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ABSTRACT

Spark-ignition (SI) engines emerge as a viable solution for
specific marine applications, offering low-noise operation and
emissions mitigation, as well as great potential to utilize high-
octane number alternative fuels, such as methanol, ammonia,
and hydrogen. However, heavy-duty (HD) SI engines still face
challenges such as knocking and combustion instability. Par-
ticularly for lean combustion conditions, these engines exhibit
the most pronounced cyclic combustion variations. This paper
investigates the combustion stability of a 500 kW marine lean-
burn natural-gas (NG) engine, a promising candidate for reduc-
ing emissions in marine applications. We focus on analyzing
in-cylinder pressure measurements to quantify combustion char-
acteristics, emphasizing cycle-to-cycle combustion variation, and
exploring the influence of operating parameters like spark timing
(ST) and air excess ratio (1). Our findings demonstrate a clear
trade-off between NOy and COVyypp emissions through variations
in the A and ST. We identified a transition zone characterized by
an increasing number of late-burning cycles at higher A, before
partial burning cycles began at further dilution. Following this,
we established a new threshold of 6% for COViygp to determine
unstable combustion. Notably, increasing dilution from a A of
1.12 to 1.61 decreased NO, emissions from 17.83 g/kWh to 0.16
g/kWh, well below IMO Tier Il standards, while COVjygp in-
creased from 1.72% to 13.42%. These insights highlight the
potential for advancing SI technology for marine applications
and the need for further research to optimize both combustion
and emissions in such engines.

Keywords: Internal combustion engine (ICE), marine engi-
neering, maritime, natural gas (NG), alternative fuels, energy
transition
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NOMENCLATURE

Greek letters
A Air excess ratio [-]

Abbreviations

BTE Brake Thermal Efficiency
CA  Crank Angle

CCV  Cyclic Combustion Variation
CD  Cdombustion Duration
COV  Coefficient Of Variation
CA50 Combustion Phasing

CI Compression Ignition

CO  Carbon Monoxide

HD  Heavy-Duty

GHRR Gross Heat Release Rate
ICE Internal Combustion Engine
IMEP Indicated Mean Effective Pressure
MFB Mass Fraction Burnt

NOyx Nitrogen Oxide

Pmax Peak Pressure

SI Spark Ignition

ST Spark Timing

SOx  Sulphur Oxide

NG  Natural Gas

UHC Unburned Hydrocarbons

1. INTRODUCTION

Reciprocating internal combustion engines (ICEs) have long
been the foundation of power generation in the marine sector [1],
with diesel engines being particularly favored for their high-
efficiency and operating robustness [2]. However, despite diesel
engine’s dominance, spark-ignition (SI) engines emerge as a vi-
able alternative for specific marine applications, such as inland
shipping [3]. These engines not only can offer advantages in-
cluding lower capital costs and reduced noise levels [4], but also
the capability to independently operate on high octane renewable
fuels like methanol, ammonia, and hydrogen as single fuels [5].
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The adoption of natural gas (NG) as a marine engine fuel has
notably increased, driven by the efforts of shipping to comply with
International Maritime Organization (IMO) regulations like NOy
and SOx [6]. NG is an ideal fuel for the SI technology because of
its high octane rating, while it offers short-term advantages over
the emerging renewable marine fuels such as existing production
capacities and non-toxicity. To this end, marine gas engines
will continue playing a crucial role in the maritime industry’s
endeavors to reduce its environmental impact. Moreover, a better
understanding of the performance of heavy-duty (HD) SI natural
gas engines can provide valuable insight into performance of
such engines on emerging sustainable fuels such as methanol and
hydrogen. [5].

High cycle-to-cycle variations and knocking present signif-
icant efficiency and power limitations for HD-SI engines [7].
While a common strategy to mitigate knocking and enhance
emission performance of these engine is to dilute the mixture,
it comes in the expense of exacerbating combustion behavior to
a point of very low efficiency levels and elevated emissions of
unburned hydrocarbons (UHC) [8]. Slower flame speeds due to
dilution, along with greater flame travel distances in larger bores
of HD engines, significantly narrows the engine’s stable operating
range [9-11].

