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The impact of scavenging air state
on the combustion and emission
performance of marine two-stroke
dual-fuel engine

Hongliang Yu'™, Jianqun Gao?, Peng Zhang?, Fang Jun Han?, Qizheng Yang® & Bin Cui’

The scavenging process significantly affects the combustion and emission performance of marine
low-speed two-stroke dual-fuel engines. Optimizing scavenging air pressure and temperature can
enhance the engine’s combustion efficiency and emission control performance, thereby achieving
more environmentally friendly and efficient operation of dual-fuel engines. This study focuses on
marine low-speed two-stroke dual-fuel engines, analyzing the effects of scavenging air pressure

(3.0 bar, 3.25 bar, 3.5 bar, and 3.75 bar) and scavenging air temperature (293 K, 303 K, and 313 K) on
engine performance and emission products. The results indicate that scavenging air pressure has a
greater impact on engine performance than scavenging air temperature. An increase in scavenging air
pressure leads to higher thermal efficiency and power. As the scavenging air pressure increases from
3 to 3.75 bar, the indicated thermal efficiency (ITE) increases from 44.02 to 53.26%, and indicated
mean effective pressure (IMEP) increases by approximately 0.35 MPa. Increased scavenging air
pressure improves nitrogen oxide (NOx) and hydrocarbons (HC) emissions. For every 0.25 bar increase
in scavenging air pressure, NOx emissions decrease by 3.53%, HC emissions decrease by 33.35%,
while carbon dioxide (CO,) emissions increase by 0.71%. An increase in scavenging air temperature
leads to lower ITE and IMEP. As the air temperature changes from 293 to 313 K, the ITE decreases by
approximately 1%, and IMEP decreases by about 0.04 MPa. Increased scavenging air temperature
improves CO, emissions. For every 10 K increase in the air temperature, the CO, emissions decrease
by 0.02%, while NOx emissions increase by 4.84%, HC emissions increase by 34.39%. Therefore,
controlling scavenging air pressure is more important than scavenging air temperature in the
operational management of marine two-stroke engines. Higher power and lower NOx and HC
emissions can be achieved by increasing the scavenging air pressure.
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Abbreviations

NG Natural gas

HC Hydrocarbons

NOx  Nitrogen oxide

Co Carbon monoxide

EGR Exhaust gas recirculation

CO, Carbon dioxide

CNGY9  7Natural gas case with a 97% substitution rate
LPPI Low-pressure post-injection
LPI Low-pressure injection

Rpm Revolutions per minute

TDC  Top dead center

CFD Computational fluid dynamics
CA Crank angle

HRR  Heat release rate
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CH, Methane

