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Abstract: Marine emission policies are becoming more demanding; thus, ship propulsion and power
generation technologies need to be adapted to current scenarios. LNG is already considered to
be a transition fuel, and new alternative marine fuels are emerging. The aim of this study was to
develop an innovative methodology to optimize and adapt the combustion system of an LNG internal
combustion marine engine to burn alternative marine fuels. The present study was based on LBG,
but the methodology could be replicated with other fuels. A total of six tests were carried out, with
three prechamber designs and three spark plug designs. Each test was carried out in a single-cylinder
engine with two types of high-methane-number fuel. The influence on thermal efficiency parameters
such as the prechamber volume, the orientation of the flame holes, and the existence of a central
hole was studied. In the case of the spark plug, the influence of the amount of precious metal in the
electrode, its shape and its insertion into the prechamber were analysed. Experiments showed that by
modifying both the prechamber and the spark plug, maximum improvements in thermal efficiency
of 1.9% can be achieved. Those improvements allowed the LBG engine to suffer only a 4.3% thermal
efficiency reduction, as opposed to its LNG counterpart. By applying the proposed methodology, the
thermal efficiency of commercially available internal combustion gas engines could be improved.

Keywords: design; prechamber; engine; alternative marine fuels; efficiency

1. Introduction

The usage of fossil fuels, particularly heavy fuel oil (HFO) and marine gas oil, domi-
nates maritime transport, which accounts for more than 80% of world trade by volume [1].
Thus, there is a global concern and need to lessen the environmental and climate impact
of shipping, especially focusing on the associated emissions of greenhouse gas (GHG),
nitrogen oxide (NOy), and sulphur oxide (SOx). According to the most recent International
Maritime Organization’s (IMO) strategy, international shipping’s total yearly GHG emis-
sions should be at least 50% lower by 2050 than they were in 2008. By 2050, the European
Union (EU) hopes to have cut annual shipping-related CO, emissions by at least 40% from
2005 levels [1].

The utilization of cleaner alternative marine fuels with lower CO, emissions than
conventional fuels must be combined with the adoption of energy-efficiency measures to
accomplish these CO, emission reductions [1]. Additionally, this may result in decreases
in NOy, SOy, and particulate matter (PM) (all of which are restricted in specific emission
control regions).
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There is a wide range of potential substitute marine fuels, for instance, liquefied natural
gas (LNG), liquefied biogas (LBG), liquefied petroleum gas (LPG), methanol, hydrogen,
hydrotreated vegetable oil (HVO), ethanol, ammonia, fuel cells, nuclear power, wind power,
solar power, electricity etc. [2]

Amongst all those options, only gaseous/liquid fuels that are subject to use in internal
combustion engines will be considered during the present study. However, these fuels’
potential for maritime propulsion is affected by their performance and other factors such
as infrastructure, availability, cost, and environmental effect.

Alternative fuels are becoming more and more competitive with respect to oil-based
fuels on a global scale. There is no doubt that LNG is the most prevalent fuel substitute
for marine bunker oil. Boil-off gas from LNG cargoes has been burnable by LNG tankers
for more than 50 years. The introduction of dual-fuel engines in the early 2000s allowed
significant fuel savings over conventional turbines [3].

Nonetheless, emissions policies are becoming more stringent and alternatives to LNG
must be found. Indeed, according to Brynolf, S et al. [4] using LNG has an equivalent
impact on climate change to heavy fuel oil, LBG and biomethanol being the only fuels
studied that propose a tangible reduction on climate impact.

Further to this, Bigili [5] compares and evaluates the life cycle environmental damage
of eight alternative marine fuels. The results focused on the effects on human health,
ecosystem, resource utilization, emission inventory, and social costs, considering not only
the operating conditions but also the production process. The study concluded that LBG
was the best fuel in the short, medium, and long term in terms of sustainability.

Given the above, even if the methodology proposed would be replicable for any kind
of gaseous marine fuel, tests to optimize an LNG engine to burn alternative fuels will be
conducted by burning biogas.

It is noteworthy that according to estimates, biomass feedstock has a significant value
that can meet the energy requirements of the maritime industry. However, the cost of
producing biomethane is substantial, being two to four times more expensive than natural
gas [6]. Due to this fact, researchers are making efforts to simplify the business process
while decreasing costs as much as possible [7].

In small and medium-sized LNG engines (<160 mm diameter piston) the “open
chamber” system is the most common ignition system. In these systems, the air—fuel
mixture in the combustion chamber is ignited by an electric spark generated between the
electrodes of a spark plug inside the combustion chamber. The spark is produced by an
increase in voltage supplied by the engine ignition system, specifically by self-induction
in a high-voltage coil. The operating temperature of the spark plug is the key parameter
in the spark plug’s service life: generally, the higher the operating temperature is, the
shorter the operating hours. This temperature must be low enough to prevent pre-ignition
or detonation, but high enough to prevent carbonisation of the mixture and oil in the
combustion chamber. The most important factors determining the spark plug’s operating
temperature are the combustion chamber’s shape, the AFR (air-to-fuel ratio), the spark
plug cooling and the compression ratio (CR).

A diagram of the main ignition systems that are used in lean-burn engines is shown
in Figure 1. Within the open-chamber systems, the single-spark ignition (see the figure)
described in the previous paragraphs is the cheapest and simplest option. It has several
advantages in terms of maintenance and robustness, but does not allow operation at an
AFR > 2. This system can be improved with the “prechamber spark plug” version, in
which the spark plug ignites the mixture introduced into a small cavity within the spark
plug structure itself while the torches exit forcefully through holes, penetrating into the
combustion chamber and igniting the mixture. This results in faster and more stable
combustion, and slightly higher AFR values can be achieved [8].
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Figure 1. Most common combustion systems in lean-burn engines [9].

The second option includes a prechamber in addition to the main combustion chamber
(right side of Figure 1), and is typically used in engines with power ratings greater than
2 MW (larger pistons, larger diameter, requires stronger torches). The spark plug is placed
in the prechamber and the prechamber may be active, i.e., a chamber into which gas is
injected, or it may be passive, i.e., without injection, in which case the same mixture present
in the combustion chamber is introduced into the prechamber [10,11]. In the first case, pure
gas is introduced into the prechamber so that when the spark is generated, the inside of
the prechamber contains an AFR close to the stoichiometric AFR. This generates very-high-
energy torches that penetrate the main combustion chamber and are capable of igniting
very lean mixtures of AFR > 2 efficiently [12].

