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Abstract: With the aim of CO, emissions reduction in the maritime sector, dual fuel engines operating
on natural gas are the most prominent technical and commercially available solution. A promising
variant is the two-stroke high-pressure natural gas injection engine, utilizing diesel pilot fuel injection
for ignition of the gaseous fuel while being able to operate in diesel-only mode. In this study, a
comparative analysis of the performance and the combustion mechanism of dual fuel and diesel
mode for this engine type is conducted using experimental data. Studies based on measurements
conducted on actual scale are limited in the literature due to the engines’ sheer size not allowing lab
testing. The analysis was conducted using measurements acquired during the factory acceptance
tests involving conventional operating data and cylinder pressure data acquired using a piezoelectric
sensor. In terms of the mean pressure and temperature, only minor differences were found. The
specific fuel consumption was improved under low load operation for the dual fuel mode by 1.8%,
while a small increase of 1.2% was found near full load. Differences were found in the combustion
process from 25 to 75% load with considerably faster premixed and diffusion combustion for the
dual fuel mode leading to a 6-8% decrease in combustion duration. Despite the combustion process
differences, the performance under dual fuel operation was overall close to that of conventional
diesel with an acceptable 1.5% efficiency reduction on average. This confirms that modern dual fuel
marine engines can achieve the performance standards of conventional ones while benefiting from
low-carbon fuel use to reduce CO, emissions.
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1. Introduction

The control of CO, emissions is at the core in the implementation of the decarboniza-
tion roadmap of the transportation industry. For the marine industry, the International
Maritime Organization (IMO) has declared the aim to cut down the carbon emissions of
marine vessels by 40% by 2030 and 70% by 2050 compared to 2008 [1]. In addition to CO,,
considerable quantities of pollutants toxic to human health are emitted from vessels [2].
These affect air quality, and various fuel types, such as biofuels, are currently under in-
vestigation regarding their impact on these pollutants” emissions [3]. The technological
solutions to be adopted for a carbon-free future for the marine sector are yet to be decided,
since further research is required. However, there is a consensus among a large part of
the industry that an intermediate step for the next decades, preceding total carbon-free
solutions, is the use of low-carbon fuels [1,4]. The main bottleneck with low-carbon fuels is
their general and local availability and the associated overall distribution across bunkering
facilities in the world. The production and availability of natural gas and readiness for
use in the marine sector are maturing at a strong pace [4]. Currently, the low-carbon fuel
with the highest adoption by ship owners is natural gas [5]. Natural gas marine engines
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operate on a dual fuel basis, using liquified natural gas (LNG) as the main fuel and a
small quantity of diesel fuel or a crude oil variant as the ignition source in the form of a
short pilot injection. Low-pressure and high-pressure gas injection are the two leading
approaches for LNG injection and combustion, both with broad market availability. The
present study investigates the high-pressure two-stroke dual fuel variant performance.
These engines are equipped with two sets of injectors, one for LNG and one for diesel fuel.
LNG injection occurs near the top dead center (TDC), with timing similar to that of the
diesel fuel pilot. The advantage over the low-pressure induction approach is increased
efficiency [6], leading to lower fuel consumption, almost zero particulate emissions [7] and
higher stability under low load operation, which is important when maneuvering near
populated areas. An additional advantage is the compression of air instead of a natural
gas and air mixture, which reduces concerns over methane slip and safety due to leakages
and blowby. The disadvantages of this approach are the complexity and additional cost
of the LNG high-pressure gas injection equipment. In addition, the resulting NOx emis-
sions are comparable to those of conventional diesel fuel marine engines, in contrast to
low-pressure gas induction engines, which are Tier III compliant [8,9]. NOx emissions are
highly toxic and are a pollutant controlled by the IMO [10]. Since they are a by-product of
the combustion process, either internal and/or external measures are used for their control
to achieve the applicable emission limits [11]. The requirement for additional equipment
for NOy emissions control compared to low-pressure gas engines further increases the
initial investment cost and operational cost [9]. The main similarity of the high-pressure
natural gas injection to conventional diesel operation is that both fuels are injected close to
the TDC. The diesel pilot acts as the means for ignition of the NG injected simultaneously
or shortly before/after depending on the engine configuration [12]. Thus, the combustion
in this case is expected to be mostly diffusion controlled, as in the typical diesel engine [13].
This is in contrast to the low-pressure gas induction system where natural gas is injected
in the cylinder early in the compression stage, so it is allowed adequate time to mix with
air [14] and operates on a lean burn mixture principle [15]. While these are currently the
main solutions utilized in the marine sector, several other solutions are being investigated
in other parts of the internal combustion engines field, such as the use of ethanol and
hydrogen fuels [16,17], which can potentially be adopted by the marine industry in the
future. Currently, NHj3 as a hydrogen carrier is also examined by engine makers [18].

In the present work, the operation of a dual fuel high-pressure gas injection engine
is examined under both diesel and dual fuel modes, referred to as a DF mode thereafter.
The basis for the analysis is cylinder pressure traces acquired from the engine’s cylinders
for six load points ranging from 25 to 110% under both operating modes. The specific
engine was equipped with an exhaust gas recirculation (EGR) system and was capable
of operating under both Tier-II and Tier-IIl modes. Due to space restrictions, only the
performance and combustion data are examined in the present work. The emissions data
will be provided in detail in a future communication, where the results of the Tier-IIl mode
will also be included.