These limitations are particularly pronounced in simpler
open-chamber SI engine designs [12, 13], leading to a shift in
research towards more sophisticated engine configurations, such
as pre-chamber SI and premixed dual-fuel compression ignition
(CD) technologies for HD applications. This shift, therefore, has
resulted in scarce information regarding the performance and
potential enhancements of open-chamber SI engine technology,
especially for marine applications [14]. Nevertheless, the rele-
vance of this technology for marine applications is increasingly
significant given the urgency to utilize emerging renewable ma-
rine fuels, such as methanol and hydrogen.

This paper aims to narrow this gap by investigating the com-
bustion stability of the open chamber SI concept in HD appli-
cations. Through an experimental analysis on a 500 kW marine
lean-burn NG SI engine, we undertake a detailed examination
of in-cylinder pressure measurements from multiple consecutive
cycles to assess key combustion and performance characteristics
and their cycle-to-cycle variations. Additionally, this study delves
into the influence of various operating parameters, such as spark
timing (ST) and air excess ratio (1), on the engine’s combustion
stability. In this research, we aim to explore pathways for optimiz-
ing the performance of HD SI engines and to better understand
the combustion stability operating regions for these engines. Our
findings could offer valuable insights into alternative ICE tech-
nologies for marine applications, showcasing the potential and
the challenges of integrating emerging renewable fuels through
SI engine concepts.

2. EXPERIMENTAL APPARATUS AND METHODS
2.1 Test engine and data acquisition system

The experiments were conducted with an 8-cylinder, four-
stroke, turbocharged marine high-speed NG SI engine, located
at the engine laboratory of the Netherlands Defense Academy in
Den Helder, as shown in Fig. 1. This engine has a rated power of

500 kW at 1500 rpm, features a minor valve overlap, and powers
a directly connected generator at constant speed. Originally de-
signed as a CI engine with a flat cylinder head and a bowl-shaped
piston, it was later converted to an SI engine with the injectors
replaced by centrally mounted spark plugs. Table 1 lists the main
specifications of the tested engine.

FIGURE 1: IMAGE OF THE MARINE FOUR-STROKE SPARK IGNI-
TION ENGINE IN LAB

In the experimental configuration, NG is injected into the
engine before the compressor, with its flow rate quantified by a
Bronkhorst F-106CI gas flow meter. Note that the NG used in this
study is supplied by the central Dutch grid and characterized by
its low calorific value. An analysis was conducted to determine
the composition and properties of the used NG, with some results
summarized in Table 2.

Parameter Value Unit
Cylinder number 8 -
Bore x Stroke 170 x 190 mm
Geometric 12:1 )
Compression Ratio '

Rated Speed 1500 rpm
Rated Power 500 kW
Intake valve open 3325 °CA aTDC
Intake valve close -140.0 °CA aTDC
Exhaust valve open 140.0 °CA aTDC
Exhaust valve close 362.5 °CA aTDC

TABLE 1: EXPERIMENTAL ENGINE SPECIFICATIONS

The data acquisition system used in this study is divided in
two components: one for in-cylinder measurements, facilitated by
a Kistler Kibox, and another designed for external cylinder data
collection. This setup incorporates several sensors, including
thermocouples and piezoresistive pressure sensors, to measure
important mean engine performance parameters such as intake
and exhaust pressure and temperature. Emissions analysis, in-
cluding measurements of NOx and CO, is conducted using a
Horiba PG-350 gas analyzer. Figure 2 provides a schematic of
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TABLE 2: NATURAL GAS PROPERTIES

Property Value Unit

Methane (CHy) 80.8  (Vol. %)
Ethane (CHg) 3.18  (Vol. %)
Propane (C3Hg) 0.71  (Vol. %)
Nitrogen (N7) 13.1  (Vol. %)
Carbon Dioxide (CO,) 1.69  (Vol. %)
Density at 25 °C 0.85 kg/m3

Lower calorific value (LCVng) 38.12  MlJ/kg

the engine, depicting the placement of the various sensors within
this setup. All cylinders are equipped with uncooled Kistler
7061C piezoelectric pressure sensors, connected to a Kistler
5064C charge amplifier. Additionally, an optical crank angle
encoder with 720 marks is used to measure the crankshaft angle,
enabling pressure data collection with a resolution of 0.5 °CA.