The active prechamber system has demonstrated the highest efficiencies for lean-burn
engines operating at high AFR and with low emission levels of NOy, CO and THC (total
hydrocarbons), so it is the perfect choice for a power generation market that has to cope
with increasingly stringent emission limits [13]. The stability of the combustion process
developed with this system is due to the fact that it is an extremely efficient ignition
system, i.e., the torches coming from the prechamber can ignite mixtures with more than
2 AFR, which enables the increase in compression ratio, timing and efficiency. This also
allows designing a combustion chamber without excessive turbulence, which increases its
thermal efficiency by reducing heat transfer to the cooling system [14,15]. Depending on the
location, the engine must be equipped with an injection system that basically consists of a
gas compressor, a distribution rail, an electronic gas flow regulator and a set of vent valves.

However, the active prechamber, commonly referred to as “injected,” has three major
drawbacks. The first is the cost of implementing the injection system (compressor, rail,
regulator, valves, etc.), which increases engine’s complexity and initial cost. The second
is the reduced robustness of the engine due to the sensitivity of the parts and the mainte-
nance guidelines set for them to ensure proper operation, which also increases the engine’s
operating cost and decreases its availability [16]. In particular, valves require short mainte-
nance intervals due to valve seat wear and tear and fouling from combustion deposits (see
Figure 2), which directly affect engine availability. A malfunction of this part can lead to
loss of injection flow control and control of torch power, resulting in engine trips due to
detonation or instability. The third drawback is the increase in the temperature of the spark
plug electrode compared to an open-chamber configuration [17].
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Figure 2. Accumulation of combustion waste in the check valves.

A passive prechamber would be the alternative to an active prechamber. In the former,
there is no separate injection, and only charge from the main chamber is introduced. There-
fore, it does not require an injection system and is cheaper in terms of initial investment
(CAPEX—capital expenditure) and costs associated with engine maintenance and operation
(OPEX—operational expenditure) [18]. However, the fact that there is no injection of a
rich mixture into the prechamber means a clear loss of energy in the flames that must
ignite the mixture and create stable combustion. Passive prechambers also present greater
firing problems (renovation of combustion gases with new air—fuel mixture between two
combustion cycles) due to the lack of injection. In active prechambers, the gas injection
takes place at a higher pressure than the pressure at the time in the prechamber so that
combustion gases can be emptied out. Overall, it must be said that passive prechambers
generate a lower energy content in the prechamber and therefore have disadvantages in
terms of combustion efficiency and stability, especially when operating with low NOx
emissions [18].

The loss of efficiency and stability must be counteracted by increased turbulence
through modifying the design of the main parts involved in the combustion process (piston,
cylinder head, spark plug, combustion cycle, etc.) [16], including the prechamber itself,
the design of which plays a significant role in combustion efficiency. The main design
parameters of a pre-combustion chamber are described below with the help of the schematic
representation in Figure 3 [19].

By .:// Spark plug

Pre-chamber volume

Check valve
channel

MNumber of
nozzels

Nozzle
diameter

Figure 3. Diagram of design parameters of a combustion prechamber.
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O  Prechamber volume: the smaller the volume, the easier it is to fire inside it, as less gas
has to be emptied.

O  Nozzle diameter: the ratio of prechamber volume to nozzle diameter dictates torch
velocity, which generally increases as diameters decrease. The higher the velocity, the
easier it is to penetrate the main combustion chamber, facilitating combustion.

O  Presence of a central nozzle: this directs the flame towards the middle of the main
combustion chamber to prevent unburnt gas. It also has a strong correlation with the
renewal of the prechamber charge itself.

O  Nozzle orientation: the direction of the torches can be matched to the piston surface
so that there is less unburnt gas in the combustion chamber and the flames generate
more turbulence (prechamber swirl).

As a summary, Table 1 gathers the main strengths and weaknesses of each of the
ignition systems analysed so far. {(high), | (low), || (very low)

Table 1. Strengths and weaknesses of different combustion systems for lean-burn engines.

Parameter (.Zombustion Prechamber' Open-Chamber
Active Passive Standard
Engine efficiency T 1 W
Engine robustness b + T
Engine price (€/kW) T 1 J
Maintenance costs T 1 W

Given the above, it seems obvious that for applications that seek high efficiency, using
a fuelled prechamber is the best option. These applications are mainly focused on shore
natural gas (NG) applications, as the fuel has a high cost in most countries. Nevertheless,
alternative fuels could be found in the market, such as sewage gas, landfill gas, flare
gas, or others, where the main driver is not the efficiency, as the gas may be considered
a by-product.

Thus, as explained by Ruiz et al. [16] in applications such as flare gas, efficiency shifts
to the background and robustness becomes a priority. The same premise could be applied
to applications such as the one under analysis, where the engines are installed in a vessel.

The main reason for this to happen is related to the cost of the gas; however, all of
those fuels have some other things in common. The most remarkable fact would be that
most of them could present impurities and debris in the gas. This fact is determinant to
select a combustion system, and as shown in Figure 2, gas and combustion deposits could
generate sudden stops, reducing the robustness and increasing the corrective maintenance
costs considerably. For these reasons, it is preferred to use an unfuelled prechamber to burn
these alternative fuels.

The above solution provides a cheaper and a more robust solution, but unfortunately
would present a thermal efficiency reduction in respect to its LNG counterpart with a
fuelled prechamber fitted.

To adapt the engine to different fuels and their physical and chemical properties,
different manufacturers have optimised design in various ways [16].

Despite the modifications that different manufacturers have made to engines to burn
different gases, in all cases there is some drawback between the use of LNG and alternative
fuels. All the analysed engines show a considerable loss of performance compared to the
LNG engine, and some of them also show a significant loss of power.

In this study, an innovative methodology was developed to increase the thermal
efficiency of an engine by using passive prechambers to burn alternative fuels. This
increase is achieved through optimising an ignition system that improves the performance
of engines using a passive prechamber.
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The fact that the combustion system is selected to be optimised to increase the
efficiency available in the market is mainly justified by the reasons provided in the
following paragraphs.

Firstly, and as mentioned above, alternative fuels are commonly considered by-
products. That is why engines running on those fuels use passive prechambers rather
than active prechambers. However, these similarities between engine configurations do
not occur in other technologies such as pistons or shafts. This is due to the variety of
properties that different alternative gases may have. As an example, APG (associated
petroleum gas) encounters difficulties in finding correct detonation margins, as it is prone
to knocking, while biogas is subject to combustion instability at low emissions. This means
that the compression ratio of the pistons must be modified depending on the type of gas
(high for biogas and low for APG). Therefore, the combustion system is prioritised over
other systems to reach the widest possible range of engines by improving the cost-benefit
analysis matrix.

