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The CFD analysis of influence the start of fuel injection (SOI) on combustion
parameters and exhaust gas composition of the marine 4-stroke engine

The paper presents a theoretical analysis of the impact of injection timing on the parameters of the combustion process and the com-
position of exhaust gas from a 4-stroke engine designed to shipbuilding. The analysis was carried out based on a three-dimensional
multi-zone model of the combustion process. This model has been prepared on the basis of properties of the research facility. The input
data to the model were obtained through laboratory tests. Results of calculations showed that the change of the start of injection angle
(SOI) from the value of 14 degrees before TDC to 22 degrees before TDC results in changes in the combustion rate and thus an increase
in the temperature of the combustion process as well as the increase of nitric oxides fraction in the exhaust gas. Simultaneously the

maximum combustion pressure increases also.
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1. Introduction

Diesel engines are still irreplaceable source of mechani-
cal energy in heavy vehicles and ships. For this reason the
research work to improve the efficiency of this kind of
machines are important and continued. Generally the im-
prove of Diesel engines efficiency may be done by increas-
ing the share of energy taken from the fuel combustion to
moving the piston, recovery the energy from the exhaust
gas or the decreasing of cooling the engine. All presented
ways may be improved by the regulation of the combustion
process in the engine cylinder. Mentioned regulation is
usually conducted by modification of fuel injection process.
Properly prepared combustion mixture in the engine cylin-
der has crucial role in the combustion process. It should be
noted that fuel injected into the cylinder is broken-up,
evaporated and mixed with air in quick and turbulent pro-
cess. The auto ignition is occur in the cylinder area and
time in which is proper pressure, temperature and composi-
tion of mixture. According to this the start of fuel injection
(SOI) beside the fuel spray geometry is significant for im-
proving the engine efficiency and decreasing the emission
of toxic combustion products into the atmosphere.

Researches on the influence of SOI value on parameters
and the emission from Diesel engines are commonly pre-
sented in the literature. Both methods i.e. the decreasing of
the engine cooling and SOI changes strategy are presented
in [7]. Authors tested the 6 cylinder LHR (Low Heat Rejec-
tion) engine. The effect of LHR was prepared by ceramic
coating the cylinder. The thermal efficiency was increased
from 28-36% to 35-41% but the side effect is the increase
of the nitric oxides (NOy) emission at high speed and load
due to the increase of the combustion temperature. The
method of the NOx emission decreasing is the delay of fuel
injection. Authors changes the SOI angle from original 20°
before top dead center of the piston position (BTDC) to 18°
and 16°. The result of this regulation was decreasing of
NOj emission and a little decreasing of brake specific fuel
consumption (BSFC) for high load and all considered
speeds for 18°BTDC. Further reduction of the SOI angle
causes the decrease of NOy emission but rapid increase of
BSFC. In the opposition to this result are observations pre-
sented in [11]. Authors of this research present results for

the small, single cylinder, diesel engine with common rail
system and the range of the SOI from 40 to 0 degrees
BTDC. According to presented results the decrease of the
SOI causes the decrease of indicated specific fuel consump-
tion. Similar to [7] results are presented in [8]. Some opti-
mal SOI value is observed in another type of the engine
(naturally aspirated, single-cylinder, 4-stroke, direct injec-
tion). It should be noted that use biodiesel blend of fossil
diesel oil and fish oil changes this optimal value of the SOI,
but changing of the engine compression ratio not influence
on the optimal for BSFC SOI value [12]. The change of
optimal value of SOI is observed for ceiba pentandra bio-
diesel [16]. This optimal value of SOI was not observed for
diesel-propane blends on the range of SOI from 19 to 15
degrees BTDC [21], diesel canola oil methyl ester blends
(SOI 15, 20, 25) [3] and castor diesel blends (SOI 25, 23,
21) [1]. The possible reason of this fact is too small range
of SOI. The largest range of tested SOI is presented in [2]
(from 50 to 10 degrees BTDC). Authors of this research
present results of model and laboratory tests. According to
presented results the maximum NO, emission was observed
for SOI equals 30 degrees BTDC and the increase and the
decrease of the SOI causes the decrease of NO, emission.
Higher range of the SOI was presented in [18]. Authors
present laboratory test results for small (498 cm’) single
cylinder, diesel engine with common-rail system and the
range of the SOI from 200 to 50 degrees BTDC. This dra-
matically increase of the SOI causes decrease of in-cylinder
pressure and heat release rate (HRR). The high reduction of
NO, content in the exhaust gas is observed but the increase
of the SOI over the 80 degrees BTDC not changes of this
value. Authors stated that minimum content of NO, is ob-
served for 6.5 ms of ignition delay independently from the
engine speed and the value of compression ratio. According
to [5] combination of the SOI changing strategy with ex-
haust gas recirculation EGR causes the decrease of NO,
emission and the increase of BSFC. The decrease of NO,
content in the exhaust gas is observed for multi injection
strategies also [10]. The increase of the SOI for first pulse
of fuel injection decreases the NO, content and increases
the BSFC for single, duo and triple strategy of injection for
diesel blends with coconut oil biodiesel (B20 and B50).
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Less attention is paid for modeling aspect of this phe-
nomena. Work [15] present the CFD model of combustion
for diesel engine as a segment of cylinder volume, corre-
sponding with one hole of fuel nozzle and results of exhaust
gas composition for different SOI. Rakopoulos et al. [17]
present simple two-zone model of combustion for the SOI
and the EGR investigations. Both research present similar
results for NO, content in exhaust gas.