2.2 Operating test method and conditions

All experimental data were collected for steady-state engine
operating conditions. To ensure stabilization, the engine was al-
lowed to run for at least ten minutes for each transition between
operating points, with continuous online monitoring of several
parameters such as exhaust temperature and emissions, to deter-
mine whether additional time was required. The experimental
study encompassed tests at 18 distinct operating points, includ-
ing load sweeps from 100 to 450 kW. Following this, sweeps
of equivalence ratio and ST were performed at a fixed load of
200 kW, selected for its stability and suitability for the chosen
parametric sweeps. For this study, the pressure measurements of
cylinder 1, 3, 5, and 7 were captured for 600 consecutive cycles
at each measuring operating point.

The engine is equipped with two principal control loops: one
maintains constant speed via throttle valve adjustments, and the
other maintains the air excess ratio based on a tabulated map by
NG entry valve adjustments. These tabulated maps are typically
used to comply with NOy regulations, but in this study are varied
to explore the effect of the A and ST on combustion stability and
emissions. It should be noted that the engine’s maximum load
capability was restricted at 450 kW during these experiments,
since attempts to increase the load beyond resulted in the inability
of the engine to control its speed. This might be attributed to the
open-loop configuration used in this study. Table 3 illustrates the
engine test conditions during this experiment.

2.3 Data processing

This engine, previously used in studies [15—17], underwent
a detailed analysis to mount new pressure sensors on the cylinder
heads [18]. Following this analysis, the new transducers were
placed at the periphery of the cylinder in a recessed fashion [8],
as shown in Fig. 2. To verify measurement setup’s accuracy
and ensure the integrity of data used in combustion analysis,
offline evaluation techniques were employed [19-21]. The pres-
sure traces were referenced, i.e., pegged, using the two-point
polytropic index method [22], automatically implemented within
the Kibox for each individual cycle [23]. Filtering was also per-
formed by applying low-pass filter with a cut-off frequency of

TABLE 3: ENGINE TEST CONDITIONS

Gen. NG  Air Excess Spark
Sweep Case Power flow Ratio 4 Timing ST
[kW]  [kg/s] [-] [°CA aTDC]
1 100 0.015 1.17 -20
2 200  0.023 1.39 -20
Load 3 300  0.030 1.46 -20
4 400 0.038 1.47 -20
5 450  0.042 1.47 -20
6 200 0.022 1.12 -20
7 200  0.023 1.26 -20
8 200  0.023 1.30 -20
Equivalence 9 200  0.023 1.34 -20
Ratio 10 200  0.023 1.46 -20
11 200  0.025 1.53 -20
12 200  0.026 1.57 -20
13 200  0.028 1.61 -20
14 200  0.024 1.42 -16
Spark 15 200  0.024 1.42 -18
Timing 16 200  0.023 1.43 -22
17 200  0.022 1.39 -24
18 200 0.022 1.40 -26

20 kHz. The thermodynamic method of Sta s’ [24] was used to
determine the thermodynamic loss angle.

Models for performance, stability analysis, and the combus-
tion diagnosis based on the pressure measurements were devel-
oped in MATLAB Simulink. The employed heat release model,
based on the study of Ding [25], is a zero-dimensional one-zone
thermodynamic model adhering to the first law of thermodynam-
ics for a closed system during the non-flow period (inlet valve
closing to exhaust valve opening) [7]. An example of its calcu-
lations is Eq. 1 that calculates the gross heat release rate. Both
crevice and blow-by losses are neglected.

GHRR = Qcomb = mcvi—g + Qloss + PL;—Z (D

The mean in-cylinder gas temperature is calculated using

the ideal gas equation, treating the in-cylinder mixture of air,

fuel, and stoichiometric gases as an ideal yet non-perfect homo-

geneously mixed gas [26], as shown in Eq. 2. Thermodynamic

properties, such as specific heat ratios, depend on the in-cylinder

gas’ dynamic composition and temperature, calculated for each
constituent gas via power series [27, 28].

T="" 2
— 2
Heat transfer is modeled using the Woschni model to estimate
the convective heat transfer coeflicient Ayoschni [29], with the heat
loss deriving from Eq. 3.

