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Two-Stroke Low Speed Diesel
Engine Simulation Model for NOx

Analysis

Branko Lali¢?, Nikola Raci¢?, Gojmir Radica®

All commercial marine engines have to comply with IMO
regulations on emissions, especially of nitrogen oxides. This
paper describes the gases produced in the combustion process in
the diesel engine, and the manner of pollutant creation. Several
models of slow-speed diesel engines have been developed
and analysed. The characteristics of the simulation model are
compared with the characteristics obtained on the testbed, and
their differences considered. Using the term for the formation of
NOx, as well as independently developed programs in MATLAB,
the rate of nitrogen oxide formation was obtained as a function
of excess air, pressure and temperature. The reduction of excess
air increases adiabatic flame temperature and has an effect on
NOx emissions. The obtained results are compared with the
actual values measured on the testbed.
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1. INTRODUCTION

Exhaust gases from marine diesel engines are the primary
source of emissions from ships and significantly contribute
to environmental pollution due to the characteristics of the
combustion process, typical for large marine two-stroke low
speed engines and the use of heavy fuels. Ocean-going ships are
the major contributors to global emissions of several hazardous
air pollutants, such as nitrogen oxides (NOx), sulphur oxide
(SOx), fine particulate matter (PM), hydrocarbons (HCs), carbon
monoxide (CO) and greenhouse gas carbon dioxide (CO,). These
pollutants do not only have local, but global impact as well. While
impact on local (or regional) air quality is mostly due to pollutants
such as PM, NOx and sulphur, CO, has impact on global climate.
The quantity of gases emitted from marine engines into the
atmosphere is directly related to the total fuel oil consumption.
Regulations governing air pollution from merchant shipping
are developed at the global level. Since shipping is inherently
international in character, having uniform regulations on issues
such as air emissions from ships is vital. The shipping industry is
principally regulated by the International Maritime Organization
(IMO), an UN agency based in London, responsible for the safety
of life at sea and the protection of the marine environment.
IMO ship pollution rules are contained in the “International
Convention on the Prevention of Pollution from Ships’, i.e.
MARPOL 73/78, Annex VI - the first set of regulations on marine
exhaust emissions. This paper analyses the effect of modification
of an engine’s characteristics on nitrogen oxide emissions
(Komar and Lali¢, 2015). Scappin (Scappin et al., 2012) attempts
to develop a correlation to predict thermal NOx formation
in compression ignition (Cl) engine fuelled with diesel and
biodiesel. Attention was paid to both fuel properties and engine
design factors. NOx emissions predicted by the correlation were
found to be comparable to the actually measured emissions.
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Saravanan (Saravanan et al, 2012) does something similar by
developing a method for energy system analysis for low speed
diesel marine engines to predict their performance and NOx
emissions. The extended Zeldovich mechanism was used to
predict the NOx emissions. An electronically controlled engine
simulated to validate the model was found to be capable of
predicting NOx emissions and specific fuel oil consumption with
95 % confidence intervals. However, Larsenb et al. (Larsenb et al.,
2015) study looked into two-stroke diesel machinery for ships,
with five varying configurations to explore the trade-off between
increased NOx emissions and reduction in fuel consumption. By
implementing a waste heat recovery system using an organic
Rankine cycle and a hybrid turbocharger, fuel consumption
decreased by up to 9 % and NOx up to 6.5 %. On the other hand,
Andreadis (Andreadis et al., 2009) uses a large two-stroke marine
diesel engine operating at full load to explore the pilot injection
strategies using simulations of computational fluid dynamics
along with an Evolutionary Algorithm. The solutions obtained
were analysed and identified based on Pareto dominance. NOx
emissions centred on early and late pilot injection improved.
Guan (Guan et al, 2015) used a modular zero-dimensional
engine model built in MatLab and Simulink environment to study
the operation of large two-stoke marine diesel engines. Engine
shop trial values were compared to the derived performance
parameters of the engine, simulated under steady conditions,
followed by the discussion of the operating strategies of the
engine and their influence on CO, emissions and fuel savings.
The purpose of the Varbantes (Varbantes et. al., 2012) research is
to highlight the methods improving diesel engine efficiency. The
purpose of control is the even distribution of load between the
cylinders, providing the fuel equipment and main diesel systems
are operating as usual. The power plant capacity, fuel efficiency
and compliance with MARPOL environmental restrictions
depend on it. In their previous studies, the authors (Radica, Racic¢)
explored the possibility of increasing the efficiency of a low speed
two-stroke turbocharged main diesel engine operating with
waste heat recovery by combined heat and power production
(Grljusi¢ et al., 2014; Grljusic et al., 2015). Paper (Spahni et al,,
2015) deals with a different concept realisation of Generation
X-engines, namely (X-tra efficiency, X-tra manufacturing-friendly,
X-tra reliability, X-tra environmentally-friendly). The differences
between engines W-X35, W-X40, W-X52, W-X62 W-X72, W-X82
and W-X92 are due to differences in engine size, shipyard
requirements or the availability of technical concepts.