The objective of the study is to evaluate the differences in overall performance between
the diesel and DF modes. The general engine behavior is examined, and the focus is
directed toward comparing the differences in the combustion process due to the use of
LNG and pilot diesel fuel injection for ignition. A direct comparison of the two modes
utilizing actual measurement data from this engine type in a controlled environment
and without the use of a simulator is challenging due to significant constraints in the
measurement procedure for these engines. The constraints result mainly from the sheer
size, fuel consumption and power output of the engine, which prohibits testing in a
laboratory environment, and the limited availability of vessels” schedule to allow for
lengthy measurement procedures along with the various challenges of conducting on-
board tests. Thus, at the time of this study, comparisons of the two-stroke high-pressure
gas injection engines using experimental data are scarce in the literature, especially when
considering the experimental data for both diesel and gas modes under various loads.
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Most of the available information is based on simulation results and commonly refers
to four-stroke or low-pressure gas injection engines, as detailed below. The majority of
research works employ the use of computational methods.

One approach is the use of CFD simulation of fuel and gas injection and combustion,
as in the case of Refs [19,20]. Both works confirm the expectation of a fast and intense
fuel burn rate of methane, which is visible in the fuel burn rate diagrams. Additionally,
in Ref [19], the influence of the pilot injection and ignition angle is evaluated regarding
its effect on combustion intensity, which generally increases with pilot injection delay.
Investigations based on the utilization of experimental data from direct gas injection engines
are provided in Ref [21], but no information is available for two-stroke marine engines. The
use of experimental data and analysis with simulation software is utilized in Ref [22] to
investigate the combustion characteristics of diesel and gas modes. An intense combustion
of NG is found, with most of the gas fuel burning during the rapid combustion phase,
resulting in an overall lower combustion duration, which is in agreement with the general
findings of the present work. Further results based on experimental data are reported in a
review of various types of marine dual fuel engines in Ref [23]. In these investigations, a
significant effect of the dual fuel combustion mechanism on the heat release rate mechanism
is revealed. The effect is similar to the one predicted by the aforementioned CFD simulation
works. For low-pressure gas induction, the marine dual fuel engines that are examined in
Refs [24,25] which are also mainly computational. The results are not comparable to the
high-pressure direct gas injection variant, as fuel mixing and, consequently, the combustion
process, differ significantly.

For the present work, acquisition of the experimental data under both diesel and gas
modes from full scale testing was achieved by conducting the measurement procedure
alongside the process of the engine’s factory acceptance tests at the engine manufacturer’s
facility. This provided a controlled environment with high-quality instrumentation and
the same conditions for the testing of both modes. With this approach, high-quality
experimental data were acquired and used to conduct a full comparative investigation
of the two modes using the actual engine under normal operation, providing insight
into the studied subject using measurement data, which were hitherto limited in peer-
reviewed work. In addition to the recorded data, engine settings were determined using
an analysis conducted with the aid of a diagnosis software [26]. This step is important, as
tuning between single and dual fuel mode differs for these engines by design. The two
modes’ individual tuning settings are compared, and their effect on engine performance is
examined in tandem with the fuel effect achieved. The acquired cylinder pressure traces
were processed to derive the heat release rate, which was used to conduct an analysis
of the combustion process. The estimated heat release rate was used to determine the
effect of natural gas use on combustion progression, intensity and combustion duration in
comparison to the corresponding values of the diesel mode, which are the areas expected
to be most affected based on the available literature detailed above.

2. Testing Procedure and Particulars

The measurements were performed during the factory acceptance test procedure of
a high-pressure NG injection dual fuel two-stroke marine engine. The testing involved
operation under natural gas dual fuel mode using marine diesel and natural gas and
operation under a diesel-only mode. All engine operating parameters were recorded
during the test procedure, along with the control system commands to the engine, using
the engine control room instrumentation. The main operating parameters obtained were
the following:

Ambient conditions (temperature, pressure, humidity);
Engine brake power;

Diesel fuel and natural gas fuel consumption;

Engine fuel index value: diesel and gas;

Scavenging air pressure and temperature;
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Cylinder exhaust gas temperatures;

T/C data: speed and pressure/temperature at inlet and outlet;

Air cooler data: pressure and temperature of air and cooling water at inlet and outlet;
Information on start of injection (SOI), exhaust valve opening (EVO) angle and exhaust
valve closing (EVC) angle.

The studied engine is electronically controlled, and each cylinder is fitted with a
piezoelectric pressure sensor on the cylinder head, which is used for control and monitoring
by the engine’s control system [27]. These piezoelectric sensors are designed for prolonged
high-temperature operation by Kistler AG. The sampling rate used for the cylinder pressure
measurement was 0.5° crank angle, achieved using an encoder mounted on the engine
crankshaft. The cylinder pressure signal is continuously recorded simultaneously for all
cylinders. A simplified schematic of the engine control system is provided in Figure 1. A
minimum of 40 engine cycles were recorded for each measurement, and the mean cycle
was used for the analysis. This was found adequate for low-speed two-stroke engines
when accounting for load variation and other effects of sporadic phenomena [28]. The data
presented below, including the pressure traces and temperature values, are the mean values
from all cylinders depicting the total engine state. From the analysis, it was confirmed that
the operation was uniform for all engine cylinders.