Qloss = Awall * Awoschni - (T - Twall) (3)

Cycle-to-cycle variations are analyzed through the coeffi-
cient of variation (COV) for parameters such as indicated mean
effective pressure (IMEP) and peak pressure (Ppax), defined by
Eq. 4, while mean value and standard deviation are given by Eq. 5
and Eq. 6, respectively.
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To effectively examine cycle combustion variations, it is
necessary to assess fuel burning rates through the combustion
diagnostic analysis. In this study, we will investigate several
combustion parameters derived from the heat release rate (HRR)
model, including combustion phasing (CA50), combustion du-
ration (CD), and peak HRR (HRR,,,;,»). CAS5O0 is defined as the
crank angle at which 50% of the fuel has been consumed, with CD
being defined as crank angle duration between the combustion of
10% and 90% of the fuel. Our analysis will focus on studying the
COV of these three critical combustion parameters.

Brake thermal efficiency (BTE) is calculated based on the
engine brake power (Pyrake) in kW and the mass consumption
rates of NG (myg) in kg/s, using Eq. 7.

P brake
BTE = - 100% 7
NG - LCVnG ‘ @

2.4 Methodology for partial burning recognition

Identifying misfires or cycles with partial burning, as well
as better understanding the conditions that influence these occur-
rences, is crucial for both online and offline diagnostics and the
subsequent optimization of engine performance. While cyclic

variations are inherent in the operation of ICEs, establishing nec-
essary acceptable limits for these variations is essential. Ex-
ceeding these limits can deteriorate engine operation, resulting
in low efficiency, increased emissions of UHC, and potentially
leading to highly unbalanced engine loading, as well as the risk
of strong "rebound" that could damage the engine [30]. Real-
izing the transition zones between stable operating regime and
unstable with many partial burns or even misfires is of paramount
importance [31]. This can help us enhance our understanding of
the impact of various parameters such as ST and A, and navigate
us in the optimization efforts for the trade-offs among the various
emissions like NOy and UHC and engine efficiency.

Case 12 - 200 kW - lambda = 1.57

Partial Burning Cycle Thres

0.8

MFB [-]

0 el 1 1 1 1 1 1 1 3
-40 20 0 20 40 60 80 100 120 140
Crank angle [°CA]

FIGURE 3: PARTIAL BURNING CYCLES IN CASE 12

A misfire cycle is commonly defined as a cycle in which no
fuel was combusted, resulting in negative IMEP. On the other
hand, consensus on the definitions of partial burning is lacking.
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Some studies have set their thresholds for partial burning cycles a
less than 50% of the total MFB [32], while others consider cycles
with less than 90% [33, 34]. Additionally, the COV [7, 35, 36]
and standard deviation [34] of IMEP have also been utilized
as an indicator of partial burning by several studies. In this
study, individual cycles with total MFB less than 90% at the end
of combustion will be considered as partial burning cycles, as
found for Case 12 in Fig. 3. By establishing this threshold for
individual cycles, we can determine whether a specific operating
point is considered unstable [37]. As it will be shown in the
subsequent sections, operating points that exhibit at least one
individual partial burning cycle out of the cycles measured will
be defined as partial burning operating points. For instance, for
this engine and the specific measurement setup used, the unstable
operating points were identified as test cases 12 and 13, which
will be further elaborated upon in subsequent sections.

3. RESULTS AND DISCUSSION

Cyclic combustion variation (CCV) is typically more pro-
nounced in SI engines compared to CI engines [37]. This variabil-
ity is anticipated in engines operating under lean-burn conditions,
especially in those that feature larger bore sizes and open-chamber
configurations. Such characteristics lead to weaker flames and
longer flame travel distances, making the engine very sensitive
to several factors such as local equivalence ratios near the spark
plug and residual gases from previous cycles [38].

80 T T T T T T T T T

70

(=)
S

73
=

Cylinder presure [bar]
w -
< S

N
<>

10

-100 -80 -60 -40 -20 0 20 40 60 80 100
Crank angle [°CA]

FIGURE 4: PRESSURE-CRANK ANGLE DIAGRAM OF 600 CON-
SECUTIVE CYCLES IN CASE 4 AND 400 KW LOAD

3.1 Cycle-to-cycle variation

The pressure diagram for cylinder 5 at a load of 400 kW,
illustrated in Fig. 4, demonstrates common CCYV typically found
in SI engines. The pressure traces in green and red color indicate
the cycles with the highest and lowest IMEP in the captured 600
cycles, respectively. Note that this engine operates on very lean
mixtures at various load points, particularly at higher loads, to
comply with NOy emissions regulations. However, at lower loads
— specifically below 200 kW — richer mixtures are employed
to prevent poor combustion and potential misfires. The NG used

in this experimental setup is characterized by a low calorific
value, largely due to its high nitrogen content, as seen in Table 2.
Additionally, the engine operates under minor positive valve over-
lap and its insufficient scavenging efficiency results in retaining
some residual gases from one cycle to the following one. This
contributes to further dilution of the mixture. Therefore, these
factors collectively may account for the observed cycle-to-cycle
pressure variations.