ATDC  After top dead center

Pmax  Maximum burst pressure

ITE Indicated thermal efficiency

TE Thermodynamic efficiency
IMEP  Indicated mean effective pressure

Environmental pollution and the shortage of oil resources have become the main issues limiting the sustainable
development of ships. In order to reduce harmful emissions from engines and address energy shortages, dual-fuel
engines have become the primary power source for ships. Dual-fuel engines often experience unstable combus-
tion states and high emissions of unburned methane during the combustion process. To enhance the combustion
process of dual-fuel engines, many scholars have investigated the combustion and emission characteristics of
dual-fuel engines'. Altinkurt conducted an experimental and numerical study on variable injection timing and
split diesel injection for natural gas (NG) and diesel medium-speed marine engines”. They found that for short
injection times, hydrocarbon (HC) emissions were lower under single injection than in the split-injection case,
while nitrogen oxide (NOx) emissions were higher in the single injection scenario compared to the split-injection
case. With a longer injection time, split injection improved the combustion efficiency. Injection timing studies
were also conducted by Yang®. Yalong conducted a study on diesel injection timing*. Many scholars have investi-
gated the effect of NG injection timing on the combustion and emission performance of a diesel/NG dual direct
injection engine®~. Fayad studied the clean fuel injection strategy and its comprehensive impact on combustion
characteristics and particulate matter (PM)°. The research team also investigated the effects of fuel additives on
engine performance NOx and PM emissions'"!2. Chen optimized the combustion chamber structure and diesel/
NG injection pressure strategy of the engine using a three-dimensional simulation model'®. They found that the
straight pit combustion chamber structure can improve Indicated Thermal Efficiency (ITE) and reduce carbon
monoxide (CO) emissions. In the NG mixture-limited combustion mode, increasing the diesel injection pressure
and NG injection pressure can promote multi-point ignition, faster flame propagation, and lower CO emissions.
Giilcan also conducted a study on the influence of NG injection timing'‘. Many scholars have investigated the
effect of injector structure on the combustion and emission performance of a dual fuel engine'*-'®. Dai conducted
a study related to the effects of injection timing, injection pressure, and exhaust gas recirculation (EGR)". Lee
and Talei have investigated the effect of EGR on the combustion and emission performance of a diesel/NG
engine’™*!. Guo analyzed the performance and emission characteristics of a dual-fuel engine with various diesel
injection strategies, as well as the mechanisms behind the formation of emissions (NOx, CO, HC, and soot)*.
Hountalas utilized experimental data to compare engine performance and combustion mechanisms in both diesel
and NG modes of a marine two-stroke dual-fuel engine?. They found higher specific fuel consumption, faster
premixed and diffusion combustion, and a 6-8% shorter combustion duration in dual-fuel. Dual-fuel operating
performance was generally close to that of conventional diesel, with a 1.5% lower average efficiency and reduced
carbon dioxide (CO,) emissions. Liu compared the performance of a dual-fuel engine at high altitude using diesel
and dual fuel®. Park also conducted a comparative study on the performance of a NG-diesel dual-fuel engine
in different fuel modes®. A similar study was conducted by Silvagni*. Rochussen compared CO, and methane
emissions between diesel-only and NG-diesel dual fuel configurations from generalized engine test cycles of
a marine dual fuel engine”. Kim numerically investigated the NG case with a 97% substitution rate (CNG97)
using a three-dimensional computational model®. They found that diesel fuel could ignite CNG97 steadily with
the ignition position near the center of the cylinder. Part of the NG was retained in the piston groove and top
gap, significantly delaying combustion and leading to a severe phase loss of CNG97. Sattarzadeh, Park, and Lee
have investigated the effect of fuel mode and substitution rates on the combustion and emission performance of
engine”-!. Liu experimentally investigated the variation patterns of NG energy substitution rate and pilot diesel
injection time under single injection strategy and split injection strategy*>*. The low-pressure post-injection
(LPPI) strategy was proposed by Lu*’. They compared the LPPI with the low-pressure injection (LPI) strategy.
They found that LPPI increases the cylinder swirl rate to 60.7%, reduces the combustion duration by 33.6%,
and extends the lean burn limit to 0.30. The NOx emissions are more than three times higher than those of LPI,
which complies with the Tier III NOx emission standards.

Through the analysis of the aforementioned public literature, it can be concluded that current research on
dual-fuel engines primarily focuses on small to medium-sized four-stroke engines. Limited research exists on
low-speed two-stroke dual-fuel marine engines, and the influence of scavenging parameters on the performance
of large low-speed two-stroke dual-fuel engines is currently a research gap. The scavenging methods, injector
positions, and combustion chamber types of low-speed two-stroke dual-fuel marine engines differ from those of
small to medium-sized engines. The combustion process and emission characteristics cannot be directly applied
from existing small to medium-sized engines. For low-speed two-stroke dual-fuel marine engines, conducting
performance studies through hundreds or thousands of experiments, as is done with small to medium-sized
engines, is not feasible due to their enormous size. The research method of collecting data through experiments
for low-speed two-stroke dual-fuel marine engines faces limitations in terms of location and equipment. Research
on emission reduction and performance enhancement of two-stroke engines currently centered on the use of
low-carbon fuels and optimizing fuel injection timing. The application of natural gas and methanol fuels in ships
is well-established, while the application of ammonia fuel in ships is still in the research and development stage.
Fuel injection technology for marine vessels is also becoming increasingly mature, with ships currently utiliz-
ing variable injection timing to control engine combustion. Studies on the impact of scavenging parameters on
emission reduction and performance enhancement of two-stroke engines are very limited. To thoroughly analyze
the impact of scavenging conditions on low-speed two-stroke dual-fuel marine engines, this study integrates
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numerical calculations with experiments. The study focuses on the effects of scavenging pressure and tempera-
ture on the combustion process and emissions of low-speed dual-fuel marine engines. Keeping other boundary
conditions constant, this research analyzed the influence of scavenging pressure (3.0 bar, 3.25 bar, 3.5 bar, and
3.75 bar) and scavenging temperature (293 K, 303 K, and 313 K) on the combustion process of dual-fuel engines
operating in diesel-ignited natural gas fuel mode.

Research methods

Research target

This study is based on an SS0ME-GI type low-speed engine. The engine is a two-stroke, turbocharged, water-
cooled engine with an open combustion chamber. Calculated data of engine are shown in Table 1. NG is injected
by high-pressure direct injection and ignited by direct in-cylinder diesel fuel injection in front of the top dead
center (TDC). The diesel particulate emission collection equipment uses HORIBAMDLT-1302TMA, the exhaust
analyzer uses HORJBAMEXA-1600DS, and the other test equipment is shown in Table 2.