2. RESULTS AND DISCUSSION
2.1. The Formation of Thermal Nitrogen Oxides

Although nitrogen monoxide NO and NO, constitute the
majority of nitrogen oxides NOx, nitrogen monoxide formed in
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combustion processes predominates. NO and NO, create nitric
oxide N,O, nitrogen trioxide N,O, and N,O, nitrogen peroxide
which is present in much smaller quantities. Although the
oxidation of molecular nitrogen is the basis for the formation
of NO, if fuel contains a substantial amount of nitrogen, the
oxidation of the nitrogen components of the fuel functions as an
additional source of NO. Diesel fuels contain higher percentage
of nitrogen than petrol. Since NO is the primary product (over 90
%) of combustion in diesel engines, its formation merits further
clarification. The formation of thermal nitric oxide was described
in (Heywood, 1988; McAllistar et al.,, 2011; Lali¢ et al., 2014; Lali¢
et al,, 2016). The reactions required for the formation of NO
from atmospheric nitrogen have been studied extensively. The
following reactions show an almost stoichiometric combustion
mixture of fuel and air to create NO from molecular nitrogen:

N,+O0<NO+N
N+0O,«<NO+0O )]
N+OH<— NO+H

This is often called the extended Zeldovich mechanism.
Zeldovich was the first to recognize the importance of the first
two reactions, while Lavoie added the third reaction which is
of minor importance. The emergence of nitrogen oxides can be
presented as shown in the following equation (McAllistar et al.,
2011):

d
—d;NO =1.476-107-x, x5’ -

0.5

(75 . (£ )

ms’’
RT pp

Where T is absolute temperature; Xy, is mole fraction of nitrogen;
Xo, is mole fraction of oxygen; P is maximum pressure for the
given temperature; R is universal gas constant (8314 Jkmol'K™).
The greatest influences on the formation of thermal nitrogen
oxide (NO) are local temperature in the combustion chamber (T),
pressure (influenced by the concentration of ingredients), local air
surplus (), retention time (1,) observed particles of composition
in an area with conditions (T) and (A). Figure 1 illustrates the
dependence of nitric oxide (NO) formation speed on combustion
temperature for a wide range of ratios of equality, and very small
quantities of nitric monoxide (NO) are shown to be formed when

combustion temperature is below 1800 K.
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Figure 1.

Formation of nitric oxide (NO) in the function of mixture
concentration and combustion temperature (McAllistar et
al,, 2011).

As shown in Figure 1, nitric oxide levels can be decreased by
reducing the rate of reaction velocity, which lowers combustion
temperature, and consequently, reduces oxygen O and nitrogen
N levels. As for conditions of combustion in the engine, 1,
is compared to the time it takes to change the conditions in

— INPUT PARAMETERS

— OUTPUT PARAMETERS
Valve open (deg)
Valve close (deg)
D - bore Max lift
s - stroke MOP (deg)

| - con-rod length

CR - compression ratio
Combustion model - Dual
Vibe function

Closed cycle - Woschni

the engine (equal or more), which means that the process is a
kinetically controlled formation of NO.

58300
)

810 T-e( 7

NO

1
P 2
Where 7, is time of NO formation expressed in seconds.

2.2. Low Speed Diesel Engine Model

This type of slow speed marine diesel engine is an open system
with input and output streams. In order to simplify the simulation,
the engine was treated as a closed system in which the state of
equilibrium was assumed to change in control volumes (quasi
stationary model), while unsteady gas dynamic effects were
neglected. A set of mathematical equations represents the
mathematical model of attributes of physical processes, including
parameters obtained by measuring or estimating the physical
model. The cylinder pressure, temperature and gas composition
are assumed to be equal in all cylinder chambers. Weight losses
due to leaks are taken into consideration in the high-pressure
part of the process, while kinetic energy is ignored.