5 T r
=#-Cylinder 1
- Cylinder 3
— 4} Cylinder 5| 1
é ¥ Cylinder 7
A
D 3r 1
Q 2t
© w
1t
100 200 300 400 450
Power [kW]

FIGURE 5: COVyep FOR ACROSS ALL LOAD POINTS AND CYLIN-
DERS

To better understand CCV along with its impact on engine
performance, it is essential to analyze key performance param-
eters like IMEP across numerous consecutive cycles. Figure 6
illustrates the variations in IMEP, Py, and the crank angle of peak
pressure occurrence (CAp,,, ) at 400 kW. The greatest variability
is observed in CAp,, for both cycle-to-cycle and cylinder-to-
cylinder variations, with COV of 31% for cylinder 5 and range
between 26.66% to 35.6% in the four cylinders. Despite this, cy-
cle variations are consistent among all cylinders. The COVgp
was found 2.33% for cylinder 5 at 400 kW, with a range be-
tween 2% and 3% across the cylinders. This variation range
among cylinders remained small for all operating points tested,
as illustrated in Fig. 5. This consistency in performance pa-
rameters like IMEP suggests that cycle-to-cycle variations are
significantly more pronounced than cylinder-to-cylinder varia-
tions. Consequently, our analysis will predominantly focus on
these cycle-to-cycle variations, with cylinder 5 chosen for our
investigation to ensure consistency throughout this study.

Figure 7 presents the COV of pressure-related parameters
like IMEP and those derived from HRR calculations like CD.
Parameters that depend on a single point in the combustion pro-
cess, such as Py, CAp,,., HRR,,, and CA50, exhibit higher
COV values. Conversely, the more holistic parameters of IMEP,
which broadly reflects the closed in-cylinder cycle, demonstrates
the lowest levels of COV. The COV of CAp,  appears to be the
most sensitive among all assessed parameters.

The COVypg,,,. rises with the increasing load, likely due to
more intense combustion at higher loads. The lowest values of
COV for both CD and CA50 are observed at the highest load
of 450 kW, indicating a more consistent combustion at higher

Copyright © 2024 by ASME
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FIGURE 7: COV FOR COMBUSTION AND PERFORMANCE PARAM-
ETERS ACROSS ALL LOAD POINTS

loads due to higher temperatures. Notably, the medium load of
300kW shows slightly higher COV¢y50 at 16.9% compared to
16.6% at the lowest load of 100 kW, contradicting the expected
trend of decreasing COV with increased load, as it also appears
in CD. This is likely due to the use of richer mixtures at the lower
load point, which shows that the dilution level used in this range
outweighed the load effect. However, CAS50 variation is relatively
consistent in the whole operating load range.

Figure 8a shows the pressure traces at the power of 400 kW,
and Fig. 8b depicts the corresponding variations in mass frac-
tion burnt (MFB) for the same operating point. Cycle in red
color indicate the cycles that exhibit the lowest levels of IMEP.
Although these cycles might be initially considered as partial
burning cycles, especially when looking at Fig. 8a, they are in-
stead characterized by significantly delayed combustion phasing
that leads to reduced work output [39]. Consequently, these cy-
cles will be characterized as late burning cycles, since they do
not lead to total MFB below 90% after the end of combustion, as
we defined partial burning cycles as cycles with MFB below 90%
in Sec. 2.4. An increasing frequency of these late-burning cy-
cles in an operating point can deteriorate engine efficiency, BTE,
and significantly increase CO and UHC emissions due to lower
combustion temperatures. Obviously, these increased emission
can be confirmed by analysing UHC in exhaust gasses, which is
proposed for future work.