Secondly, as opposed to pistons, cylinder heads, camshafts or other technologies, the
ease of replacing prechambers and spark plugs is key to focus on for this component. The
components also present benefits on cost saving in terms of part cost and labour. In addition,
an important factor that ultimately converts the combustion system optimisation and is
especially interesting is the short delivery time for prototype design and manufacturing.

Last but not least, the most important factor relies on its impact on thermal efficiency.
Previous studies [7,20] indicate that improvements in the combustion system can involve
major changes in thermal efficiency.

For all of the above reasons, the parts to be optimised to increase the efficiency are
the prechamber and the spark plug. However, a base gas must be chosen for testing.
As indicated in the next section, a simulated biogas will be used that has an LFL (lower
flammability limit) beneath the other gases and therefore has the most restrictive conditions
for the combustion of the passive prechamber. Therefore, if the results are optimal with
biogas, the designed combustion system could be applicable to fuels with higher LFLs.

The Guascor Energy G-86EM liquefied natural gas engine will be used as the bench-
mark engine for the efficiency comparison. It is a 12-cylinder engine with a rated capacity
of 2065 kW and was released in May 2017 in both 50 and 60 Hz versions, offering high
performance to date for both primary power generation and cogeneration applications.
This engine, operating on liquefied natural gas, has a rated capacity of 2065 kW and me-
chanical efficiency of 46.9% and 45.9% for emission limits of 500 mg NOy/Nm? and 250 mg
NOx/Nm3, respectively [9].

2. Materials and Methods
2.1. Test Bench

This work was performed at Guascor Energy Engine’s Research and Development
(R&D) facility in Vitoria-Gasteiz. The initial tests defined the physicochemical characteris-
tics and combustion properties of the fuel used. These checks were valid for certifying fuel
characteristics such as methane number, lower heating value (LHV), hydrogen, nitrogen
and carbon contents. These tests were performed at Guascor Energy’s premises, where a
chromatograph is available.

The engine employed for the tests conducted during this study was a single-cylinder
engine that was specifically designed for developing Guascor Energy’s G-86EM 2 MW
engine model. The SCE (single-cylinder engine) offers several benefits compared to a
multi-cylinder engine (MCE), as shared by Oregi, L. et al. [9], and it is designed to simulate
the combustion of the recently launched MCE version.

During the combustion process, several variables measured were recorded for further
computational analysis. Amongst all the measured variables, some of them can be high-
lighted: ignition timing, pre-combustion period, end of main combustion, main combustion
period, post-burning period, maximum rate of heat release, knocking, exhaust temperature,
thermal efficiency, and cylinder pressure.
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The central system controlling all the subsystems was the AVL. PUMA. The PUMA
gathers all the data from the sensors fitted and acts as a master controller for all the
peripherals that have their own PLC (programmable logic controller), such as the oil
system, gas supply system or compressed air system.

So that combustion parameters could be recorded, other measuring equipment was
fitted—the AVL IndiCom module with 21529 serial number and 2.5 software version
sourced by AVL Ibérica (Madrid, Spain). This is combustion measurement software that
is principally employed for the measurement and analysis of the exhaust, intake and
combustion chamber pressure curves. Further to this, some other engine-specific variables
can also be calculated, for instance, heat release rate, heat losses, energy and thermal
balance mass flow, and more parameters. The data acquisition module utilised was the
high-speed Indimaster Advanced GigabitTm with 8 channels.

As for measuring components of the exhaust gases, a Horiba Mexa 7100D exhaust gas
analyser supplied by Horiba’s distributor in Madrid, Spain (Técnicas de Control y Analisis
SA) was used.

After defining the gas properties, which are shown at the end of the present section,
engine tests were carried out on the SCE test bench. Figure 4 shows the layout of the test
bench while it is monitored by the instrumentation listed in Tables 2 and 3.

Figure 4. SCE test bench.

Table 2. Engine parameters.

Version 1 Version 2
Manufacturer Guascor Energy Guascor Energy
Type G-86EM G-100EM
Number of cylinders 12inV 12in'V
Output power 2000 kW 2000 kW
Rated engine speed 1500 rpm 1200 rpm
Bore 195 mm 195 mm
Stroke 240 mm 280 mm
Connecting rod length 530 mm 510 mm
Total swept volume 86L 100 L
Number of valves 2 inlet and 2 exhaust 2 inlet and 2 exhaust
Swirl ratio 0 0
Volumetric compression ratio 13.5 13.5
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Table 2. Cont.

Version 1 Version 2

Turbocharger High efficiency High efficiency

Fuel and air mixer Venturi mixers Venturi mixers

Ignition system Fuel injection prechamber Fuel injection prechamber

Spark plugs GE spark plug GE spark plug
Table 3. Test bench sensors.
Engine Parameter Range Measuring Equipment Nomenclature

Prechamber BG intake pressure 0-40 bar/4-20 mA WIKAS-10 PA4_101
Prechamber BG intake temperature 0-100 °C/4-20 mA WIKA TR 30-W TA4_101
Prechamber BG inlet flow 0-2kg/h VOGT LIN GSC C9TA QA4_101
Chamber mixture intake pressure 0-40 bar/4-20 mA WIKAS-10 PA4_002
Chamber mixture intake temperature 0-100 °C/4-20 mA WIKA TR 30-W TA4_102
Chamber mixture inlet flow 0-6500 kg/h ENDRESSHAUSER-PROMASS QA4_102
Exhaust gas temperature 0-750 °C TCK TA5_001
Exhaust gas pressure 0-6 bar/4-20 mA WIKA A-10 PA5_001
Water inlet pressure 0-6 bar TECSIS P3249b074001 PWP_002
Water inlet temperature 0-150 °C/4-20 mA AVL PT100 TWP_002
Water outlet pressure 0-6 bar TECSIS P3249b074001 PWP_301
Water outlet temperature 0-150 °C/4-20 mA AVL PT100 TWP_301

Qil inlet pressure 0-10 bar DANFOSS P05_001

Oil inlet temperature 0-150 °C/4-20 mA AVL PT100 T05_001

Oil outlet pressure 0-10 bar DANFOSS P09_001

Oil outlet temperature 0-150 °C/4-20 mA AVL PT100 T09_001
Crankcase pressure (=) 300-300 mbar P08_001

Main chamber air inlet flow 0-70,000 kg/h PROMASS ENDERHAUSSER QAR_001

2.2. Test Design
2.2.1. Results Format and Targets

All results are displayed in “engine map” mode and combustion conditions range
from lean (high AFR, low NOx emissions) to rich mixtures (low AFR, high NOy emissions,
with a maximum limit of 2000 mg/Nm?), using “misfire” as the lean mixture upper limit
and “knocking” as the rich mixture upper limit. The variables are represented in terms of
mg NOx/Nm? (normal cubic metres refer to exhaust gas flow), which is common practice
in the industry, since it provides the user with direct information about the NOy emissions
associated with the engine characteristics.