Modeling and validation

A Computational Fluid Dynamics (CFD) model of a marine dual-fuel engine (shown in Fig. 1) was developed
using the three-dimensional CFD software AVL FIRE Version 8% to simulate the flow, spray, and combustion
processes. Using n-heptane as the surrogate fuel for diesel fuel, the reaction mechanism of methane, the primary
component of NG, comprises 51 components and 252 reactions*. Computational analysis is conducted using
a high-performance computing system equipped with a 32-core CPU and dual GPU CUDA. The number of
diesel injection holes is 5, while the number of NG injection holes is 4, fanning out towards the center of the
cylinder. Due to the large cylinder diameter of the marine engine, after analyzing the mesh sensitivity, the basic
mesh size was set to 1 cm to ensure the accuracy and computational efficiency of the calculation. Additionally,
a minimum local mesh size of 4 mm was implemented, along with adaptive refinement based on velocity and
temperature. The maximum number of meshes for the calculation reached approximately 1.84 million. The cal-
culation was performed from the moment the scavenging port was closed (-138 ‘CA) to the moment the exhaust
valve was opened (114 ‘CA). The initial pressure in the cylinder was 3.34 bar, the initial temperature was 372 K,
and the gas composition was set according to the scavenging air. Due to the large size of the two-stroke engine

Name Data Name Data

Bore x Stroke (mm) 5002000 Method of aspiration Turbocharger
Rated speed (r/min) 108 Rated power (kW) 8100

Diesel injection holes 5x ®@1.05 mm | NG injection holes 4x 2.2 mm
Maximum burst pressure (MPa) 17 Nominal compression ratio 15

NG injection timing (°CA) —4t020 NG temperature (K) 318

NG injection pressure (MPa) 30 NG supply (g/r) 182.94
Diesel injection timing (°CA) —6to -2 Diesel temperature (K) 311

Diesel injection pressure (MPa) 35 Diesel supply (g/r) 7.26

Valve temperature (K) 843 Piston temperature (K) 661

Liner temperature (K) 491 Pilot diesel ratio (%) 5
Scavenging air pressure (bar) 3.34 Scavenging air temperature (K) | 311

Table 1. Calculated data of engine.

Analyzer Model Measurement ranges | Deviation (%)
CO (ppm) AIA 240 0~1000 0.16
CO, (%) ATA 240 0~16.0 0.12
NOx (ppm) FAC 246 0~2000 0.11
0, (%) IMA 241 0~25 -0.10
HC (ppm) FAC 246 0~2000 0.15
t(°C) FC2022 0~1000 0.1
p (kPa) FC2022 -50~4000 0.1
Speed (r/min) FC 2010 0~3000 0.1
Torque (N-m) CFSR-26 0~37,300 0.25
Fuel flow (kg/h) FC 2210 0~1000 0.1
LNG flow (m*/h) CMF 200 M | 0~2000 0.2

Table 2. Test main instruments.
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Figure 1. Schematic diagram of marine engine model.

and space constraints, the experiment was conducted at the shipyard. First, the engine’s various systems were
prepared, and then the engine was started. The engine was operated at stable loads of 25%, 50%, 75%, and 100%
for at least 30 min each to collect data. Each experiment took approximately 3 h to complete. Figure 2 shows the
comparison of indicator diagram pressures of the engine at 25%, 50%, 75%, and 100% loads. Upon comparing
the pressure curves of each load, a deviation was observed between the calculated values and the experimental
values. Calculations deviated from experimental data due to errors in the experimental environment and initial
calculation information, leading to uncertainties in the comparative results. This uncertainty arises primarily
from two factors. First, the air density used by the engine for scavenging in the experiment is influenced by the
temperature and humidity of the laboratory environment, which cannot be consistent with the ideal air in the
calculations. Second, the experiment used a blend of diesel and natural gas, while the calculations simulated diesel
by using n-heptane and natural gas by using methane for the engine combustion process. Despite the deviations,
the overall linear trend of the calculated values was consistent with the experimental values, indicating that the
calculation model accurately reflected the combustion process characteristics of the engine. Figure 3 shows that
the calculated values of CO,, NOx, and HC were in good agreement with the experimental values in the overall
linear trend, indicating that the emission model could accurately predict the emission characteristics of diesel-
ignited natural gas combustion conditions.

Results and discussion

Impact of scavenging air pressure

Under the conditions of a diesel energy ratio of 5% and scavenging air temperature of 311 K, calculations were
conducted for in-cylinder combustion processes at different scavenging air pressures (3.0 bar, 3.25 bar, 3.5 bar,
and 3.75 bar).

