temperature (T-T) graphs so that learn-
ers can easily understand the changes in engine conditions.

Figure 7 is a pop-up window for data input, and the colors of

the items that can be entered are different for each learning level

(operation level, management level, and graduate school level).

Figure 7: Pop-up windows for input data

3.3. Standards of Training, Certification, and Watch-Keep-
ing for Seafarers (STCW) and International Maritime Or-
ganization (IMO) Model Course 7.02 and 7.04

The STCW Convention specifies and enforces competency for
operation- and management-level engineers in A-code, and rec-
ommends detailed education/training guides for competency as
model courses. Table 3 shows the knowledge related to the diesel
engine of the ship as required by the drivers at the STCW and
model courses.

STCW A-l11/1 is the competency required by the engineer for
watch-keeping, and A-111/2 is the competency required by the
management engineer. Model courses 7.04 and 7.02 denote the
education/training required by the operation- and management-
level engineer. In addition to the contents provided in Table 3,
the convention and model courses include maintenance, repair,
and planned maintenance related to diesel engines. Therefore,
Table 3 shows only the contents of the education and training
that can be performed using the simulation program. In the
STCW Convention, the knowledge of the basic structure and
operation of diesel engines from the operation level and the the-
oretical knowledge of the diesel engine from the management-
level engineer are required. According to the model course, 100
hours of training are required for the basic structure and operation
principle, and 50 hours of training are required for thermodynam-
ics and heat transmission.

Table 4 shows the scenarios derived based on the required ed-
ucation content for the operation and management levels as clas-
sified in the STCW, and the level required for the graduate school
course. The requirement of the operation level is the operation of
the propulsion system necessary for being on duty. As necessary

for the operation training of the engine, the relationship between

Journal of Advanced Marine Engineering and Technology, Vol. 45, No. 6, 2021. 12 453



Ji-woong Lee *

Hyun-Min Baek - Jae-ung Lee *

Table 3: Diesel engine training required by STCW and model courses
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STCW Model course
- Basic construction and opera- . . . - .
= . . . . <t Basic construction and operation principles of machinery systems of Ma-
= tion principles of marine diesel < . - .
: . ~ rine Diesel engine (100 hours)
< engine
Thermodynamics and heat transmission
Thermodynamics and heat - Gas cycles/engine analysis (12 hours)
transmission related to Marine - Combustion (6 hours)
g diesel engine N - Heat transfer (12 hours)
:;: - Heat cycle ~ - Propulsive characteristics of diesel engines (20 hours)
- Thermal efficiency - Propeller and load diagrams
- Heat balance - Propulsion characteristics diesel
- Heat cycle, thermal efficiency and heat balance

Table 4: Diesel engine training scenario by learning level

Level Scenario Category Item Contents
Operation 1 Operation Load diagram Evaluation of engine load diagram.
Pre-mixed com- Explain the combustion process and explain the effects
2 Combustion bustion, diffusive of the premixed and diffusive combustion processes on
combustion the output.
Management 3 Cvele E'ﬁfeelggg;ﬁfgo_ Comparison of each combustion cycle by simulating
g Y yele, cle y base on the combustion characteristics.
4 Heat transfer c (I:i?l(()jlelpgv\;ﬁttirr’n- Describe the effect of cooling water temperature on cyl-
y perature inder wall temperature and the heat release process.
Scavenge air, ex- Describe the effect of the relationship between air sup-
5 Turbocharger haust gas, effi- ply and exhaust gas on the efficiency of the turbo-
Graduated ciency charger.
6 Emission NO.. CO Design the engines with variable parameters to reduce
% L2 emissions engine parameters and emission.
speed and power can be drawn on a graph while adjusting the 1004 Propeller curve by sea trial
input data. The scenario for the management level is composed -A- Operation at heavy load
. . 90 1 .x- Operation at light load A
of the understanding of the combustion process, the understand- NCR Ak >~
ing of the internal combustion engine cycle including the Diesel, T 80 - ' 5 g
. = e
Otto, and Sabathe cycles, and the understanding of the heat loss g
. . . g 70 -
of the diesel engine. For graduate students who aim to study the *
design and performance improvement of diesel engines, a sce- 60 -
nario is constructed so that they can know which design factors _
affect the performance of the engine, and which design factors of so - ! " " '
80 85 20 95 100

the T/C affect the engine performance. In addition, a scenario is
constructed to enable research on the exhaust gas products emit-

ted from diesel engines.

3.4. Application of the Scenario using the Simulator

Figure 8 is the propeller curve according to the engine opera-
tion status expressed by the program according to the scenario 1
for the operating-class engineer.