P - Effective engine power

p - Cylinder pressure

pe - Mean effective pressure

Pmax - Max cylinder pressure

T - Cylinder temperature

Tr- Product temperature

x - Molar fraction (Nz, 0z, CO, COz)
b, - SFOC

Combustion surface
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Exhaust trunk diameter |

EXHAUST
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EXHAUST
VALVE
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TRUNK

Figure 2.

Simplified working matter flows and influential model output parameters in low speed diesel engine.
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The heat in the cylinder is transferred by convection and
later by radiation during combustion. Heat transfer coefficients
are not the same throughout the cylinder, i.e. the temperature
field is unsteady and inhomogeneous. Heat transferred to the
cylinder walls is calculated for each crankshaft angle. Heat loss is
described with Woschni’s model, and the parameters of the law
of combustion are determined by analytical form in the function
of combustion according to Vibe (Radica, 2008).

2.2. Calculation of Nitrogen Oxide Emissions

Since the software package used was unable to simulate
nitric oxide NO emissions, the estimated NO emissions needed
to be calculated according to equation (2) (Benson, 1982). As
M. Stoffels wrote in (Stoffels, 1999), the critical period of NO
formation in diesel enginesis marked by the moment of maximum
combustion temperatures. The NO formation rate increases
with the duration of combustion and growing pressure. Once
maximum pressure is reached, the temperature of combusted
gases decreases due to volume expansion and they begin to
mix with cooler gases within the cylinder, resulting in decreasing
NO emissions. The calculation of NO formation rate requires the
establishment of the maximum temperature of combustion
products. As stated in (Benson, 1982), the temperature of
products will reach its maximum when there are no heat losses
to the environment and when all the energy released in the
combustion process is used to heat combustion products. This
temperature is called the adiabatic flame temperature (T,,) and
an analysis of combustion at constant pressure is used for its
calculation. Adiabatic flame temperature for poor mixture (for
equivalence ratio @ < 1) is (Benson, 1982):

;g ©f-LHY
MR (14 O-f) T,

Where T isabsolute temperature of the reactants, @is equivalence
ratio, . is stoichiometric fuel/air ratio, LHV is fuel lower heat value,
and C,pis mean specific heat capacity of products. Compression
temperature at the moment of fuel injection, used as the
temperature of the reactants T, is easily determined from the
temperature diagram in Figure 3.

Mean specific heat capacity of products Ep,P is taken as the
average temperature of reactants and products, which is:

TP+ TR
2

T=
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Figure 3.
Temperature in crankshaft angle function (MAN B&W
6S50).

The temperature of the reactants may safely be assumed
to be equal to exhaust temperature, since its change would
not significantly affect the specific heat capacity. Assume that
the temperature of products T, is 623 K, or 350° C. The average
temperature of exhaust gas reactants and products (T = 675 K)
can now be determined. The specific heat capacities of exhaust
gas products for poor mixture are indicated in thermodynamics
tables, i.e. Table 1.

Table 1.
Specific heat capacity of exhaust gas products.

Product Specific heat capacity kJkg 'K’
Water H,0 213
Carbon dioxide 1.15
Oxygen O, 1.05
Nytrogen N, 1.12

The mean value of the specific heat capacity of products Ep,P’
can be calculated by entering the heat capacities of combustion
products indicated in the table into the following expression
(Guan et al., 2015):

_ [
Cp,P:ﬁ ,é Coip =
(6)
C .. +C __+C _+¢cC

p, H,0 p, CO, p, O,

4

122 Nz
kikg 'K

Adiabatic flame temperature (T,.) largely depends on

the relative air/fuel ratio and compression ratio, elaborated
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in further text. The establishment of connection between
adiabatic flame temperature and relative air/fuel ratio requires
taking several relative air/fuel ratios into account. The ratios are
obtained by calculating corresponding temperatures using the
Matlab software package. Table 2 contains values required for
the calculation of the adiabatic flame temperature. When these
values are entered into Matlab, the values of the adiabatic flame
temperature may be obtained depending on the relative air/fuel
ratio. The dependence of adiabatic flame temperature T, range
on the relative air/fuel ratio is shown in Figure 4. The diagram in
Figure 4 suggests that as the increase in air surplus reduces the
T ..+ Calculated by expression (6), there is simultaneously a clear
increase in real fuel/air ratio (), and a reduction in relative air/fuel
ratio, i.e. an increase in fuel mass (mg) within the cylinder reduces
the relative air/fuel ratio. The increase in fuel mass in the cylinder
is accompanied by an increase in temperature, and therefore an
increase in energy. The increase in temperature is justified due to
reduced air surplus.