Combustion process

The increase in scavenging air pressure leads to a longer period of residual gas ignition in the cylinder, result-
ing in a larger amount of residual gas remaining in the cylinder. Once ignition occurs, most of the residual gas
starts to burn. At this point, the piston is close to TDC, causing the pressure in the cylinder to deviate from
the compression line and rapidly reach the maximum explosion pressure. A shorter combustion delay period
is beneficial for combustion near the top dead center”. From Fig. 4, it can be observed that as the scavenging
air pressure increases continuously, the pressure inside the cylinder gradually rises, and the curves become
steeper. The maximum explosion pressure in the cylinder gradually increases with the increase in scavenging air
pressure. For every 0.25 bar increase in scavenging air pressure, the peak pressure in the cylinder increases by
5.87%. Although the overall change in peak pressure is not significant, as the scavenging air pressure increases,
it moves towards TDC, indicating a shorter combustion period. At 3.0 bar, the combustion period is 12.8°CA;
at 3.25 bar, it is 12.5°CA; at 3.5 bar, it is 11.5°CA; and at 3.75 bar, it is 11.3°CA. As the scavenging air pressure
increases, the combustion period decreases from 12.8 to 11.3°CA, resulting in a faster combustion rate in the
cylinder, higher combustion quality, and ultimately an improvement in engine power. Figure 4 illustrates that
as scavenging air pressure increases, the highest temperature inside the cylinder decreases. For every 0.25 bar
increase in scavenging air pressure, the highest temperature inside the cylinder decreases by 1.89%. The highest
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Figure 2. Comparison of pressure at different load.

temperature inside the cylinder moves towards the top dead center, indicating that the combustion delay period
shortens. At 3.0 bar, the combustion delay period is 7.25°CA; at 3.25 bar, it is 7°CA; at 3.5 bar, it is 5.75°CA; and
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Figure 4. The impact of scavenging air pressure on pressure and temperature in cylinder.
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at 3.75 bar, it is 5.75°CA. Analyzing the reasons for this phenomenon reveals that with increased scavenging air
pressure, more fresh air enters the cylinder during the scavenging process, thereby as the scavenging pressure
increases, combustion is more rapid and the heat release rate is faster (Fig. 5). The scavenging air temperature is
much lower than the temperature of the exhaust gas inside the cylinder, which further aids in cooling the cylinder
through scavenging. Additionally, after the highest temperature inside the cylinder occurs, as the scavenging air
pressure increases, the cylinder temperature decreases further.

Different combustion durations and combustion centers under various scavenging air pressures are shown in
Fig. 6. Here, the combustion duration is divided into three stages: the first stage is the flame development period
(CA0-CA10), from ignition to 10% of fuel heat release; the second stage is the first half of the main combustion
period (CA10-CA50), where the fuel heat release increases from 10 to 50%; the third stage is the second half of
the main combustion period (CA50-CA90), where the fuel heat release increases from 50 to 90%%. During the
scavenging process, the air pressure increases from 3 to 3.75 bar. The combustion center temperature changed
from 15.71 to 14.51°CA, moving towards TDC. The flame development period, the first half of the main com-
bustion period, and the second half of the main combustion period all exhibit a decreasing trend. The rate of
decrease in the first half of the combustion period is less than that in the second half. The main reason analyzed
was the increase in scavenging air pressure, which elevated the temperature and pressure at the end of the com-
pression stroke. This resulted in faster diesel ignition and also increased the flame propagation rate of natural
gas. Consequently, this led to the early formation of the combustion center®.

To further analyze the impact of dual-fuel engine combustion characteristics and its effects on performance,
indicated thermal efficiency (ITE), thermodynamic efficiency (TE) and indicated mean effective pressure (IMEP)
are introduced for a quantitative analysis of energy conversion efficiency. The parameters are defined as follows*’,
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Figure 5. The impact of scavenging air pressure on heat release rate.
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Figure 6. Combustion duration and center of combustion under scavenging air pressure.
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In the equation, Q, stands for cumulative heat release during the cycle; Q is the theoretical fuel release during
the cycle; n; denotes ITE; W, is the indicated work during the cycle; n, is the TE; m represents the mass of each
fuel; LHV represents the lower heating value of each fuel.

The changes in TE, ITE, and IMEP under different scavenging air pressures are shown in Fig. 7. As the scav-
enging air pressure increases from 3 to 3.75 bar, TE, ITE, and IMEP all show an increasing trend. TE increases
from 48.65 to 58.18%, ITE increases from 44.02 to 53.26%, and IMEP increases by approximately 0.35 MPa. With
the increase in scavenging air pressure, the total mass of air in the cylinder increases, which results in a higher
combustion velocity. This results in higher TE and ITE and consequently increasing the IMEP. As scavenging
pressure increases, the cylinder stagnation period lengthens, causing a higher accumulation of natural gas in
the cylinder. When ignited by diesel fuel, a substantial amount of natural gas begins to burn vigorously near the
upper endpoint. This leads to a rise in IMEP and, concurrently, an increase in TE.