The yellow mark is a propeller curve that expresses the
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Engine speed [%)]

Figure 8: Simulation results by scenario 1 of Table 4

speed and power at 50%, 70%, 80%, and 90% load, respectively,
in the same sea conditions during sea trial operation of the model
ship. The blue mark -&- shows the process of driving by deceler-
ating the speed to approximately 95% and reducing it to normal
continuous rating power when the ship's resistance increases and
the output increases to 90% in the operating state of 80% load.
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The red mark ->-- shows how the engine speed increases accord-
ing to the load reduction when the resistance decreases in an op-
erating state of 80% load. When operating on duty, the engineers
should be able to respond to emergency situations such as torque
rich, overload, and over-speed by identifying the load conditions
of the main engine according to the resistance of the hull, and
should be familiar with the speed increase and decrease methods
for load fluctuations.
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Figure 9: Combustion process according to heat cycles

and understanding the different combustion characteristics and
combustion processes is a very important part of engine fault di-
agnosis and maintenance.

The jacket cooling water temperature should be maintained at
an appropriate temperature to prevent damage to the cylinder
liner, cylinder cover, and valves of the engine owing to overheat-
ing, and to improve stability and prevent corrosion. High jacket
cooling water temperatures cause material cracking and heavy
deposits of dirt and metallic particles. However, too low a tem-
perature of the cooling water increases the heat loss escaping to
the cylinder wall, and accelerates the corrosion by the marine fuel
oil with a high sulfur content. Therefore, the temperature of the
cooling water must be maintained at the appropriate temperature
recommended by the engine manufacturer.

Table 5 shows the simulation results of the effect of the cool-
ing water temperature on the engine performance in Scenario 4
in Table 4. The temperature of the cylinder liner is related to the
friction between the piston ring and liner, affecting the perfor-
mance and combustion temperature, and thereby affecting the
generation of NOx and hydrocarbons [21].

The cylinder wall temperature is determined by the cooling wa-
ter temperature and combustion chamber temperature. In the sim-
ulation, the combustion chamber temperature is performed under

the same conditions to check the performance effect of the cooling

Table 5: The effect of cooling water temperature on engine performance

Jacket cooling water 50°C 60°C 70°C 80°C 90°C
Pcomp [bar] 53.3 53.4 53.5 53.5 53.6
Prmax [bar] 65.5 65.6 65.6 65.7 65.7
Tmax K] 2583 2589 2596 2602 2609
IHP [PS] 3641 3644 3644 3644 3644
SFOC [9/kWh] 158.8 158.6 158.6 158.6 158.6

Figure 9 shows the P-V diagrams of the Diesel and Otto cycles
corresponding to scenarios 2 and 3 in Table 4, and the combus-
tion process by each cycle.

Figure 9(a) shows a typical diesel cycle. Through the heat re-
lease graph, it can be seen that the ignition delay period from fuel
injection to ignition passes, leading to premixed combustion and
diffusion combustion. Figure 9(b) shows the P-V diagram and
heat release of the Otto cycle (represented by the static cycle).
Through this graph, it is possible to observe the combustion pro-
cess in a static state in which pressure and heat are instantane-
ously generated by burning all at once as the mixed air-fuel gas
is ignited.

The STCW requires the ship's engineer at the management
level to be familiar with the heat cycle and combustion process,

water temperature on the cylinder wall. As the cooling water tem-
perature gradually decreases from 90 °C, the compression pressure
(Pcomp) also decreases, affecting the maximum pressure (Pmax) and
maximum temperature (Tmax). This also affects the IHP and SFOC.

Marine engineers are expected to be able to easily understand
the effect of the coolant temperature on the engine performance for
fuel reduction and power management through the simulation. Re-
cently, research to reduce the NOx generated from diesel engines
owing to the seriousness of global warming and particulate mat-
ter concentrations are ongoing [21]-[9][22][23]. In the area of
diesel engines for marine use, the IMO is forcing ships built after
January 1, 2016 to be equipped with facilities that can satisfy Tier
111 when sailing emission control areas, so technical studies are

actively being conducted to reduce the NOx from the low-speed
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Table 6: Performance and emission results according to engine parameters

Parameter Unit Ref. Case 1 Case 2 Case 3
Scav. temp. K 305 305 295 305
Input Scav. press. bar 0.8 1.2 0.8 0.8
Area of turbine nozzle mm? 320 320 320 350
IHP PS 3818 3941 3832 3836
BHP PS 3456 3579 3471 3474
SFOC g/kWh 151.4 146.7 150.8 150.7
Exh. gas temp. K 880 730 869 860
Output NOx g/kWh 45.2 414 422 41.7
T/C efficiency % 54 71 55 58
Tmax K 2508 2229 2476 2502
Pmax bar 81.2 88.4 81.6 81.1
Pcomp bar 51.4 59.6 51.8 50.9

two-stroke diesel engines for ships [24][25].