Engine

ECS ¢ )
Controllers
Fixed Pressure
Sensor

Data
ECS MOPs |- Switch |[@———— Acquisition
¢ Unit
Tacho Pscav
EMS MOP System Sensor

Figure 1. Engine control system schematic, simplified.

The engine particulars, as well as the diesel and natural gas properties, are provided
in Tables 1-3. A schematic of the measurement layout is provided in Figure 2.

Table 1. Engine particulars tested.

5G70ME-C9.5GI Units Value
Type - Two-stroke
Electronic Control - Yes
Cylinder No. - 5
Bore mm 700
Stroke mm 3256
Nominal Speed rpm 68.1

Nominal Power kW 11,975
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Table 2. Diesel fuel and natural gas properties.

Diesel Fuel Properties Units Value
Density at 15 °C kg/m? 879.00
Lower Calorific Value kcal/kg 10,116.00
Viscosity at 40 °C cSt 5.98
Sulfur (m/m) % 0.16
Carbon (m/m) % 86.70
Natural Gas Properties Units Value
Methane (CHy) % mol 86.60
Ethane (CoHg) % mol 9.89
Lower Heating Value kcal/kg 11,762.00
Total Carbon (m/m) % 76.30
Table 3. Characteristics of instrumentation for engine performance monitoring.
Instrument Measured Parameter Range Accuracy
. Torque o
Hydraulic Brake Speed 0-250 rpm <0.5% 0.1 rpm
Diesel Fuel Scale Diesel Fuel Consumption 0-10,000 kg 0.2%
Gaseous Fuel Scale Gas Fuel Consumption 0-10,000 kg 0.3%
MBS 3000 Scavenging Air Pressure 0-10 bar 0.5%
Air Temperature Sensors Scavenging Air Temperature —10-80 °C 0.2°C
Exhaust Gas Temperature Sensors Exhaust Gas Temperature —10-700 °C 0.5°C
Cooling Water Temperature Sensors Cooling Water Temperature 0-180 °C 0.2°C
Kistler 6613CG2 In-Cylinder Pressure 0-250 bar +0.5 bar

) 10+

2 W
LNG Inlet Manifold ]
Tank 12| AC
13 3 8
L] Seale Exhaust Manifold
’ 4
v 7
w - <
[
1
5 6
Diesel 14
Tank L | Scale Pres. Data

1. Cylinder Pressure Trace

2. Scavenging Pressure

3. Exhaust Pressure

4. Cylinder Exhaust Gas Temp.

5. Turbine Inlet Temp.
6. Turbine Outlet Temp.

7. Compressor Air Inlet Temp.

8. Air Temp. before Cooler
9. Air Temp. after Cooler
10. A/C Water Temp. In
11. A/C Water Temp. Out
12. A/C Pressure Drop
13. NG Consumption

14. Diesel Consumption

Figure 2. Measurement layout schematic.
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Table 3 provides the particulars of the instrumentation used. Since the procedure was
conducted at the maker’s facility during the engine’s certification FATs, the instrument
state, calibration and measurement procedure are considered optimal.

2.1. Analysis of Measured Data
Processing of Measured Cylinder Pressure Data

The most valuable source of information for the evaluation of dual fuel performance
and comparison with a typical diesel mode is the cylinder pressure trace. Using the
cylinder pressure data recorded, the following information was derived using an advanced
diagnostic technique described in detail in Refs [29,30].

e Engine brake power: Estimated from the indicated power using the mechanical
efficiency map of the engine defined during the shop test procedure. The power is
compared against the one measured using the hydraulic brake to evaluate the quality
and accuracy of the measured pressure data.

e  Combustion rate of fuel: Estimated by applying the heat release rate analysis method-
ology described below.

e  Start of combustion: The ignition angle was estimated from the cumulative heat release
from the point where 3% of total heat was released. For verification of the derived
values, a second methodology was used based on the second derivative of cylinder
pressure to crank angle.

e  Start of injection: Estimated from the ignition angle and the correlation used to derive
the ignition delay [31]. The value was cross-referenced with the ECS indication.

e  Exhaust valve opening (EVO): This value is directly provided by the ECS and is
secondarily estimated for verification from the measured cylinder pressure trace using
a technique described in Refs [29,30]. The latter is based on the simulation of the
expansion stroke after combustion end using the closed cycle assumption.

e  Exhaust valve closing (EVC) angle: This value is provided indirectly by the exhaust
valve actuator signal, which is available in the ECS. The value is verified using an
engine simulation model to match the measured Pcomp /Pscav Value, as described in
Refs [29,30].