3.2 Recognition of combustion stability zones

This study explored several methodologies to define partial
burning cycles, as discussed in Sec. 2.4. Our approach has been to
utilize either the COV or o~ as metrics to assess parameters related
to combustion stability. Since COV is directly proportional to o,
as per Eq. 4, correlation is expected between these parameters, as
shown by the impact of A on both parameters for IMEP in Fig. 17
of the Appendix. Consequently, COV is selected over o in this
study, because of the ability of COV as a parameter to effectively
compare the degree of variation among data series of different

Copyright © 2024 by ASME
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scale. More specifically, COVjyep has been selected as the metric
for assessing combustion stability. The selection of IMEP over
other parameters was influenced by several considerations:

e Simplicity: IMEP does not require HRR calculations, mak-
ing it a straightforward choice.

* Consistency: Py, variations were found relatively inconsis-
tent when higher CCV were observed. For instance, during
the A sweep, opposite trends were identified between the
COV of P,y and that of IMEP and CAp, , as shown in
Fig. 18 of the Appendix.

* Holistic assessment: IMEP provides a holistic view of the
closed cycle, thereby preferred over CAp, ..

In Sec. 3.1, late burning cycles, rather than partial burning,
were identified as the main contributors to IMEP variation due
to very late burning. An increasing number of these late burn-
ing cycles at an operation point could be characterized as the
precursor to a partial burning operation that would take place,
for instance, in case of further dilution. This occurs since the
combustion extends so far into the expansion phase that tempera-
tures are lower and a significant portion of fuel cannot be burned,
leading to decreased combustion efficiency. The tendency of
these late-burning cycles is effectively captured by the increase
in COVyyep. This correlation is further supported by the rela-
tionship between COVjgp and COV of combustion phasing pa-
rameters like CAS50, which are typically sensitive to late-burning.
Further analysis across all tested operating points demonstrated
that COVyep maintains high correlation with several combustion
phasing parameters such as CA70, CA75, and CAS80, defined by
the percentage of total fuel consumed. These correlations were
found with R? ranging from 0.87 to 0.91, with CA75 exhibiting
the highest, as illustrated in Fig. 19 of the Appendix. This strong
correlation, together with variations observed in MFB, e.g., the
ones illustrated in Fig. 8b, suggests that late combustion phasing
parameters like CA75 may be more effective indicators of late
burning compared to CAS50.

To define the combustion stability zones of an engine, it is
crucial to better understand the impact of combustion variation on

its performance. Figure 9 demonstrates how dilution affects both
BTE and COVjygp, revealing a clear inverse trend between these
parameters as dilution increases. Note that the 1 sweep was used
to determine the stability zones, since the extent of ST delay tested
in this experimental study did not appear to deteriorate CCV to
the same extent as A, as illustrated in Fig. 20 of the Appendix.
The insights gained from the impact of dilution on CCV, and its
subsequent effect on BTE and CO, as shown in Fig. 10, have
led to the establishment of a threshold for COVyygp. It should
be noted that there are two distinct outliers in the trend of both
NOy and CO, the measurement for Case 7 at A of 1.26. These
measurements can be deemed as unreliable due to challenges
with the emission measurement system encountered during its
capturing.

Three main combustion stability regions are defined:

1. Stable Combustion Zone: Characterized by very low levels
of COVyep and high levels of BTE, indicating an efficient
engine operation.

2. Transition Zone: Marked by an increase in late-burning
cycles, suggesting the onset of combustion instability.

3. Unstable Combustion Zone: Defined by the occurrence of
partial-burning cycles, which significantly deteriorate effi-
ciency and stability.

The transition from A of 1.39 to A4 of 1.46 led to the first
shift towards the transition zone, where the occurrence of partial
burning cycles started increasing. However, the transition from
A of 1.53 to A of 1.57 resulted in a critical shift, with a further
increase in the slopes for both BTE and COVygp. This is also
confirmed by similar rise in the slope of CO emissions with the
further dilution. This shift occurs at COVyygp of 5.32%, and
it is corroborated by the appearance of partial burning cycles
in Case 12 with A of 1.57, as illustrated in Fig. 3. Further,
partial burning cycles exhibit greater impact on the COVpygp than
late burning cycles. Based on these observations, we propose a
threshold COVyyep of 6% to characterize unstable combustion,
as this is approximately where partial burning starts to occur.
This threshold can potentially be applied to other similar HD-SI
engines to assist in identifying unstable combustion conditions.