According to the Zeldovich Mechanism, the NOx generated in
the process of thermal dissipation of combustion gases is gener-
ated at temperatures above 1800 K and is greatly affected by the
highest combustion temperature, and if the combustion tempera-
ture is reduced by 200 K, the NOx generation is reduced to one-
tenth [26]. The factors affecting the combustion temperature and
combustion process are the injection conditions, intake and ex-
haust conditions, and performance of the T/C. The impact of
these factors on the NOXx reduction can be seen through this sim-
ulation program.

Table 6 is the result of simulating the temperature and pressure

of the scavenge air and the area of turbine nozzle under the same
conditions by using the program to determine the effect of per-
formance of the T/C on the engine and emission under the control
of each variable corresponding to Scenarios 5 and 6.
Case 1 shows that the increased scavenge air pressure in ref. has
resulted in improved engine performance such as in the IHP and
SFOC, and the increased T/C efficiency has also affected the re-
duction of emissions. Case 2 shows that the effects of improving
the performance and reducing emission can be achieved by low-
ering only the scavenge air temperature at Ref. Case 3 adjusted
the area of turbine nozzle to adjust the flow rate of turbine. An
increase in the turbine area causes a decrease of intake air pres-
sure, owing to a decrease in the pressure at the turbine inlet. A
small turbine area can improve the boost pressure, but increases
the pumping loss at the same time because of high backpressure
[27]. Therefore, to maintain performance, it is required to im-
prove the compressor efficiency, that is, improve the overall T/C
efficiency.

The efficiency of the T/C increases through the adjustment of

variables in cases 1, 2 and 3, thereby reducing the Tmax of the
combustion chamber. It can be seen that this leads to a decrease
in NOx.

The IMO presents the emission factor of marine fuel through
the 3rd greenhouse gas study [28]. In all cases, CO2 emissions
can be calculated by applying an emission factor to the fuel con-
sumption. In case 1 with the lowest SFOC, the absolute amount
of CO2 may be calculated as the lowest. CO2 emissions are also
affected by the T/C efficiency.

Through the marine two-stroke diesel engine simulator, it is
possible to check the performance factors that affect engine per-
formance and emission, and to know that engine design for en-
gine performance improvement and emission reduction is also
possible.

4. Discussion and Conclusions

This study is about the application of a marine diesel engine
training simulator to facilitate an understanding of the diesel en-
gine knowledge required by the STCW and IMO model courses.

The main engine of the ships currently in operation is a me-
chanical control engine, and the proportion of electronical con-
trol engines continues to increase. The difference between a me-
chanical engine and electronical engine is in the control method
of the fuel and exhaust valve. The simulator needs to reflect the
electronical control model of the fuel and valve by reflecting the
recent trend. As this study constructs the scenarios in accordance
with the requirements of the STCW, there is a limitation in ap-
plying the scenarios only in cases of the thermodynamics, without
dealing with the contents of the fuel and valve control.

As all of the scenarios do not reflect actual data, situations that

cannot actually appear may result. The clear purpose of the study
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is to understand the theoretical correlation while directly calcu-
lating the states of the engine performance and emission change
according to variable changes; thus, it is judged to be useful for
learning purposes, not for research purposes. However, it is nec-
essary to upgrade the simulator through verification of the actual
data, so that the data on the actual situation can be sufficiently
reflected.

The marine two-stroke diesel engine training simulator aims
to increase the accuracy of the results by using a calculation
model suitable for a ship's two-stroke engine for each process, so
that all processes (scavenging, compression, combustion, expan-
sion, and exhaust) of the engine heat cycle can be simulated. It is
designed to be able to calculate the emission from diesel engines,
which is a recent issue, so that it is possible to educate not only
the ship's engineer, but also the graduate school student who
wants to design and research the engine. The user environment is
configured so that the user can select and simulate engine varia-
ble items that can be input by learning levels into three stages
(operation level, management level, and graduate school level).
In this study, a learning scenario was constructed based on the
content required in the STCW and Model courses, and the result
value was derived using a simulator. Through this, it was con-
firmed that the developed simulator can sufficiently simulate the
content required in each step, and can be helpful in learning and
research. Through the application of this simulator, it is necessary
to improve the theoretical education and engine research of the

marine two-stroke diesel engine.
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