Flame propagation velocity

The flame propagation velocity in the cylinder can be calculated by measuring the distance the flame boundary
moves within a unit of time. By capturing instantaneous images within the cylinder for a specific time interval,
segmenting the flame boundary in image processing, and identifying the displacement coordinates of the flame
boundary points A (x; y;), it is possible to calculate the distance (Al) of consecutive movements of the boundary
points*!.

Al= \/(xi—H —x)? + (i1 — 1)’ (4)

v = Al/At (5)

Al is the distance of consecutive movements of the boundary points. v is the flame propagation velocity. At is
the time interval between two consecutive movements of the flame boundary point A. Figures 8 and 9 depict the
radial and axial flame propagation velocity inside the cylinder under various scavenging air pressures. With the
increase in scavenging air pressure, both the radial and axial flame propagation velocity increase. This indicates
that the higher scavenging air pressure enhances the combustion velocity of NG, thereby improving the engine’s
explosive pressure. For every 0.25 bar increase in scavenging air pressure, the radial flame propagation velocity
increases by 6.1 m/s, and the axial flame propagation velocity increases by 4.2 m/s.
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Combustion interruption
Under different scavenging air pressures, the residual methane (CH,) mass in the cylinder after combustion end-
point is shown in Fig. 10. It can be observed from the graph that as scavenging air pressure increases, the residual
CH, in the cylinder decreases after combustion. At scavenging air pressures of 3.00 bar, 3.25 bar, 3.5 bar, and
3.75 bar, the combustion endpoints are 24 °CA after top dead center (ATDC), 23 °CA ATDC, 22.5 °CA ATDC,
and 20.5 °CA ATDC respectively. The corresponding residual CH, mass ratios in the cylinder at each combustion
endpoint are 1.27%, 1.38%, 1.54%, and 1.94%, respectively. The residual CH, mass ratios in the cylinder at the
start of the exhaust valve for each scavenging air pressure are 0.037%, 0.039%, 0.040%, and 0.057%, respectively.
Figure 11 shows the variation of combustion interruption coeflicient with crank angle at different scavenging
pressures. It can be seen from the figure that the combustion interruption coefficient decreases with increase in
scavenging pressure. The peak value of combustion interruption coeflicient decreases from 18.49% at 3 bar to
12.93% at 3.75 bar. For every 0.25 bar increase in scavenging air pressure, the combustion interruption factor
decreases by 1.85%. Residual methane is mainly influenced by the flame propagation rate and combustion reac-
tion rate in the cylinder. The higher the air volume in the cylinder, the faster the premixed combustion rate and
the lower the methane combustion interruption factor*2.

Emission

In marine engines, fuel combustion accounts for 90% of the NOx emissions. In dual-fuel engines using natural gas
and diesel fuel, NOx and methane are the most common harmful emissions. These engines produce little carbon
smoke and sulfur oxides. Therefore, the primary focus was to investigate the effect of scavenging air pressure on
CO,, CO, HC, and NOx emissions in marine dual-fuel engines. As shown in Fig. 12, an increase in scavenging
air pressure results in a higher oxygen content in the engine cylinder, leading to better and faster combustion.
This results in reduced CO and HC emissions and increased CO, emissions. For every 0.25 bar increase in scav-
enging air pressure, CO emissions decrease by 42.83%, HC emissions decrease by 33.35%, and CO, emissions
increase by 0.71%. With the increase of scavenging pressure, the NOx emission shows a decreasing trend. For
every 0.25 bar increase in scavenging air pressure, NOx emissions decreased by 3.53%. The main reason for this
is that the increase in scavenging air pressure reduces the average temperature in the cylinder, shortens the time
between fast and slow combustion, and reduces the temperature and time at which nitrogen remains in the hot,
oxygen-rich environment. This reduces the production of NOx.
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Figure 10. Residual mass ratio of CH, after combustion end point.
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Impact of scavenging air temperature
Under the conditions of a diesel energy ratio of 5% and scavenging air pressure of 3.34 bar, calculations were con-
ducted for in-cylinder combustion processes at different scavenging air temperatures (293 K, 303 K, and 313 K).