Copyright © 2024 by ASME



26 T T I T 14
#
25| — 412
24} H10
2 A,
=—23[ Stable Transition Unstable 18 X
= Combustion Zone Combustion 2
= 22 7 46 ~
m Zone one >
21} 2 14 8
20 g COVimEP & 5P
H
19 1 | 1 1 0
1.1 1.2 1.3 ) 14 ) 1.5 1.6 1.7
Air Excess Ratio \ >
Dilution
FIGURE 9: IDENTIFICATION OF COMBUSTION STABILITY ZONES IN ENGINE OPERATION
18 7 20 . . . . — 14
16
16 12
14
- s _ = 15} . 00\?
o) B = =
w8 3o Lo 10¢ 2
) &} W F--=-X---q-c-msl===F 6
Z. 6 1, % 8
4 st 4
2 e 5
0 1 1 2l 0 ________________
11 12 13 14 15 1.6 0 | . 0
Air Excess Ratio A [-] 1.1 1.2 1.3 1.4 1.5 1.6

FIGURE 10: IMPACT OF A VARIATION ON NOx AND CO EMISSIONS

3.3 Effect of air-fuel ratio

Diluting the mixture through very lean mixtures or exhaust
gas recirculation is commonly employed to improve emissions
performance, particularly regarding NOy emissions in SI engines,
usually compromising efficiency. However, excessive dilution
can deteriorate combustion stability to the extent of significantly
lower efficiencies and elevated UHC emissions. Figure 11 illus-
trates the impact of a leaning sweep on NOy and COVjyep at the
constant load of 200kW, along with the limits for Tier III NOy set
by IMO and COV set by this study.

At the lowest A4 of 1.12, NOy emissions significantly in-
creased to 17.73 g/kWh, while COVjyzp remained low at 1.72%.
Interestingly, leaning the mixture from A of 1.12 to 1.26 slightly
decreased COVyygp to 1.57%. This reduction in CCV is further
evidenced by the distinct decrease in the COV¢p for the leaner
mixture, as depicted in Fig. 12. The higher CCV observed in
the richer mixture can be attributed to an increased frequency of

Air Excess Ratio A [-]

FIGURE 11: IMPACT OF A VARIATION ON NOx AND COV,yep

well-burning combustion cycles of greater intensity. Therefore,
such cycles introduce a certain degree of variability as the mixture
approaches stoichiometric conditions.

Further dilution of the mixture generally leads to higher CCYV,
with A values of 1.39 and 1.53 being critical points in this study.
At these points, the sensitivity of COV to dilution intensifies, as
indicated by the steep increase in slope of COVjygp in Fig. 11.
These points also mark the transitions discussed in Sec. 3.2, where
dilution with A beyond 1.53 exceeds the combustion stability limit.

As demonstrated in Fig. 12, the COVppg,,. consistently in-
creases with leaner mixtures, rising from 12.31% to 27.56%. The
COV¢ysp peaked for the two leanest mixtures due to the occur-
rence of many partial burning cycles. Interestingly, the points of
minimum variation for CA50 and CD do not coincide, with the
former occurring at A of 1.39 and the latter at A of 1.23. This
pattern for COV 450 can be attributed to a good balance between

Copyright © 2024 by ASME
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intense well-burning cycles and less intense ones, which is not
present in richer mixtures. Conversely, faster combustion rates
across most cycles at A of 1.23 results in the minimization of
COV¢p. Regarding the COVp, , it consistently decreases with
dilution because combustion is extended so much towards late ex-
pansion, resulting in pressures that do not exceed those at TDC.
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3.4 Effect of spark timing

ST is another crucial factor that can affect combustion sta-
bility and emissions performance of an SI engine. Figure 13
illustrates the effects of ST in NOy emissions and the COVjgp at
the constant load of 200 kW. Note that at more delayed ST settings,
a slight adjustments in A took place by the engine speed controller
compensating for rougher combustion by increasing fuel input.
Delaying ST exhibits trends similar to mixture dilution, with a
consistent decrease in NOy and an increase in the COVyygp. The
sensitivity to changes in ST was notably different between the
increments from -26 to -20 and from -20 to -16, with increased
sensitivity observed in the latter range. This suggests a potential
combustion phasing thresholds for this load, from where further
ST delay leads to significantly higher levels of cyclic variations.