For the knocking and misfire limits, values greater than or equal to 2000 mg NOy/Nm?
and less than or equal to 250 mg NOy/Nm?, respectively, were set (Table 4).

Table 4. Misfire and detonation limits for the passive prechamber configuration.

Misfire Detonation
(mg NO,/Nm?3) (mg NOL/Nm?)

<250 >2000
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The misfire limit was set on the basis of future environmental constraints, while the
detonation limit was selected to have enough margin to operate at 500 mg NOy/Nm?
despite variations in the quality of the input gas. In the following paragraphs, deeper
information regarding misfire and knocking margins is provided.

The misfire limit is the minimum concentration of NOy (in mg/ Nm?) in exhaust at
which the engine can operate without presenting cycles without combustion. The point of
operation prior to that cycle without combustion shall be taken as the misfire limit.

Whereas the knocking margin is the maximum concentration of NO (in mg/Nm?)
in exhaust at which the engine can operate without detonation cycles, the knocking limit
shall be taken whenever the 3% over 200 cycles recorded in the IndiCom is overpassed.
The defined maximum pressure deviation is known as the KNK_PK (knock peak) value.
This is the absolute value of the maximum pressure oscillation at the high-pass of the
filtered signal.

The combustion phenomena described above are detected through a pressure trans-
ducer in the main chamber and were plotted in the IndiCom as per the examples shown in
Figure 5.

PCYL1 [bar]

Misﬁre

ﬁ‘K\

|

- . Knocking

-10 0 10
Crank Angle [deg]

4 T T T T T
T T T T 1 Y -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
20 30 40 50 60 Crank Angle [deg)

Figure 5. Misfire (left) and knocking (right) detection through chamber pressure transducers.

The curves shown are those from a test to select the optimal ignition timing for each
configuration. This parameter must be modified when changing fuel and/or configuration
to find the engine’s optimal operating point. The condition to be fulfilled in all tests is that
the engine reaches 175 kW output power (equivalent to 2 MW in the multi-cylinder).

All results shown are arithmetic averages of four 30 s measurements, taken at the
same stationary operating point and leaving 60 s between them, which is equivalent to
a total sampling time of 5 min. During this time, the PUMA Open system acquires the
values of each sample and each peripheral device according to the frequency set in the
software. The result is an average of all values recorded in that time interval. The results
were plotted and are presented below in the order in which the experiment was carried
out. The values are represented as a percentage of reference data, which in this case are
the data for the G-86EM multi-cylinder engine running on LNG at an emission level set at
500 mg NOy/Nm?3.

2.2.2. Boundary Conditions

The test boundary conditions are the set of variables that are configured in the SCE
to replicate the working conditions that the MCE will reach in its operation, including
environmental aspects. These assumptions are intended to cover the full range of system
behaviours that exist in an MCE and do not exist in an SCE. In addition, the boundary
conditions are set to force the most unfavourable conditions possible.
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Boundary conditions of the experiments are as follows:

Outlet water temperature (TWP_301): 90 °C.

Oil temperature (TO5_001): 83 °C

Oil pressure (PO5_001): 4.5 bar.

Inlet air temperature (TA4_001): 62 °C approx.

Water flow (QWP_001): 90 L/min

Water pressure (PWP_002): 3 bar.

Back-pressure control: constant efficiency; 0.61 turbine and 0.6 compressor.
Speed: 1500 rpm

Ambient temperature: 0-25 °C

Altitude: less than 500 m

BMEP: 19.3 bar

Variables that depend on the experiment number:

Ignition timing: It was adjusted in accordance to fuel knocking limits.
Approximate volume percentages of gas for:

Landfill gas

| Natural gas: 50%
| | C022 50%

CHONONORONONONONONONONORCEONC)

2.2.3. Configurations and Tests

The G-86EM, as indicated by Ruiz et al. in their studies [16], has an ignition system
based on an active prechamber (OPC) and a ] spark plug (SP). Due to the sufficiently
energetic ignition created by this system, the engine uses a flat piston that does not generate
any extra turbulence in the main combustion chamber. This is the OP flat piston, which
works with a high compression ratio (13.5) for the highest possible efficiency. The cylinder
head (OCH) has straight-line intake holes for maximum volumetric efficiency without
seeking to create extra turbulence in the gas passage through the valves, since that is
unnecessary for a natural gas engine with an active prechamber. With regard to the
thermodynamic cycle (OM), the camshaft is programmed to work with a Miller cycle, using
the EIVC (early inlet valve closing) technique, i.e., the engine closes the intake valves much
earlier than in the Otto cycle. Therefore, more intake pressure is needed to introduce the
same amount of charge into the main chamber. Following the above, the basic configuration
of the LNG engine could be summarised as follows and is shown in Table 5.

Table 5. G-86EM combustion chamber configuration.

Parts LNG Engine
(Configuration 1)
Prechamber OoPC
Spark plug SP
Piston OP
Head OCH
Camshaft oM

Where:

OP: injected prechamber

SP: ] spark plug

OP: flat piston

OCH: cylinder head without swirl
OM: Miller cycle camshaft

As previously mentioned, the fuel used during these tests will be a biogas to subject
the combustion system to the most restrictive conditions. Therefore, it is vital to note that

OO0OO0O0O0
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the tests contained in this paper were carried out on a version of this engine modified to be
able to burn biogas. Like Ruiz et al. [16] employed for the APG (associated petroleum gas)
engine, Guascor Energy decided to use a passive prechamber for its biogas counterpart
for the reasons explained in previous sections. Consequently, the changes were focused
on increasing the turbulence of the main chamber and favouring firing in the prechamber.
For this purpose, a bowl-shaped piston with increased CR, swirl cylinder head, passive
prechamber and ] spark plug were used (Table 6).

Table 6. Comparison of LNG and biogas configurations.