Combustion process

Figure 13 shows the effect of scavenging air temperature on cylinder pressure. As the scavenging temperature
increases, the average pressure in the cylinder decreases, but not by much. When the scavenging air temperature
is 293 K, the peak average pressure in the cylinder is 18.28 MPa. When the scavenging air temperature is 303 K,
the peak average pressure in the cylinder is 18.09 MPa. When the scavenging air temperature is 313 K, the peak
average pressure in the cylinder is 17.93 MPa and the peak pressure is shifted backward to prolong the combus-
tion cycle. Increasing the scavenging air temperature increases the mixture movement rate, but it also reduces the
amount of fresh air entering the cylinder, which decreases the combustion response of the NG. Under the same
stoichiometric combustion conditions, the oxygen concentration in the combustible mixture of premixed com-
bustion is proportionally reduced. This results in a slow spread of the NG thin combustion flame after ignition,
which leads to lower cylinder pressure during combustion. The effect of scavenging air temperature on the cylin-
der temperature can be observed in Fig. 13. It is clear that an increase in the scavenging air temperature increases
the initial heat value in the cylinder, leading to an increase in the cylinder temperature. When the scavenging air
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Figure 13. The impact of scavenging air temperature on pressure and temperature in cylinder.

temperature is 293 K, the maximum temperature inside the cylinder reaches 1402 K. When the scavenging air
temperature is 303 K, the maximum temperature inside the cylinder reaches 1433 K, and when the scavenging
air temperature is 313 K, the maximum temperature inside the cylinder reaches 1465 K. Although the increase in
scavenging temperature caused an increase in the cylinder temperature, the increase in scavenging temperature
caused an increase in the volume of scavenging air per unit mass, resulting in a decrease in the amount of fresh
air in the cylinder, which led to a decrease in the combustion reaction rate of the natural gas, and the heat release
rate curve also showed a trend of decreasing with the increase in scavenging temperature (Fig. 14).

Figure 15 shows the combustion duration at different scavenging air temperatures. The flame development
time is essentially the same at different scavenging air temperatures, about 5.5°CA. The difference in the first half
of the main combustion period is also not significant, about 12°CA. During the second half of the combustion
period, the temperature of the scavenging air increased by about 2 K. Overall, the combustion of the dual-fuel
natural gas/diesel engine showed a gradual downward trend. This is mainly due to the increased diffusion of
natural gas molecules in the cylinder as the scavenging air temperature increases. In addition, the cylinder
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Figure 14. The impact of scavenging air temperature on heat release rate.
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Figure 15. Combustion duration and center of combustion under scavenging air temperature.
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diameter of the marine engine is larger and it takes longer for the natural gas to reach the lean ignition limit.
This results in slower combustion and delayed appearance of the combustion center.

Figure 16 shows TE, ITE, and IMEP at different scavenging air temperatures. as the scavenging air tempera-
ture increased, ITE, TE, and IMEP decreased to varying degrees, with ITE and TE showing similar decreasing
trends. During the scavenging process, as the air temperature went from 293 to 313 K, TE decreased by about
1.5%, ITE decreased by about 1%, and IMEP decreased by about 0.04 MPa. As the scavenging air temperature
increases, the oxygen content in the cylinder decreases, thus limiting the rate of combustion. This results in a
decrease in ITE, TE and IMEP. Therefore, special attention must be paid to the cooling effect of the turbocharger
during engine operation to ensure that the engine operates at the lowest possible scavenging air temperature.

Flame propagation velocity

Figures 17 and 18 show the radial and axial flame propagation velocities for different scavenging air temperatures.
Both radial and axial flame propagation velocities tend to decrease as the scavenging air temperature increases.
As the scavenging air temperature increases, the molecular diffusion of the substance in the cylinder increases,
resulting in faster formation of the initial NG combustible mixture. This results in a more stable ignition of
the natural gas in the cylinder®’. However, due to the limitations imposed by the intake air volume on the thin
combustion of the NG and the limitations imposed by the NG itself on the premixing time, the radial and axial
flame propagation of the NG decreases rather than increases as the temperature rises. For every 10 K increase
in scavenging air temperature, the radial flame propagation velocity decreases by 2 m/s, and the axial flame
propagation velocity also decreases by 2 m/s.

Combustion interruption

The mass of CH, remaining in the cylinder at the end of combustion at different scavenging air temperatures is
shown in Fig. 19. From the figure, it can be seen that the CH, remaining in the cylinder at the end of combus-
tion increases with the increase of the scavenging air temperature. The flame propagation speed of lean NG
combustion decreases with the increase of the scavenging air temperature, resulting in the prolongation of NG
combustion duration in the cylinder. The combustion termination points at scavenging air temperatures of
293 K, 303 K, and 313 K were 21.5°CA ATDC, 22.5°CA ATDC, and 23.5°CA ATDC, respectively, and at each
combustion termination point, the residual CH, mass percent in the cylinder was 2.35%, 2.07%, and 1.56%,
respectively. The lower scavenging air temperatures resulted in higher air-fuel ratios, faster combustion of the
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Figure 16. ITE, TE and IMEP under different scavenging air temperature.
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nitrogen-poor mixture, earlier combustion termination, and an engine combustion cycle that approached the
ideal constant-capacity cycle, resulting in improved cycle thermal efficiency.