This short review of literature show that investigations
on influence of the SOI are intensive but some shortcom-
ings may be observed. It should be noted that most research
are done for small engines on the basis of the laboratory
research. There are only a few works about CFD modeling
of this aspect. According to this the research target of this
work is the CFD analysis of influence the value of the SOI
of the large marine engine parameters and exhaust gas
composition.

2. Materials and methods

The research object is 3 cylinder, 4 stroke, turbocharged
and intercooled Diesel engine to marine applications. The
cylinder bore equals 250 mm and 350 mm of the cylinder
stroke. During the tests the engine was operated at constant
speed equals 750 rpm and constant load equals 250 kW
measured as an electric power on the generator. This type
of engine is commonly used in the marine applications as
a propulsion of electric power generators or main propul-
sion of relatively small vessels. Parameters of the research
object and the measurement equipment as well as the
scheme of the laboratory test stand and fuel properties were
presented in [13]. The fuel nozzle consists of 9 holes with
0.325 mm of diameter and 158 degrees of holes angle. The
data collected during the laboratory test was used to prepare
and validate the CFD model of combustion in the engine
cylinder. Model is prepared on the base of the moving 3D
mesh of the combustion chamber with the inlet and outlet
ducts and cylinder valves. Model consists of the fuel injec-
tion and brake-up model on the basis of WAVE mechanism
[9] with the Wakisaka modification [20], the Dukowicz fuel
evaporation model [6]. The 3Z-ECFM [4] model of com-
bustion process was chosen. This model allows to the auto-
ignition point calculation also. Model is developed by the
heat transfer and turbulent flow models. Closer parameters
of the model and its validation was presented in [14]. Dur-
ing laboratory tests the engine was operated with the SOI
equals 18 degrees BTDC and delayed SOI to 13.5 degrees
BTDC also. The model, presented in [14] was validated for
fuel injection delaying also. Prepared model for delayed
SOI calculates maximum combustion pressure (pick pres-
sure) with 6.2% error and mean combustion pressure with
2.8% error. The calculation errors for oxygen and NO,
fractions in the exhaust gas equals 3.2% and 9.2% respec-
tively. Mentioned model was used to calculate parameters
of the combustion process in the engine cylinder and the
composition of the exhaust gas. During the calculation the
SOI was changed as follows: 22, 20, 18, 16 and 14 degrees
BTDC.

3. Results and discussion
The delaying of the SOI value is commonly used meth-
od to reduction NOy emission from Diesel engines. Left

side of Figure 1 presents the mass of fuel evaporated to the
engine cylinder. The delay of fuel injection causes evident
move the evaporation function to the expansion stroke
direction but it should be noted that at the early stage of
evaporation the quantity of evaporated mass increases. For
example the 0.2g of evaporated fuel mass is reached at 9.2°
of crankshaft after SOI 22deg BTDC and only 7.9° of
crankshaft for SOI 14deg BTDC.
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Fig. 1. Fuel mass evaporation and ignition delay

The effect of this is shortening the auto ignition delay
from 5.3° for SOI 22 deg BTDC to 2.0° for SOI 14 deg
BTDC. The right side of the Figure 1 presents this depend-
ence. It means that the position of auto ignition point de-
pends mainly on the thermodynamic parameters in the
combustion chamber than combustion mixture. The delay
of the SOI causes decreasing of the intensity of combustion
during the early stage (kinetic chemistry controlled com-
bustion). It should be noted that this stage of combustion is
responsible for the maximum temperature of combustion.
The dependence of the heat release rate (HRR) is presented
on the left side of Figure 2. Simultaneously with the de-
crease of the intensity of the kinetic stage of combustion the
diffusion stage of combustion decreases also, but the max-
imum HRR for diffusion stage of combustion is higher than
maximum HRR for kinetic stage. The delaying of SOI
causes increasing time of combustion also. The low tem-
perature heat release rate [19] for the beginning of combus-
tion is practically not visible at all considered calculations.
Right side of Figure 2 presents the time of combustion of 5,
10, 50 and 90 percent of fuel. The increase of the time of
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combustion with delaying the SOI is observed for all phases
of combustion.
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Fig. 2. The heat release rate and the combustion characteristics

Figure 3 and 4 present the HRR (calculated as a mean
value for the overall combustion chamber volume) rate in
the cross section of the combustion chamber as well as the
velocity of the combustion mixture at 12 degrees of the
crankshaft position after the SOI. According presented
results the increase of the angle of the SOI causes the de-
crease of intensity of combustion near the fuel nozzle and
the increase of the combustion intensity on the front of the
fuel spray. This phenomenon is confirmed by results of
velocity calculation (Fig. 4). The area with maximum va-
lues of the velocity is closer to the fuel nozzle for high
values of the SOI.