Biogas Engine

Parts LNG Engine (Configuration 1)
Prechamber OPC PP
Spark plug Sp SP
Piston OoP PB
Head OCH CHA
Camshaft OM OM
Where:

m  PP: passive prechamber
PB: bowl-shaped piston
m  CHA: cylinder head with swirl

Ultimately, the modifications implemented are very similar to the configuration pre-
sented by Ruiz et al., as both share the same combustion technology. In fact, the methodol-
ogy described here for optimising combustion by modifying the prechamber and spark
plug design would be fully applicable to the APG engine.

Since a configuration for a biogas engine is presented, it should be noted that the
tests have been carried out with a biogas simulating the condition of landfill biogas. The
biogas used during the experiments is a mixture of natural gas and CO, prepared by a
gas conditioning system with four different lines to mix both in the main chamber and
in the prechamber natural gas and CO; in 20% to 60% concentrations by volume of CO5.
Experiments were carried out with the following mixture:

B 50% natural gas and 50% CO, (by volume), simulating landfill biogas.

It is important to note that liquefied industrial CO, was used throughout the exper-
iment to simulate the composition of the biogas, which made it possible to simulate the
physical and chemical properties of the biogas so that the results in terms of efficiency,
power, temperature, pressure, turbo conditions, etc. could be reproduced. However, as it is
a pure gas, it was not possible to analyse the effect of the main pollutants and impurities as-
sociated with the use of biogas (particulate matter, contaminants and moisture). Therefore,
longer field-validation tests would be required to complete this type of study where the
engine is exposed to site conditions.

The composition of the gas entering the test bench is controlled by chromatography,
specifically by the Agilent Micro 490GC gas chromatograph, a continuous analysis device
(1 analysis every 5 min). The chromatograph is equipped with 3 channels to analyse
possible variations in the composition of natural gas from mains, since it follows the ISO
6974-5:2014 standard for natural gas analysis. In addition, it is gauged to determine CO,
percentages in 15-60% range by volume, so that the composition of the biogas entering the
test bed can be known at any time.

Subsequently, the two tests carried out to optimise the engine’s performance will be
detailed. The first test involves optimising the shape of the passive prechamber, while the
second focuses on improving the spark plug.
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Test 1. Optimisation of the Prechamber Design

Three different passive prechamber designs were tested with all other elements held
constant. This leads to configurations 2, 3 and 4 (see Table 7). The first part consisted
of setting the optimum ignition timing for each configuration. This trial allowed ini-
tial conclusions to be drawn on the advantages and disadvantages of the use of each of
the prechambers.

Table 7. Engine parts following configurations 2, 3, and 4.

Parts Configuration 2 Configuration 3 Configuration 4
Prechamber PPA PPB PPC
Spark plug SPB SPB SPB
Piston PB PB PB
Head CHA CHA CHA
Camshaft oM OM OM

The three designs in the previous paragraph were achieved by altering the design
parameters in Table 8.

Table 8. Types of prechamber tested for biogas combustion.

Prechamber orcC PPA PPB PPC
Volume (cm?) X X-20% X-20% X-60%
Hole diameter (mm) Y Y Y Y-15%
Number of holes N N N+1 N+1
Hole orientation (°) V4 Z Z Z-50°

Central hole (Y/N) NO NO YES YES

In other words, the proposed tests will compare a prechamber with the same volume
as the LNG engine (OPC), a prechamber equal to the LNG engine but with smaller volume
(PPA, configuration 2), another one with the same volume as the PPA but with an additional
central hole (PPB, configuration 3), and finally, a prechamber with an even smaller volume,
smaller hole diameter and different hole orientation, but keeping the central hole (PPC,
configuration 4).

Test 2. Optimisation of the Spark Plug Design

Once the passive prechamber was selected, three alternative spark plug designs
were tested, keeping the selected prechamber while all other elements of configuration 2
remained constant. This gives rise to configurations 5, 6 and 7, as shown in Table 9. The
spark plugs were tested by selecting optimum timings for these configurations.

Table 9. Engine parts following configurations 5, 6, and 7.

Parts Configuration 5 Configuration 6 Configuration 7
Prechamber PPB PPB PPB
Spark plug SP SPA SpC

Piston PB PB PB

Head CHA CHA CHA

Camshaft oM oM OM
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The different spark plug designs tested are listed in Table 10, where they are compared
with the initial configuration’s spark plug (SP). This table also includes the characteristics
of the SPB spark plug, which is the one used in configurations 2, 3 and 4. As is shown, the
SPA spark plug is the same as the SP, but inserted further into the prechamber. The SPB
maintains the SP’s degree of insertion, but it has an electrode with less precious metal. The
objective of testing this modification (cheaper spark plugs due to less precious metal) is to
try to determine whether the stability and margin to misfire would justify the higher cost
due to more maintenance. Finally, the SPC spark plug is the most different since it has a
different type of electrode shape.

Table 10. Types of spark plug tested for biogas combustion.

Spark Plugs SP SPA SPB SPC
Thread height (mm) X X-5 X X
Amount of precious metal Y Y Y-15 Y
Type of electrode J (thick) J (thick) J (thin) Round

3. Results and Discussion

This section presents and discusses the results of the different tests undertaken during
this research, following the methodology described in the previous section.

3.1. Influence of Fuel on Combustion in Reciprocating Internal Combustion Engines

The most important properties when assessing the processing and performance of
a gaseous fuel in an internal combustion engine are the lower heating value, methane
number, flammability, auto-ignition temperature and adiabatic flame temperature [21].

The heating value, which primarily depends on the chemical composition, determines
the heat capacity of a fuel and can be expressed as higher heating value (HHV) or lower
heating value (LHV). The first is obtained empirically by measuring the enthalpy change in
an adiabatic bomb calorimeter in which the water generated in combustion is condensed,
while the second results from subtracting the enthalpy of condensation of the water gen-
erated from the first [22]. In other words, LHV is the heat obtained when combustion
gases are emitted at temperatures above 100 °C, which is the most normal scenario when
referring to combustion engines. Therefore, this heating value is the most used at a practical
level. Since CO; does not increase the heating value, the LHV of biogas is around 25-55%
lower than that of natural gas, considering as standard those values that are in the ranges
of 21.5-23.5 MJ/Nm? and 5.5-6.5 kWh/Nm?3 [23].