25 T T T T T T

FIGURE 14: COV OF COMBUSTION PARAMETERS ACROSS THE
ST SWEEP

24 22 20 18 -16
Spark Timing [°CA aTDC]

The COV¢y50 demonstrates an opposite trend from COV¢p
with delaying ST, as illustrated by the Fig. 14. Interestingly,
COV¢ysp reaches its highest values at more advanced ST. This
trend contradicts the expected behavior of more stable combustion
with more advanced ST, as indicated by COV¢p and COVyyzp.
This could be due to significantly smaller mean value of CA at
advanced combustion stages, closer to TDC. This smaller mean
value can exaggerate the COV, masking the real variation. There-
fore, in such cases, it might be more reasonable to compare
standard deviations rather than COV to avoid misleading inter-
pretations of CCV, as depicted in Fig. 15. Conversely, more
advanced ST results in reduced COV¢p due to faster combustion
rates. However, the minimum COVp is not observed at the most
advanced ST, but rather with ST of -26. This mirrors the findings
from the A sweep, where the second richest mixture led to the
minimum COV¢p. These observations imply that there are op-
timal settings for ST and A that can significantly enhance engine
performance at various operating points. Regarding the trends
in COVpgg,,,, and COVp,  with ST delay, they exhibit the same

max

trends as with mixture dilution.
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FIGURE 15: IMPACT OF ST DELAY ON COV AND o OF CA50

Further, none of the operating points resulted in COVyygp and
NOy that exceeded the limits, highlighting the effectiveness of ST
to improve combustion stability without significantly compromis-
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ing emission performance. However, despite not exceeding the
COVjyep limit, the stability has entered the transition zone with
ST delay beyond -20. This can also be confirmed by the exhaust
temperatures correlating with COVjygp with ST adjustments, as
illustrated in Fig. 16. Additionally, given the high correlation
between exhaust temperature and COV¢p, exhaust temperature
could be further used as a valuable indicator for monitoring in-
creases in cyclic variations potentially improving online control
strategies.
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FIGURE 16: IMPACT OF ST DELAY ON Tgxy AND COVyep

4. CONCLUSIONS AND RECOMMENDATIONS

In this study, we conducted combustion stability analysis in a
marine open-chamber SI engine fueled by NG, aiming to under-
stand cyclic combustion variation (CCV), as well as identify the
boundaries of stable operating regions and their potential opti-
mization routes. For such engines, a transition zone was identified
when the air excess ratio is increased, in which the combustion
starts to be significantly delayed, before partial burning occurs
after even further dilution. A threshold of 6% for COVyep is
proposed to characterize unstable operations as this value corre-
sponds approximately to the point at which partial burning cycles
with combustion efficiency below 90% start to occur, which might
be applicable to similar engines. Adjusting the mixture from A of
1.12 to 1.61 lowered NOy emissions from 17.83 g/kWh to 0.16
g/kWh, far below IMO Tier III standards, but at the expense of
an increase of COVpygp from 1.72% to 13.42%. Diluting the
mixture beyond A of 1.53 resulted in unstable combustion with
appearance of partial burning cycles. Additionally, both NO
and COVyyep exhibited higher sensitivity to dilution compared
to ST adjustment explored in this study. All tested ST at 200kW,
ranging from -26 to -16, met both NOy and combustion stability
limits.

For future research, exploring the impact of higher calorific
NG would be interesting, particularly to determine whether dif-
ferent sensitivity levels emerge for combustion at higher calorific
values. Additionally, studying the influence of charge air tem-
perature on the trade-off between combustion stability and emis-
sions would be valuable. Besides NOy and CO, further studies
should also focus on the relationship between the COVjyrzp and

10

UHC for these types of premixed engines. Measurements of
UHC in these engines, especially methane slip, is vital due to
the global warming impact of unburnt methane. This analysis
is particularly relevant as these engines, including the specific
setup proposed for conversion to 100% methanol, show great po-
tential for running on emerging renewable fuels. Understanding
these relationships could provide critical insights into optimizing
engine performance and minimizing emissions across these en-
gine concepts fully operated on renewable fuels, enhancing the
sustainability of marine propulsion systems.
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