2.2. Estimation of Combustion Rate

The burn rate of fuel provides information on the combustion process, which is of
major interest for dual fuel operation. It allows a study of ignition, combustion progression
and duration, which are expected to differ when using a high-ignitability pilot fuel and a
low-ignitability main fuel injected in parallel inside the combustion chamber. The fuel burn
rate is derived by conducting a heat release rate analysis of the measured cylinder pressure
traces. The process to estimate the net heat release rate is based on the first thermodynamic
law [32]:

)

AQuer Gy PdV dP  PVdm PdV
do R

R\ do ' “do mde) dg’
In the above equation, the following assumptions are made:

The cylinder contents are assumed to behave as an ideal gas, which is close to reality.
The cylinder mass is considered constant, which does not present an accuracy reduc-
tion due to the extremely low blow-by rate of the tested engine, as revealed in the
performance analysis.

Uniform distribution of the thermodynamic properties inside the combustion chamber.
The composition of cylinder content charge variability is estimated using the initial
mass after EVC and the amount of fuel burnt from the heat release rate analysis and
the measured fuel consumption. For this purpose, an iterative procedure is used until
the convergence of the total estimated fuels amount with the measured ones using the
known heating value of the fuels [29].
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For the estimation of engine fuel consumption and the actual fuel combustion rate, it
is necessary to use the gross heat release rate. This is provided in Ref [32]:

ngross _ dQnet _ de (2)
de de de

The heat loss rate dd—w is estimated using the heat transfer model of Annand [33],
which has been found accurate in multiple similar applications for this engine type.

dQuw A b 4 4
dq)l = A(acDRe (T —Tg) + cr<Tw - Tg) ©)

The heat transfer model is calibrated using the shop test data for which the measured
cylinder pressure traces under 25%, 50%, 75% and 100% load along with accurate fuel oil
consumption (FOC) data are available. For the heat release rate analysis, the mean cylinder
gas temperature is used, calculated using the ideal gas law assumption:

PV

T, — —
87 mR

4)

The initial charge mass after EVC is estimated using a simulation model embedded
in the diagnostic software utilizing an open cylinder simulation and the filling-emptying
method [29]. The accuracy of the methodology is validated using the exhaust gas and air
mass flow rates, which are determined using the carbon balance methodology and are
available in the official NOy file documentation of the engine.

3. Results and Discussion

In this section, the measurement data and subsequent analysis findings are presented.
In addition, the key operating parameters of the engine under diesel and DF modes
are provided.

3.1. General Performance Values

The overall engine performance differences between diesel and DF modes are pre-
sented herein. The mean compression pressure, peak combustion pressure and cylinder
exhaust gas temperature for natural gas and diesel operation are compared in Figure 3a,b
and Figure 4a, respectively. Initially, significant differences could be expected due to the
use of pilot diesel injection for ignition and the properties of the natural gas fuel, mainly
the energy content, which is significantly above that of conventional marine diesel. As
revealed by the analysis, this expectation was not verified by the results. The differences are
minimal for combustion pressure and exhaust gas temperature. Thus, no effect is expected
on exhaust system components and the turbocharger during dual fuel mode operation.
Regarding maximum pressure, the highly similar values indicate an effort by the engine
manufacturer to maintain these values steady between the two modes via engine tuning.
Differences are observed for the compression pressure (Figure 3b), which are mainly the
result of Pscay differences. The specific engine type features variable exhaust valve timing;
thus, the Peomp differences are also attributed to closing angle variation, as shown below in
Section 3.2. The engine settings that affect the main operating parameters, namely the start
of injection, exhaust valve opening/closing angle and air mass flow, also have a significant
effect on exhaust gas temperature.
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Figure 3. (a) Mean peak combustion pressure, diesel and DF modes; (b) Mean peak compression
pressure, diesel and DF modes.
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Figure 4. (a) Mean cylinder exhaust gas temperature, diesel and DF modes; (b) Pressure rise due to
combustion, diesel and DF modes.

The compression pressure differences (Figure 3a) are reflected in the pressure rise
due to combustion between the two modes (Figure 4b), as the peak combustion pressure
(Pmax) values are almost identical. For both modes, a steep decrease in pressure rise is
observed as the load increases. Differences between the two modes are observed under a
90% load and above affected by the compression pressure values. The diesel and natural
gas consumptions are provided in Figure 5a,b in kg/h. The differences in absolute values
are mainly due to the calorific values of the two fuels, since the mass flow rates were not
normalized to the same LCV. The total hourly fuel mass flow rate is higher for the diesel
mode. On average, 12.9% more total fuel mass is consumed in the diesel mode, and this
percentage remains mostly steady with the engine load. The diesel to natural gas mass
ratio under a DF mode operation is provided in Figure 5c. The peak value is 14.53% under
25% load, and it gradually decreases to 5.16% under 100% and 110% loads. The previous
ratio expressed in energy content results in 12.48% and 4.43%, respectively. According
to the manufacturer, higher percentages are expected for very low load operation, up to
the threshold for switchover to the diesel mode [27]. In Figure 5d,e, the ISO corrected
SEC for the two modes is shown. For the DF mode, the SFC of the diesel pilot decreases
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steadily, with the minimum value observed under maximum load, and the reverse is found
for natural gas. For the diesel mode, the minimum SFC value is observed under a 50%
load operation. The highest value is observed for the lowest load tested, 25%, which
is normal under a low load due to deterioration of the mechanical efficiency. The most
important parameter for long-term engine operation, also considering its size and CO,
emissions, is specific fuel consumption (SFC). Due to the difference in LCV, the evaluation
between the two modes in terms of efficiency cannot be based on the comparison of specific
fuel consumption (SFC) without LCV corrections. For this reason, for the comparison of
the two operating modes, the use of the total heat rate (THR) of both fuels consumed in
(kJ/kWh) is preferred, as shown in Figure 5f. The total heat rate was calculated as follows:

THR = SPCiso * LCV gjesel + SGCiso * LCVgaS/ &)

Based on Figure 5f, the overall efficiency of the diesel mode is found to be higher,
with lower total heat rate required for the same power output by the engine; however, the
average difference is low. The efficiency gains under a diesel mode are mainly found in the
region of 50% load and under maximum load. The average increase was calculated at 1.15%.
In contrast, advantage in efficiency for the DF mode is observed under low load operation
(25% load) at 1.82%. The accuracy of the previous calculation is the same as the accuracy of
the fuel consumption values measured in the factory acceptance tests, which is higher than
the level of difference observed and is thus reliable. Considering the mean values, only
a small reduction in efficiency is observed for the DF mode, which is in the range of 1%.
Further study of the performance under lower loads, below 25%, would be of interest, as
the pilot fuel energy fraction increases significantly [27]; this was not feasible during the
factory acceptance tests procedure, as in all cases, the load point tests begin at 25%. The
findings of other studies regarding fuel consumption efficiency for marine high-pressure
NG engines are summarized in Ref [23]. Different results can be found depending on the
engine type and tuning, such as Refs [34,35]. Overall, modern dual fuel high-pressure
engines are capable of similar efficiency as diesel engines under the selected load regions.
Using the values of total gas and liquid fuel mass consumed and the carbon content of
the fuels, as provided in Table 2, the CO, emissions of both modes can be estimated. This
results in an almost steady 22.6% improvement under the DF mode, which is considerable.

These initial observations are analyzed along with the engine settings and operating
conditions in the following section.

3.2. Comparative Evaluation of Engine Settings

In the present section, the engine settings are presented and compared for diesel and
DF modes. The injection timing of diesel fuel and exhaust valve opening/closing angles, as
well as the resulting compression ratio, are provided. These values were estimated from
the processing of the cylinder pressure data using a well-tested diagnostic software [26]
and cross-references with the ECS indications. The exhaust valve opening angle variation
with load is found to be negligible for both modes. The absolute values are found to be
identical for both modes (Figure 6a), showing identical tuning. This is important, as it
confirms that exhaust gas temperatures, also found to be nearly identical, were not affected
by valve timing. The exhaust valve closing angle variation with load is intense for both
modes (Figure 6b), in contrast with the mostly steady opening angle timing. The analysis
revealed small differences in exhaust valve closing angle timing between the DF and diesel
modes. The valve closing angle is slightly delayed under DF mode operating at 50% load
and below; for higher loads, the values are identical up to 100% load, and finally, the closing
angle is advanced at 110% load. The resulting actual compression ratio (expressed using
Pcomp /Pscav) (Figure 6¢) was affected by these variations, with decreased values for the
25% and 50% loads and increased value for the 110% load. The EVC timings do not result
in significant differences in Peomp values (Figure 3b), except in the case of the 110% load.
This latter difference is used to control peak combustion pressure in the DF mode and not
to exceed the maximum permissible value. The alternative solution would be to delay fuel
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injection, but this would have a higher negative impact on engine efficiency (SFC) than
the one observed. The slight efficiency reduction already confirmed for this load, 110%,
is of minimal impact, as the engine is not expected to operate under this load, except in

emergency cases.

150
° {140
= 2000 ui 1130 2
21800 il 1120 £
< 1600 5
S o 1110 2
S1400 | L g
3 1200 o |03
2 . 2
§ 1000 - e 190 8
T 800 — " lao 3
2 L e o L
o 600 « {70 ©
400
200f 160
0 - . L - - 50
20 40 60 80 100 120
Load (%)
(@)
20 . ‘ ‘ ‘ ‘
18 1
£
LC—, 16 1
L4 % ]
8
w127 ]
=l . 1
3 8f ]
pd ]
S 61 e 1
— ~9..
[} T
3 4t '® 4
o
.l ]
0 | ‘ ‘ ‘ ‘
20 40 60 80 100 120
Load (%)
(©)
=150 , , , . . 0 _
z --@--DUAL FUEL: GAS 138 <
X< 145 |--e-~DUAL FUEL: DIESEL 36 E
=2 . 34 5
O 140 32 =
4 el 30 @
S 135 P 28 =
N o 26 5
2130 PRE——— 24 F
£ 22 €
2125 o 20 3
8 .. 18 §
o 120 “\_\ 16 O
@ . 14 3
O 415 ha 12 3
© ‘\"‘\m__ 110 &
Z 110 e g..e 18 O
2 o5
'3 105 14 g
Q 12 o
9 100 0
20 40 60 80 100 120
Load (%)
(e)