Methane number (MN) is a concept analogous to the octane rating in gasoline and
describes the tendency of a gas fuel to knock [24]. This property also depends on the
composition, since a value of 100 is given to pure methane (low knocking tendency) and
a value of 0 to hydrogen (high knocking tendency). The MN can increase above 100 in
mixtures with inert gases: in the case of biogas (which contains CO, and a certain amount of
Ny) it reaches ranges higher than 130 [25]. Closely related to this concept is the auto-ignition
temperature, which is the minimum temperature at which a substance in contact with air
burns spontaneously without the action of any external ignition source. In this case, the
auto-ignition temperature of biogas is higher than that of natural gas and is in the range of
650-750 °C [22].

Flammability defines the concentration limits (fuel/air) for which the gas ignites
when exposed to an ignition source, at a given temperature and pressure. The lowest
concentration at which the flame can spread is called the lower flammability limit (LFL)
and the richest limit is called the upper flammability limit (UFL) [26]. For lean-burn
engines, the main challenge is the LFL, as it defines the difficulty of igniting the mixture
and propagating the flame with high AFRs. This is especially important with biogas, since
its flammability range is smaller than that of natural gas and other fuels [27]. As explained
in the previous section, this is the reason the tests herein were conducted with biogas.
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Finally, the adiabatic flame temperature is the maximum theoretical temperature that
the combustion gases would reach if this combustion was complete and the fuel had been
completely burnt through an adiabatic and isobaric process. It seems obvious that the
actual temperature of the combustion gases is always lower due to heat losses and the
presence of unburnt substances. However, this theoretical concept allows comparison of the
combustion temperatures that would be reached using different fuels. Combustion-inert
substances present in biogas, mainly CO,, absorb the heat released in combustion, so
the adiabatic flame temperature of biogas is lower than that of LNG [27,28]. This makes
the flame speed and combustion speed lower also (longer combustion), which leads to
increased combustion instability and promotes in-cylinder misfires [21].

Table 11 compares the properties and combustion behaviours of liquefied biogas and
liquefied natural gas. It may be concluded based on these properties that biogas is a fuel
with less flexibility for use in internal combustion engines than liquefied natural gas.

Table 11. Comparison of the properties and behaviours of liquefied biogas and liquefied natural gas
engines. | (lower) 1 (higher).

Properties LBG LNG
LHV (kJ/Nm?) 1 )
Methane number T I
Misfire limit J T
Detonation limit 0 1
Flammability J T
Flame propagation 1l T
Fuel gas flow (kg/h) 0 1

Due to its natural origin, biogas contains numerous impurities that significantly affect
the engine’s robustness and performance. Depending on the origin and the established
cleaning or filtering stages, substances such as NH3 (0-0.05% vol.), HyS (0-0.5% vol.), dust
(>5 um), siloxane (0-50 mg/Nm?®) and water vapour (1-5% vol.) may be present. The
main problems associated with these impurities are condensation, corrosion and erosion of
critical parts, the creation of solid deposits with abrasive effects, and dust deposits [28].

3.1.1. Test 1. Optimisation of the Prechamber Design

The objective of this test is to determine the influence of 3 different passive precham-
bers on thermal efficiency while keeping the rest of the mechanical elements invariable.
Configurations 2, 3 and 4 will be tested (see Table 7). Table 8 presents the characteristics of
the three prechambers compared to the OPC prechamber used in the LNG engine.

The proposed changes are to:

1. increase the energy of the torches exiting the prechamber into the main
combustion chamber;

2. promote firing in the main combustion chamber; and

3.  increase the combustion efficiency of the mixture in the prechamber and main com-
bustion chamber. The aim is to mitigate the loss of efficiency and loss of combustion
stability associated with eliminating prechamber gas injection, accentuated by the use
of biogas as a fuel instead of liquefied natural gas, as much as possible.

Table 12 shows the ignition timings used in these configurations and the knocking
and misfire limits achieved. All three configurations met detonation and misfire targets
(Table 4), with a particularly large misfire margin with configurations 3 and 4 for landfill
gas, improving the results of configuration 2. Regarding the knocking limits, the ignition
timing required for optimal engine operation in configuration 4 with landfill gas (28°)
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causes detonation to appear at lower values than the rest, yet still high enough to meet
specifications (2503 mg NOy/Nm?).

Table 12. Ignition timings and misfire and detonation limits for different passive prechambers.

Configuration Gas IA (%) (mgl;:[]i(s)ii/r;mg,) (m]?ge;og:/t;);g,)
2 Biogas 50% CO, 22 202 >3000
3 Biogas 50% CO, 24 156 >3000
4 Biogas 50% CO, 28 177 2503

Engine maps with optimised ignition timing and turbo parameters for biogas are pre-
sented below. Figure 6 plots the air/fuel ratio the engine requires for each of the configurations.
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Figure 6. AFR as a function of exhaust NOx in configurations 2, 3 and 4.

There is a difference in AFR in the configurations, configuration 2 being the highest,
followed by configurations 3 and 4. Generally, a lower AFR (richer fuel mixture) tries to
compensate for the shortcomings of a slower combustion system. In the case of configura-
tion 4, its AFR is lower because it needs to compensate for a slower combustion system
(smaller prechamber volume and therefore weaker torches) with a richer mixture [18].
However, comparing the prechambers of configuration 2 and configuration 3, it can be
observed that the only difference between them is the presence of the central hole in the
prechamber of configuration 3, that is to say, the PPB prechamber has one extra hole. A
priori, increasing the number of holes generates more turbulence, which results in faster
combustion in the prechamber, but also blocks the combustion process and the initial flame
growth, which can lead to ignition failures [29]. It is therefore necessary to introduce a more
fuel-rich air/fuel ratio. However, the visible differences decrease because the combustion
has been compensated by the change in ignition timing and there is no need to compensate
any further with the AFR.

Figure 7 shows efficiency results. Efficiency was higher in configuration 3 than in
configuration 2, probably as a consequence of the difference between the ignition timings.
The presence of the central hole seems to help renew the prechamber volume, allowing
shorter ignition timings that provide higher efficiency. Finally, configuration 4 offers the
worst efficiency: this difference is almost two percentage points at 500 mg NOy/Nm3
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and slightly less at exhaust NOy concentration levels of 250 mg/Nm?. It should also be
mentioned that the dispersion of configuration 4 below 500 mg NOy/Nm? seems to indicate
that the combustion stability at that point was not as desired.
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Figure 7. Thermal efficiency as a function of exhaust NOx in configurations 2, 3 and 4.