Figure 20 shows the variation of combustion interruption coeflicient with crank angle at different scaveng-
ing temperatures. It can be seen from the figure that the combustion interruption coefficient decreases as the
scavenging air temperature decreases. The peak value of combustion interruption coefficient decreases from
15.74 to 14.45% during the transition of scavenging air temperature from 313 to 293 K. For every 10 K decrease
in scavenging air temperature, the combustion interruption factor decreases by 0.43%. The decrease in scavenge
air temperature increases the oxygen content of the scavenge air, which stabilizes the ignition of the natural gas,
accelerates flame propagation, and reduces natural gas blowout and misfire in the cylinder, thus reducing the
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Figure 20. Combustion interruption coefficient.
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Emission

From Fig. 21, it can be observed that as the scavenging air temperature increases, emissions of CO, HC, and
NOx increase, while CO, emissions decrease. For every 10 K increase in scavenging air temperature, NOx emis-
sions increase by 4.84%, CO emissions increase by 2.51%, HC emissions increase by 34.39%, and CO, emissions
decrease by 0.02%. NOx in marine engine exhaust NOx is a general term for various oxides of nitrogen, which
include NO, NO,, NO;, N,0, N,03, N,0,, N,O;, etc. In ship engines, approximately 90% to 95% of the nitro-
gen oxides emitted from the exhaust pipe are NO, with a small amount of NO,, and other components can be
neglected. For ship engines, the primary concern is the emission of NO. Since ship engine fuel contains only trace
amounts of nitrogen, the formation of NO is minimal and not significant enough to cause notable NO emissions.
The NO in ship engine exhaust is mainly formed by the reaction of nitrogen and oxygen in the air during high-
temperature combustion, which produces thermal nitrogen oxides*!. The generation of NO sharply increases
exponentially with temperature. When the temperature is below 1800 K, the rate of NO generation is very low;
it reaches a high rate at 2000 K. It can be roughly assumed that for every 100 K increase in temperature, the rate
of NO generation almost doubles. Additionally, an increase in oxygen concentration also leads to an increase in
NO production. Since the generation of NO is slower compared to the combustion reaction of the fuel, only a
small portion of NO is produced in the thin flame reaction zone, while most NO is generated in the post-flame
burned gas. If the reactants do not stay in the high-temperature environment long enough, NO does not reach
equilibrium content, leading to reduce NO emissions. Therefore, the three main factors determining the rate of
NO generation during the combustion process of ship engines are high temperature, oxygen-rich conditions,
and the duration of nitrogen and oxygen staying at high temperatures. An increase in the temperature inside
the combustion chamber, an increase in oxygen concentration, and a longer residence time of the gas in the
high-temperature zone all contribute to an increase in NO. The increase in scavenging air temperature raises
the average temperature inside the cylinder, leading to a high-temperature environment for NOx generation,
consequently resulting in increased NOx emissions. Due to the elevated scavenging air temperature, the actual
fresh air intake into the cylinder decreases. This results in a more diluted oxygen concentration in the com-
bustible mixture, which slows down the propagation of premixed combustion flames. Consequently, it causes
severe combustion interruption in the cylinder, leading to increased CO and HC emissions while reducing CO,
emissions. Therefore, during the operation of marine low-speed two-stroke dual-fuel engines, it is advisable to
appropriately increase the inter-cooling intensity to achieve lower scavenging air temperatures. This can help in
reducing HC and NOx emissions.

Conclusions

The state of the scavenging air has an effect on both engine combustion emissions. The scavenging air pressure
has a greater impact on engine performance than scavenging air temperature. An increase in scavenging air pres-
sure leads to higher thermal efficiency and power. As the scavenging air pressure increases from 3 to 3.75 bar,
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Figure 21. The impact of scavenging air temperature on emission.
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the ITE increases from 44.02 to 53.26%, and IMEP increases by approximately 0.35 MPa. Increased scavenging
air pressure improves NOx and HC emissions. For every 0.25 bar increase in scavenging air pressure, NOx emis-
sions decrease by 3.53%, HC emissions decrease by 33.35%, while CO, emissions increase by 0.71%. An increase
in scavenging air temperature leads to lower ITE and IMEP. As the air temperature changes from 293 to 313 K,
the ITE decreases by approximately 1%, and IMEP decreases by about 0.04 MPa. Increased scavenging air tem-
perature improves CO, emissions. For every 10 K increase in the air temperature, the CO, emissions decrease
by 0.02%, while NOx emissions increase by 4.84%, HC emissions increase by 34.39%. Therefore, controlling the
scavenging air pressure is more important than regulating the scavenging air temperature in the operational
management of marine two-stroke engines. Higher power output and lower levels of NOx and hydrocarbon
emissions can be achieved by increasing the scavenging air pressure. While maintaining a constant scavenging
air pressure, it is advisable to maximize the scavenging air cooling of the marine engine to reduce the scaveng-
ing air temperature. This will enhance the combustion emission performance of the engine. Meanwhile, future
research will continue to conduct in-depth studies on marine low-speed two-stroke dual-fuel engines, with a
primary focus on incorporating ammonia fuel for experimental and simulation investigations. The research will
provide a theoretical basis for upgrading marine engines to save energy and reduce emissions.
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The data that support the findings of this study are available from Yantai CIMC Raftles Offshore Limited but
restrictions apply to the availability of these data, which were used under license for the current study, and so are
not publicly available. Data are however available from the authors upon reasonable request and with permission
of Yantai CIMC Raffles Offshore Limited. Please contact Hongliang Yu if you need data from this study. Email:
yuhongliang19852@163.com.