2000

1800 [
1600 |
1400
1200 [
1000 |
800
600

400 [

Natural Gas Consumption (kg/h)

--@--DUAL FUEL

20

180

40

60 80 100
Load (%)

(b)

120

- @- DIESEL

160

155

Specific Diesel Consumption I1SO (g/kWh)

150 '
20

7800 T

40

60 80 100
Load (%)

(d)

120

7600 r

7400 - 3

7200 F O

7000

6800

Total Specific Heat Rate (kJ/kWh)

6400

IESEL
DUAL FUEL

20

40

60
Load (%)

()

80 100 120

Figure 5. (a) Diesel consumption, diesel and DF modes; (b) Natural gas consumption, DF mode;

(c) Mass ratio of diesel to natural gas; (d) Specific fuel consumption ISO, diesel mode; (e) Specific

natural gas and diesel consumption ISO, DF mode; (f) Cumulative specific heat rate, diesel and

DF modes.
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Figure 6. (a) Exhaust valve opening angle, diesel and DF modes; (b) Exhaust valve closing angle
variation, diesel and DF modes; (c) Effective compression ratio (Pcomp /Pscav), diesel and DF modes.

The main difference observed in the engine settings and the resulting performance for
diesel and DF modes is the injection, and consequently, ignition timing. The liquid fuel
injection timing, which is the ignition source, was estimated using the diagnostic software
utilized for two-stroke diesel engine applications, described in Ref [26]. The ignition angle
was estimated using two techniques for confidence, one based on the cumulative heat
release diagram and a second based on the second derivative of cylinder pressure. Both
methods provided essentially the same ignition angle in all examined cases, increasing the
validity of the derived result. The point of combustion initiation was deemed to coincide
with the ignition point of the diesel fuel. This assumption is valid and has been proven by
various investigations, such as Refs [19,36-39]. In Figure 7a,b, the fuel (diesel mode) and
diesel pilot (DF mode) injection angle and ignition angle are provided for all loads. The
difference between the two figures is small due to the low value of diesel ignition delay.
Fuel injection is advanced (before TDC) in the diesel mode up to the 75% load. Above that,
the injection angle is retarded and remains almost steady. Advanced SOI has been found
to provide efficiency advantages [40], while retarded SOI commonly results in lower NOy
emissions and also limits Prax values [41]. These are the main factors that affect engine
tuning choices in this type of marine engine, and indeed, as shown in Figures 4b and 5f, the
fuel efficiency and pressure increase are affected by SOI in the mid and high load regions.
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On the other hand, in the DF mode, pilot injection is retarded (after TDC) under all loads.
Despite the retarded SOI, the pressure rise due to combustion is comparable or higher
than the diesel mode results. This is the first indication of a significantly more intense
combustion in the DF mode, at least in the early (premixed) stage. For the 90% and 100%
loads, the ignition angle is slightly advanced compared to the lower loads of this mode
and is similar to the injection timing estimated for the diesel mode. The overall variation
in liquid fuel injection timing is small, in the range of +1° CA across all loads. For both
modes, the injection timing of liquid fuel is generally retarded, close to or after TDC, to
control the peak combustion pressure. Despite the difference in diesel fuel SOI timing, the
peak combustion pressures were found nearly identical for all loads, as already shown
in Figure 3a. This was attributed to the engine maker defining the SOI timing curves to
have the same values of Pnax for both modes and achieve similar performance. This is
further elaborated in the combustion rate analysis section below and is mainly a result of
the difference in the peak value of heat release between the two operating modes, as well
as the premixed combustion rate difference.
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Figure 7. (a) Diesel injection angle, diesel and DF modes; (b) Diesel ignition angle, diesel and
DF modes.

3.3. Measured Cylinder Pressure Traces and Combustion Rate Analysis

The measured cylinder pressure traces are shown in Figure 8 and compared between
the diesel and DF modes for four of the six measured load points: 25%, 50%, 75% and 100%
load. Based on the analysis of them, the net heat release rate diagrams were estimated
and are provided for comparison. The calculated heat release rate diagrams (Figure 9)
provide information on the evolution of the combustion process inside the combustion
chamber. They are used for the estimation of the ignition angle, peak heat release rate,
initial combustion slope and combustion duration. Utilizing this information, the overall
combustion process can be comparatively evaluated from the early to the late stage.

In Figure 8a—d, the mean cylinder pressure traces for the diesel and DF modes are
provided for 25% up to 100% loads. The overall differences are limited, as detailed in
the previous section; differences are observed for the peak compression and combustion
pressure and ignition angle. This is in line with the similarity in engine settings, apart
from the fuel injection timing. The specific engine is ME-type technology, equipped with
the auto-tuning system, which enables dynamic control of both Peomp and Pmax on each
cylinder, triggered by the cylinder pressure signal. After reviewing the cylinder pressure
traces in the corresponding graphs, the tuning of the engine with the goal of achieving
the same variation of Ppmax to load for both modes is made evident. This confirms that the
specific DF marine engine design can provide similar performance under both DF and
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diesel modes, which is not the case for all engine types when DF operation is tested [42].
This is an important finding in the present investigation.
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Figure 8. (a) Mean cylinder pressure traces at 25% load, diesel and DF modes; (b) Mean cylinder
pressure traces at 50% load, diesel and DF modes; (c) Mean cylinder pressure traces at 75% load,
diesel and DF modes; (d) Mean cylinder pressure traces at 100% load, diesel and DF modes.