Table 2.
Values required for TAFT calculation (MAN B&W 6S50MC).

Parameter Value
Temperature of reactants T, 727 K
Relative fuel/air ratio A 1.7-23
Stehiometric fuel/air ratio f, 0.069

Fuel lower heat value LHV 42.7 MJkg!
Mean specific heat capacity of products Ep’P 1.363 klkg 'K’

Adiabatic flame temperature [K]

e i i i i ) i i
16 17 18 18 2 21 22 23 24

Air surplus

Figure 4.
Dependence of adiabatic flame temperature on air surplus
(MAN B&W 6S50).
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Figure 3, obtained from the software package, can now be
related to the resulting adiabatic flame temperature range and
indicates a range of crankshaft degrees (on the abscissa) required
for the pressure values, mole fraction of oxygen O, and nitrogen
N,. Their values are shown in the diagrams in Figure 5. Matlab
was used to calculate the values and tabulate the diagrams
shown. Using the expression (2) for the rate of production of
NO and expression (3) for NO formation time, NO emission
can be obtained. The rate of NO production is given in ppm/s,
and formation time in seconds, i.e. the product of these two
expressions is the value of NO emissions at a given time:

dx
NO
X0 at T, Ppm 7)
633932 - -
CYLINDER 1 (PRESSURE [N/m?]
35087814
o
g 1o
£ 1067823
Z
@ B47688
=
=
9 s
<t
A 9yge5054 \ /
2186595 ) ; - J " ] VAN
-643951 T T T T I I
0.0 44,0 2B8.0 432.0 S76.0 720.0 864.0 1008.0 1152.0 1296.0 1440.0
Crankshaft angle [°CA]
a)
6042245
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Figure 5.

Dependence of parameters on the crankshaft angle: a)
cylinder pressure; b) cylinder pressure for T, (within
vertical lines); c) mole fraction of N,; d) mole fraction of
O,; e) Value of nitroen in the cylinder for T, range (within
vertical lines); f) Value of oxygen in the cylinder for T, ..
range (within vertical lines).

When tabulated values of the model are entered in the
expression (7), NO emission can be obtained, and shown as a
function of temperature and pressure, Figure 6 a and b. The
analysis will be conducted for two engines having the same
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characteristics, but different compression ratios and RPMs
(crankshaft revolutions per minute). Since both engines are
produced by the same manufacturer and are of the same type
- MAN 6550 MC - to prevent confusion they will be marked as:

Engine 1:

— Real compression ratio 13.21,

— RPM 121 min™.

Engine 2:

— Real compression ratio 13.54,

— RPM 110 min™.

So far, the analysed data pertains to Engine 1.

1500

NO [ppm]
B

i i i i
1.3% 138 14 142 144 1.45 148 1.5 152 154 156
Pressure [N/m?] x 10

a)

NO [ppm]
888

-

:

i i i i i H
B8 700 1750 180 180 iAo
Temperature [K]

b)

Figure 6.
Nitrogen Oxide emission: a) as a function of pressure; b) as
a function of temperature.

Comparison between Engine 1 and Engine 2 is illustrated
in Figure 7. Values for Engine 2 are obtained as shown in the
calculation procedure for Engine 1.
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Figure 7.

Nitrogen Oxide emissions: a) based on the pressures of
engines no.1 & 2; b) based on the temperatures of engines
no.l§ 2.

Evidence of traceability data has increased compression
ratio for each engine by 0.5, which means:

— Engine 1: actual compression ratio 13.71, and

— Engine 2: actual compression ratio 14.04.