Since the prechamber in configuration 4 has several design modifications compared to
the previous ones (smaller dimensions, smaller hole, different hole orientation) it is difficult
to determine which one is negatively affecting efficiency. However, according to research
results published in specialised literature, two main factors must be mentioned. Working
with smaller prechambers reduces the pressure difference between the two chambers, which
hinders the insertion of the flames and with it the ignition of the main chamber [19,29].
A small hole, which in principle is designed to minimise mass losses through the holes,
may also hinder optimal filling of the prechamber, decreasing the pressure difference
between chambers, and may also prevent the emptying of combustion gases between
cycles [18]. Thus, it seems that in this case, there are more negative effects than positive in
terms of prechamber volume and hole diameter, and these negative effects could not be
compensated by the orientation of the holes.

Figure 8 shows the results of the maximum pressure in the chamber. The same trends
can be observed here as in thermal efficiency, i.e., configuration 4 produces a less energetic
combustion, generating less pressure in the combustion chamber and resulting in less
efficiency. For the other two configurations, the behaviour is very similar. Although the
change in the orientation of the holes aims to create more uniform distribution of the flames
in the main chamber, it seems clear that the problems mentioned above from the smaller
prechamber and the shape and distribution of the holes negatively affect the generation of
high pressure in the cylinder.

The combustion stability results reflected in the peak pressure covariance are presented
in Figure 9. There did not appear to be major differences in combustion stability between
the configurations. If anything, more instability could be observed for configuration 4, for
the reasons explained above. What is clear, as in the previous test, is that there is increased
instability in combustion as one works in the poorer combustion areas.
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Figure 8. Maximum pressure as a function of exhaust NOx in configurations 2, 3 and 4.
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Figure 9. Pressure covariance as a function of exhaust NOx in configurations 2, 3 and 4.

Finally, with regard to the total exhaust hydrocarbon concentration, depicted in
Figure 10, once again, the results for the three configurations are very similar and again
tend to decrease as the combustion becomes richer. A higher THC emission may be seen
with configuration 4, which is in line with what was previously published by C.E. Castilla
Alvarez et al. in a review of the state of the art in prechamber systems. In that paper, higher
THC emissions were attributed to a reduction in prechamber volume and an increase in the
number of holes in the prechamber [30]. Roethlisberger and Favrat also observed higher
THC emission levels when the prechamber had more holes [19,29]. According to their
research, the penetration of flames from the prechamber is greater with fewer holes, which
results in more efficient combustion.
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Figure 10. Total hydrocarbons as a function of exhaust NOx in configurations 2, 3 and 4.

To summarise the results obtained in this test, the best prechamber option would
be configuration 3, because it has higher efficiency and a better misfire limit. From the
above two points, it can be seen that the central hole may be advantageous, because
the central hole slightly improves firing inside the prechamber. This would allow the
engine ignition timing to increase, improving efficiency without penalising the misfire
margin. Configuration 4 would be ruled out due to low efficiency and high concentration of
unburnt exhaust gases. However, it seems that the smaller volume and hole configuration
of the prechamber could help to have a wider misfire margin, especially in terms of the
prechamber firing capacity it offers.

3.1.2. Test 2. Optimisation of the Spark Plug Design

As with prechambers, the spark plug also offers possibilities to increase engine ef-
ficiency and stabilise combustion, even at low emissions. The goal, then, is to find a
spark plug design that improves flame generation in the prechamber, promotes firing in
the spark plug gap and reduces the occurrence of non-combustion cycles. This section
presents the results obtained through different modifications to the fundamental spark
plug design parameters.

The different spark plug designs tested are listed in Table 10. Since this test consists of
comparing the behaviour of different spark plug designs and studying the effects associated
with installing them in the engine, configurations 5, 6 and 7 (Table 9) will be compared,
taking configuration 3 as the benchmark configuration (see Table 7), so that the only
difference between them is the spark plug. To summarise, it can be said that the thin ] spark
plug (SPB, configuration 3) will be compared with a thick | spark plug (SP, configuration 5),
with the same thickness and a more inserted ] spark plug (SPA, configuration 6), and finally
with a spark plug with another shape with the same amount of precious metal and in the
same position as configuration 5 (SPC, configuration 7).

Engine mapping with minimum ignition timing was carried out and misfire and
knocking limits were obtained in each of the configurations shown in Table 13. It can be
seen that in all cases, the targets described in Table 4 for the detonation limits, which were
>2000 mg NOy/Nm?, are largely met. With regard to the misfire limits, configuration 5 (SP)
shows that the proposed targets are achieved (<250 mg NOy/Nm?), although it remains
close to the target value. This may indicate that there are more ignition problems when
the spark plug electrode is thicker. Configuration 6 (SPA) also meets the objectives, but in
this case more comfortably than configuration 5. This shows that inserting the spark plug
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further into the prechamber can compensate the effect of the thicker electrode. In addition,
there is no increased tendency for detonation due to the spark plug being inserted further
into the prechamber. Finally, configuration 7 (SPC) is not able to reach the operating point
of 250 mg NOx/ Nm?, which leads to the conclusion that the round electrode has more
ignition problems at low emissions than the J-shaped electrodes.

Table 13. Ignition timings and misfire and detonation limits for different passive spark plugs.

Configuration Gas IA (°) (mgl\lgi(if:;lslm3) (m]?;;ogj/t;);;;)
3 Biogas 50% CO, 24 156 >3000
5 Biogas 50% CO, 22 210 >3000
6 Biogas 50% CO, 22 154 >3000
7 Biogas 50% CO, 24 284 >3000

The results of the analysis of the air/fuel ratio used in the engine for the different spark
plugs are presented in Figure 11. The graph shows that it is configuration 6 that requires a
richer mixture to maintain the power of the torches. This is logical, because the prechamber
volume is smaller in this configuration, while configurations 5 and 7 do not differ greatly
from configuration 3. Therefore, it could be said that the use of a thicker electrode requires
more ignition energy to increase the margin to misfire, but does not require a richer mixture
inside the prechamber [31]. Again, this behaviour is corrected by inserting the spark plug
further into the prechamber. Finally, comparing configurations 5 and 7, it seems that in this
case, the shape of the electrode does not have a decisive influence on the AFR.
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Figure 11. AFR as a function of exhaust NOx in configurations 3,5, 6 and 7.

Figure 12 shows the efficiency results. Configurations 5, 6 and 7 have significantly
lower performance than configuration 3, with a difference of almost 1 point at the operating
point of 500 mg NOy/Nm?>. The differences are not high due to the fact that once the
spark plug ignites the mixture (although it needs more energy to do so), combustion and
combustion efficiency depend on other factors such as lambda, prechamber volume, gas
composition and turbulence.
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Figure 12. Thermal efficiency as a function of exhaust NOx in configurations 3, 5, 6 and 7.