In Figure 9a—d, the net heat release rate estimated from the mean cylinder pressure
traces is presented for 25% up to 100% loads. In contrast to the cylinder pressure traces
of Figure 8, the differences between diesel and DF modes are clear, especially in the low
and medium load regions. This is an advantage of heat release rate analysis for engine
performance and combustion investigation. From 25% to 75% load, the ignition occurs later
for a DF mode operation, as expected, since both SOI timing and ignition delay are similar
for both modes (Figure 7a,b). The peak value of heat release rate is considerably higher
for the DF mode, with a maximum increase of 17.4% under a 50% load. This is in general
agreement with similar studies of natural gas DF engines, such as Ref [35]. However, the
reverse may also be encountered [20], mainly depending on the pilot ignition angle and the
amount of diesel fuel injected [40]. The peak HRR difference, however, does not lead to a
higher value of pressure rise due to combustion, which is about the same for both modes
(Figure 4). Thus, the effect of the faster heat release rate for the DF mode is offset by the
retarded ignition angle. In the case of the same ignition angle, the pressure rise due to
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combustion would be significantly higher, and Pmax would be expected to increase. The
faster heat release rate is mostly attributed to fast mixing of the NG fuel and to its roughly
16.3% higher heating value. For a 90% load and above, the differences are minimized
between the two operating modes, and the fuel ignition angle is similar; the 100% load
results are provided in Figure 8d for reference. The same is observed for the peak value of
heat release rate. This, again, reveals the ability of the injection system to supply fuel at
the required rate even at full load. The physical properties of natural gas could potentially
limit fuel mass delivery in the cylinder. However, this engine type and other modern NG
engines inject natural gas at a low temperature and very high pressure, hence enabling a
relatively high mass injection rate [7,12]. The relevant temperature and pressure values
were measured at the site of tests, confirming previous findings. Despite similarities in
the combustion rate for a 100% load (Figure 9d), the pressure rise due to combustion was
higher in a DF mode operation (Figure 4b). This also applies to the 90% and 110% load
points. For all tested loads, except 100%, late combustion was found to progress at a slightly
slower rate under DF operation, despite later ignition in most cases. This is in conflict with
the findings reported in Ref [42], where a better behavior of DF combustion in the late
stages was observed.
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Figure 9. (a) Net mean heat release rate at 25% load, diesel and DF modes; (b) Net mean heat release
rate at 50% load, diesel and DF modes; (c¢) Net mean heat release rate at 75% load, diesel and DF
modes; (d) Net mean heat release rate at 100% load, diesel and DF modes.
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Regarding natural gas fuel injection duration, the injection end can be estimated from
Figure 9, as it occurs roughly at the angle of the HRR value. Figure 9 indicates that, for high
load, the injection duration is similar to that of diesel fuel.

In addition to the differences in the progression rate of early stages, variations in
diffusion-controlled and late-stage combustion can be observed. The observed differences
in the HRR in a DF mode under low and mid loads of 25 to 75% (Figure 9a—c) lead to
the assumption that the combustion process in a DF mode deviates further from the
typical diesel mechanism when the ignition angle of pilot fuel is retarded, and the ratio of
diesel/gas is high. It can be anticipated that these conditions could influence the premixed
over the diffusion burn processes.

The combustion duration for 50% and 90% of total diesel and natural gas fuel mass
fraction burnt was calculated, as already stated, using the cumulative heat release, which is
the integral of Figure 9 diagrams’ values. The results are provided in Figure 10. For the 25%
up to 75% load and for both 50% and 90% of total fuel mass fraction burnt, early combustion
progresses at a notably higher rate in a DF mode operation, indicated by the 6-8% shorter
combustion duration. Due to the faster diffusion combustion, the difference increases
further for 90% fuel combustion duration. The considerably shorter total combustion
duration in the DF mode was also reported in Ref [22]. Usually, a shorter combustion
duration results in efficiency benefits, as thermal losses are also limited. In the present
case, this is observed under the 25% load. The SOI delay of the pilot diesel fuel in the DF
mode is possibly the major reason for the small efficiency loss of 1%. The near maximum
load premixed phase combustion rate is similar for both modes. The late combustion
stage progresses more slowly in the DF mode, which contrasts with the expectations based
on Ref [39], which is, however, based only on simulation results of a marine four-stroke
propulsion engine. This highlights the importance of experimental data use on actual
scale engines of the two-stroke variant. The slower late combustion under full load affects
combustion duration, which is equal or slightly longer than that of the diesel mode, in
contrast to the shorter duration observed under lower loads. This is found by examining
both the 50% and 90% total fuel burnt. The difference in the total heat release between the
two modes that can be observed in some cases is attributed to the slight load differences
and variation in heat losses.
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Figure 10. (a) Combustion duration for 50% fuel mass fraction burnt, diesel and DF modes; (b) Com-

120

bustion duration for 90% fuel mass fraction burnt, diesel and DF modes.