The intensity of the combustion process may be asses
by the observation of fractions of unburned fractions of
the combustion mixture. Figure 5 presents fractions of
hydrogen (H) and carbon monoxide (CO). According to
presented results H fraction rapidly increase in the initial
stage of combustion for the early SOI. It should be con-
sidered that hydrogen is dominant precursor of combus-
tion process. It means that high rate of the hydrogen con-
tent causes intense combustion and increase of the pres-
sure and temperature of combustion due to low activation
energy of the chemical reaction of this species. The right
side of the Figure 5 present fraction of CO in the combus-
tion chamber. According this point of view the combus-
tion process is slower for the delaying of the SOI, but the
CO fraction in the combustion chamber is larger at the end
of combustion process.
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Fig. 3. Heat release rate distribution in the combustion chamber at 12 degrees of the crankshaft position after the SOI
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The increase of kinetic stage of combustion causes the
increase of the maximum temperature of combustion be-
cause the combustion process is rapid. It happens for large
values of the SOI. According to results presented in the
Figure 6, the delaying of the SOI by 8 degrees causes the
decrease of the maximum temperature in the combustion
chamber (calculated as a mean temperature of overall cy-
linder volume) of almost 200 K. Changes in the start of the
combustion are clearly visible in the Figure 6 also. It should
be noted that the prolongation of the combustion process
with the delaying of the SOI do not change the temperature
of combustion at the end of the combustion process.

The delaying of the SOI causes the decrease of the
maximum combustion pressure (pick pressure). The left
side of Figure 7 present dependences of the combustion
pressure and values of the SOI. According to presented
results considered changes of the SOI causes the change of
pick pressure by 2 MPa. A little delaying of the pick pres-
sure position is observed also (less than 2 degrees of the
crankshaft position).

The right side of the Figure 7 presents values of pick
pressure and the mean indication pressure (MIP) for all con-
sidered SOI. According to presented results visible changes
of the pick pressure values not influence on the visible
change of the MIP value. Considered changes of the SOI
cause only 0.25 MPa change of MIP. The explanation of this
phenomena is the decrease of the value of the pick pressure
and simultaneously increase of the time of combustion. It
means that the combustion process is slower and smooth. On
the other hand the decrease of MIP and increase of the CO
fraction at the end of the combustion process clearly proves
the decrease of the combustion efficiency. It is important that
presented results come from calculations. It means that the
quantity of injected fuel and delivered air are not changed.
The deterioration of the combustion process at constant load
of the engine cause increase of the fuel dose injected to the
cylinder and change the cooperation the engine with turbo-
charger due to the engine speed governor operation. Result of
this is increase of MIP to the value enough to keep constant
engine speed at current load.
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Fig. 4. Velocity distribution of gases in the combustion chamber at 12 degrees of the crankshaft position after the SOI
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Fig. 5. Hydrogen and carbon monoxide fraction in the combustion chamber
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The lower temperature of combustion and the slower
combustion process contribute to the decrease of nitric
oxides (NO,) fraction in the combustion chamber and the
consequently in the exhaust gas. This phenomenon is pre-
sented in the Figure 8. The NOy fraction is calculated as
a sum of the nitric oxide and the nitric dioxide in this mo-
del. It should be noted that model of NO, formation con-
sisted of thermal and prompt mechanisms with NO oxida-
tion [14]. Considered delaying of the SOI causes decrease
of the NO, fraction in the combustion chamber at the end of
the combustion process from 1760 ppm to 520 ppm. This
trend is expected but the scale of NOy decreasing is high.
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4. Conclusions

The work presents the influence of the SOI on parame-
ters of the combustion process and the exhaust gas compo-
sition in the marine 4-stroke Diesel engine. The analysis is
based on the three dimension CFD calculations on the mo-
del validated for real laboratory stand. On the basis of pre-
sented results following conclusions has been made:

— The delay of fuel injection causes the increase of the
evaporated mass of fuel at the early stage of evaporation.

— Thermodynamic parameters in the combustion
chamber causes that the shortening of the auto ignition
delay is observed also.

— After auto ignition the quantity of evaporated fuel is
biggest near the fuel nozzle and the kinetic stage of com-
bustion in less intensive.

— Simultaneously with the decrease of the intensity of
the kinetic stage of combustion the diffusion stage of com-
bustion decreases also, but the maximum HRR for diffusion
stage of combustion is higher than maximum HRR for
kinetic stage.

— The delaying of SOI simultaneously causes increas-
ing time of combustion due to decrease of both stages of
combustion.

— The decrease of the SOI angle causes the increase of
intensity of combustion near the fuel nozzle and the de-
crease of the combustion intensity on the front of the fuel
spray. This phenomenon is confirmed by results of velocity
calculation. The area with maximum values of the velocity
is closer to the fuel nozzle for high values of SOI.

— Result of this is the decrease of the maximum com-
bustion pressure as well as the maximum combustion tem-
perature.

— Delaying the SOI causes the decrease of the NOy
fraction and the increase of CO fraction at the end of com-
bustion.
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Fig. 8. Nitric oxides fraction in the combustion chamber
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