In Figure 8 all diagrams of engines with both initial and
altered compression ratios are compared. Diagrams (b) and (c)
illustrate the effect of compression ratio on NO emission volume.
Compression temperature increases linearly with compression
ratioincrements, identified earlier in this paper as the temperature
of the reactants T_. Expression (6) suggests that the increment of
reactant temperature also increases adiabatic flame temperature
T, An increase in compression temperature is known to affect
NO emission concentration. The preceding diagram shows that
engines with different compression ratios have different NO
emissions. Since NO emissions were higher in engines with higher
compression ratios, cylinder pressure, which increases with the
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compression ratio, can be concluded to play an important role.
Diagram (b) illustrates that higher temperatures cause greater
deviation in the curve, i.e. an increase in NO concentration can
be said to have occurred. This means that engines with lower
compression ratios achieve their maximum pressure values,
and hence their maximum NO concentration, earlier. The same
conclusion can be drawn from diagram (c) in which the curves
of Engine 1 and 2 are seen to intersect due to Engine 1 having a
lower compression ratio and thus achieving its peaks, which are
also lower, earlier (Lali¢ et al., 2016).
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Figure 8.

Nitrogen Oxide emissions: a) as a function of pressure
with initial and modified compression ratios; b) as

a function of temperature with initial and modified
compression ratios.

To further clarify the impact of pressure on NO emission
formation, Figure 9 (a) depicts NO emissions as a function of
pressure for a wider range of temperatures inside the cylinder,
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i.e. for a wider range of pressures. The diagram suggests that high
emission depends on pressure, where the pressure dropis still ata
slight increase due to the temperatures still being high. Emission
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- —
i
i,
b
Y
|
15m e
g
2 e
2 o
1000 | ;,/"/ i
e
.—"//
.—"—f’—-—(
_.--""'_J---‘
SUIJE 1I:ﬁ 1Id 142 11‘{4 |:15 ':13 ‘IS 152 1‘54 155
Pressure [N/m?] 10
a)
Figure 9.

curves can be seen to start to decline with sharper pressure drop,
since after achieving maximum pressures, temperatures begin to
fall, reducing emissions.
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Nitrogen Oxide emissions: a) as a function of pressures; b) as a function of temperature.

The diagram in Figure 9 (b) likewise illustrates emissions for
awider range of temperatures inside the cylinder. At the very end
of the emission curve where maximum temperature is reached,
the beginning of emission decline can be observed. Huge impact
of pressure are evident. Although temperatures in the cylinder
are still high, nitrogen oxide emissions are lower due to low
pressure and decreasing temperature (McAllistar et al., 2011).

Table 3.
Exhaust emission data obtained by testbed measurements.

3. EXPERIMENTAL SECTION

This section presents emission values obtained by test bed
measurements of the MAM B&W 6S60MC engine, provided in
Table 3.

Figure 10 shows the point on the simulation curve for the
value obtained from the engine test bed at 100 % MCR.

Time Power Speed NOx
% kW % rpm ppm
10:27 25/2064 63/76.5 982
10:56 50/4720 79/96.2 1026
11:23 75/ 6580 91/109.8 1059
13:20 100 /8631 100/121 883
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co co, o, HC
Ppm % % ppm
30 3.92 15.3 54
28 3.87 15.3 51
40 4.07 15.09 57
51 4.25 14.85 66
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Figure 10.
Measured value in the NO emission diagram obtained
by simulation model.

g

g

8

g

g

1

g

1700

Adiabatic flame temperature [K]

1650

1 i 1 I I 1 i I
B‘]{E 1.7 1.5 19 1.96 2 21 22 23 4
Air surplus

Figure 11.
Excess air for temperature indicated in measured values.

4. CONCLUSIONS

The need to preserve the environment is a major problem
in the construction and production of slow speed diesel engines.
Organizations such as the “IMO” and “EPA” set emission standards
manufacturers are required to comply with. They must meet
emission requirements while maintaining the same standard of
performance. In this paper NOx emission was taken as the key
parameter. Engine models were simulated, the obtained values
analysed and compared with the actual tested values. In a
developed computer program, NOx emissions were obtained by

doi: 10.7225/toms.v06.n01.002

using simulated values and expressions for nitric oxides formation
and compared with actual values. Air surplus, pressure, adiabatic
flame temperature and compression temperatures were analysed
to establish their effect on nitric oxides formation. The results
showed air surplus reduction to increase temperature, since
increased fuel mass (m) increases heat. The diagrams depicting
NOx emissions as a function of temperature and pressure do not
only show the strong influence of temperature, but also an area
in which NOx emissions decrease in spite of high temperature.
This phenomenon is interpreted as a critical period in NOx
formation. The rate of formation increases with the duration of
combustion and an increase in pressure in the cylinder. Once
maximum pressure is reached, the temperature of combusted
gases decreases due to their mixing with cooler gases, resulting
in the decrease of nitric oxides emissions.
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