The maximum pressure in the combustion chamber is shown in Figure 13. In this case,
no significant differences are observed between the different spark plugs tested. However,
there is higher variability in the data for combustion at low emissions, namely, below
500 mg NOy/Nm?3. This is something that was also observed in Figure 12 and is probably
related to the inherent instability of combustion processes with such a low fuel ratio. This
observation is corroborated by the results shown in Figure 14, where the covariance of the
maximum pressure is higher in the poorer combustion tests.
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Figure 13. Maximum pressure as a function of exhaust NOx in configurations 3,5, 6 and 7.



J. Mar. Sci. Eng. 2023, 11,1194

21 of 26

coV [%

THC [ppm]

400%
350%
o
L4
300%
250%
200%
150%
100%
50%
0 500
270%
L)
220% oo
\o.'k......
“ .......
170% ...
..
0.q0
.. B ...
120% % ’
70%
20%
0 500

y=5x107x*-0.0021x + 3.0192 @ CONFIG.3 CO2 50% AE24
R? = 09254

y=3x107x-0.0016x + 2.9241 @ CONFIG.5 CO2 50% AE22
R? = 0.8564

y =3 x107x% - 0.0015x + 2.9822 CONFIG.6 CO2 50% AE22
R?=0.8221

y=2x107x*~0.001x +2.3535 g CONFIG.7 CO2 50% AE24

1000 1500 2000 2500 3000
NOx [mg/Nm3]

Figure 14. Maximum pressure covariance as a function of exhaust NOx in configurations 3,5, 6 and 7.

Finally, Figure 15 shows the results obtained for total hydrocarbon emissions in exhaust
gases. In this case, taking the operating point of 500 mg NOy/Nm? as an example, a clearly
higher THC emission is observed for configuration 7, which emits about 35 percentage
points above the emissions of configuration 3. This clearly indicates the poor quality of
combustion obtained with the round electrode spark plug. With regard to the ] spark
plugs, configurations 5 and 6 emit practically the same volume of emissions as each
other and slightly less than configuration 3, so it seems that a thick spark plug improves
combustion quality in this respect, with no relevant differences observed with regard to
prechamber insertion.
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Figure 15. Total hydrocarbons as a function of exhaust NOx in configurations 3, 5, 6 and 7.

As a general conclusion of this test, it can be said that the round spark plug (configu-
ration 7) does not comply with the misfire limit and has very high THC emissions. This
spark plug is therefore ruled out for further development. Among the ] spark plugs, all
of which comply with misfire limits, the thick spark plug (configuration 5) is closer to the
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misfire limit than the other two and also requires more energy to ignite. This negative
aspect, which could be an argument to discard it in the selection, is partly neutralised when
this spark plug is placed in a position further inside the prechamber (configuration 6). This
is because the ignition margin is considerably increased, despite the efficiency reduction
due to the loss of prechamber volume and the consequent weakening of the torches.

3.1.3. Summary of Results

To fully assess the results, they are summarised in Table 14. It should be recalled
that these efficiency values have been obtained by generating 175 kW of power in the
single-cylinder engine. This was the condition applied in all tests and is the equivalent of
2 MW in the multi-cylinder engine.

Table 14. Efficiency at 500 mg NOx/ Nm? obtained in each of the configurations tested.

Configuration Natural Gas Landfill Biogas (50% CO5)

1 100.0% NA

2 NA 95.0%
3 NA 95.7%
4 NA 93.8%
5 NA 94.4%
6 NA 94.1%
7 NA 94.5%

First of all, it should be mentioned that when comparing the configurations, maximum
efficiency differences of around 1.9% are found.

The results show that configuration 3 would be the most optimal. Therefore, the
prechamber selected would be one with a smaller volume than the G-86EM engine and
with a central hole, which is the one with the best technical performance. In regard to the
spark plug, the most technically competitive concept would be a ] spark plug with a thin
electrode, although it is not known whether that might have some duration constraints
as opposed to its counterparts. It is also important to note that the minimum efficiency
loss as compared to the natural gas engine is 4.3%. This is not only caused by the ignition
technology conversion, but by the piston and cylinder head modifications.

For better understanding of heat release, main chamber pressure curves for the highest
LNG and LBG efficiency configuration (configuration 3) are plotted in Figure 16. These
plots clearly evidence that the natural gas combustion is far quicker than that with LBG.
Further to this, higher pressure is also achieved as previously explained. Thus, these two
parameters explain the reasons that the LNG engine can achieve higher thermal efficiencies.
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Figure 16. Heat release (left) and main chamber pressure (right) curves in configurations 1 and 3.
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Following studies would imply a prechamber development for every gas configuration
available in the market; however, this paper allows us to determine a methodology to select
the most versatile prechamber providing the highest efficiency under the most demanding
boundary conditions.

4. Conclusions

The main conclusions drawn from this study are:
With regard to the different prechamber designs:

O  For landfill biogas, the best prechamber is the one with less volume, but with a
central hole (PPB), because it improves firing, which allows the combustion progress
to advance and provides greater efficiency by improving the misfire limit, despite
having greater THC emissions into the atmosphere.

O  The smaller prechamber volume configuration, with different hole orientation and
central hole (PPC), significantly penalises thermal efficiency and total hydrocarbon
concentration in the exhaust. In other words, despite improving firing in the precham-
ber with the smaller volume and the central hole, it seems that the reduction in
volume of the prechamber is excessive and not able to generate combustion in such
an energetic and stable way as the previous two prechambers.

With regard to the optimisation of the spark plug design, the following conclusions
can be drawn from experimental results:

O  The] spark plug with a thin electrode (SPB) is the best performing spark plug because
it provides higher efficiency with a sufficiently wide misfire limit.

O The thick electrode (SP) lengthens the spark plug’s life, but has a tight misfire limit.
This forces the ignition timing of the engine to be retarded.

O  Lowering the position of the thick-electrode spark plug (SPA) greatly improves firing
in the electrode gap and extends the misfire margin, but the loss of volume in the
prechamber reduces thermal efficiency.

O  The circular electrode (SPC) cannot comply with the minimum misfire limits, so the
balance at 250 mg NOx/Nm? could not be released and this design is discarded.

In general, it must be concluded that by modifying both the prechamber and the spark
plug, maximum improvements in thermal efficiency of 1.9% can be achieved, even if they
will be always lower than LNG. Thus, by applying the proposed methodology, the thermal
efficiency of any engine using alternative marine fuel could be improved.
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