4. Summary and Conclusions

In the present study, the performance of a two-stroke marine diesel engine operating
under the high-pressure natural gas injection principle was examined for both DF and
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diesel modes. The comparative evaluation revealed that, overall, limited differences
were observed between the two modes for the specific engine design. The engine settings
regarding exhaust valve timing were found to be nearly identical for the opening angle, with
differences observed only for the closing angle at low and high loads. For the diesel injection
(pilot in the case of DF operating mode) and, consequently, ignition angle, differences up
to 1° crank angle for low and mid loads, with retarded injection timing for the DF mode,
were observed. This is an important finding, since multiple studies have shown that the
injection angle has a major effect on pressure rise and on the overall evolution of the
combustion process [41,43]. The main performance data were found to be similar, and the
only difference of note was observed in the pressure increase due to combustion influenced
by the SOI angle and combustion intensity under a DF mode due to the NG high LCV. The
combustion process analysis revealed differences mainly for low and medium loads. The
combustion rate was more intense in a DF operation and presented a higher peak rate,
similar to the findings of Refs [35,40] for which the SOI under a DF mode was also retarded.
Increased combustion intensity was attributed to the higher LCV of injected natural gas and
the better mixing of gas and air until the diesel pilot ignition. The same was observed for
most of the diffusion-controlled combustion process, attributed to the fast ignition [19] of
NG inside the combustion chamber. A prerequisite for the former was the ability of the NG
fuel supply system to inject a high mass of gaseous fuel in the combustion chamber at a rate
comparable to diesel. This was confirmed by the HRR diagrams, as the time from ignition to
peak HRR, where injection is approximately considered to terminate, was similar or lower
in the DF mode. Late-stage combustion also progressed slightly faster in the DF operation.
The faster burn rate resulted in lower combustion duration under the DF mode for these
loads for both 50% and 90% fuel mass fraction burnt. The aforementioned differences
were not observed under high loads, with the HRR being mostly identical. Based on these
differences, it can be estimated that the combustion process in DF mode deviates from the
typical diesel mechanism when the ignition angle of pilot fuel is retarded, and the ratio
of diesel to natural gas is high, by affecting the intensity of premixed and diffusion burn
processes. The power output remained the same in both modes due to the higher heating
value of the NG fuel and its adequate mass injection rate because of the high injection
pressure. SFC in the diesel mode was lower overall when expressed in terms of the total
heat rate provided by the supplied fuel, signifying better overall thermal efficiency. The
difference between the two modes was in the range of 1-2%. This is promising, considering
the known positive effect of dual fuel operation on CO; emissions [5]. Regarding CO,
emissions, the overall effect was a 22.6% improvement despite the efficiency reduction, as
the carbon content of natural gas was 12% lower than diesel while also providing 16.3%
higher energy content, which resulted in lower total fuel mass consumed. Detailed analysis
on the emissions, including NOy emissions and the measurement data during EGR use,
will be presented in a future study.

Overall, the use of a high-pressure system for natural gas injection resulted in operation
and efficiency very close to that of a typical diesel cycle without extensive settings changes,
mainly regarding injection timing. The main performance values were almost identical,
excluding the limited differences in efficiency, which was optimized for low-medium load
operation for DF mode and was increased but sufficiently close to that of the diesel mode
for other loads. This reveals that modern marine two-stroke high-pressure DF engine
performance can be very close to the standards of a diesel-only operation while providing
concrete environmental benefits in terms of CO, emissions.
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Nomenclature

Abbreviations

CFD Computational Fluid Dynamics
DF Dual Fuel

ECS Engine Control System

EGR Exhaust Gas Recirculation

EMS Engine Monitoring System

EVC Exhaust Valve Closing

EVO Exhaust Valve Opening

FAT Factory Acceptance Test

HRR Heat Release Rate

IMO International Maritime Organization
LCV Lower Calorific Value

LNG Liquified Natural Gas

MOP Main Operating Panel

NG Natural Gas

Peomp Compression Pressure

Prmax Maximum Combustion Pressure
Pscav Scavenging Pressure

PMI Pressure Mean Indicator

SFC Specific Diesel Fuel Consumption
SGC Specific Gas Fuel Consumption
SPC Specific Pilot Diesel Fuel Consumption
SOI Start of Injection

TDC Top Dead Center

THR Total Heat Rate

Symbols

A Surface Area (m?2)

ac Coefficient Constant (-)

b Coefficient Constant (-)

cr Coefficient Constant (W/m?2K?)
Co Specific Heat at Constant Volume (J/kgK)
D Cylinder Bore (m)

R Gas Constant (J/kg-K)

Re Reynolds Number

P Pressure (Pa)

14 Volume (m?)

Quet/gross Heat Release Gross/Net (])

Qu Heat Loss (J)

m Mass (kg)

T Temperature (K)

Greek Symbols

A Gas Thermal Conductivity (W/m-K)
@ Crank Angle (deg)

Subscripts

g Gas

w Wall
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