Received: 29 April 2024; Accepted: 4 July 2024
Published online: 09 July 2024

References

1. Fayad, M. A,, Chaichan, M. T,, Dhahad, H. A., Al-Amiery, A. A. & Wan Isahak, W. N. R. Reducing the effect of high sulfur content
in diesel fuel on NOx emissions and PM characteristics using a PPCI mode engine and gasoline-diesel blends. ACS Omega 7(42),
37328-37339. https://doi.org/10.1021/acsomega.2c03878 (2022).

2. Altinkurt, M. D., Merts, M., Tunér, M. & Turkcan, A. Effects of split diesel injection strategies on combustion, knocking, cyclic
variations and emissions of a natural gas-diesel dual fuel medium speed engine. Fuel 347, 128517. https://doi.org/10.1016/j.fuel.
2023.128517 (2023).

3. Yang, L. et al. Effect of split injection strategy of diesel fuel on multi-stage heat release and performance of a RCCI engine fueled
with diesel and natural gas. Fuel 362, 130930. https://doi.org/10.1016/j.fuel.2024.130930 (2024).

4. Yalong, L., Bo, W,, Cong, W,, Zhi, ]. & Binyang, W. The effect of ignition diesel injection conditions on the combustion process of
natural gas engine. Appl. Therm. Eng. https://doi.org/10.1016/j.applthermaleng.2023.121452 (2023).

5. Yang, K. et al. Impact of natural gas injection timing on the combustion and emissions performance of a dual-direct-injection
diesel/natural gas engine. Energy https://doi.org/10.1016/j.energy.2023.126813 (2023).

6. Park, H. et al. Large-squish piston geometry and early pilot injection for high efficiency and low methane emission in natural
gas—diesel dual fuel engine at high-load operations. Fuel 308, 122015 (2022).

7. Yousefl, A., Guo, H., Dev, S., Liko, B. & Lafrance, S. Effect of pre-main-post diesel injection strategy on greenhouse gas and nitrogen
oxide emissions of natural gas/diesel dual-fuel engine at high load conditions. Fuel 302, 121110 (2021).

8. Kim, W,, Park, C. & Bae, C. Characterization of combustion process and emissions in a natural gas/diesel dual-fuel compression-
ignition engine. Fuel 291, 120043 (2021).

9. Felayati, F. M., Semin, B. C., Bakar, R. A. & Birouk, M. Performance and emissions of natural gas/diesel dual-fuel engine at low
load conditions Effect of natural gas split injection strategy. Fuel 300, 121012 (2021).

10. Fayad, M. A. et al. Investigation the effect of fuel injection strategies on combustion and morphology characteristics of PM in
modern diesel engine operated with oxygenate fuel blending. Therm. Sci. Eng. Progr. 35, 101476. https://doi.org/10.1016/j.tsep.
2022.101476 (2022).

11. Fayad, M. A. et al. Experimental effect of CuO, nanoparticles into the RME and EGR rates on NOx and morphological character-
istics of soot nanoparticles. Fuel 331, 125549. https://doi.org/10.1016/j.fuel.2022.125549 (2023).

12. Fayad, M. A,, Radh, A. A., Omran, S. H. & Mohammed, F. M. Influence of environment-friendly fuel additives and fuel injection
pressure on soot nanoparticles characteristics and engine performance and NOx emissions in CI diesel engine. J. Adv. Res. Fluid
Mech. Therm. Sci. 88(1), 58-70 (2021).

13. Chen, G. et al. Numerical study on the effect of the combustion system parameters on combustion and emission characteristics
for a HPDI natural gas/diesel dual fuel engine. Fuel. https://doi.org/10.1016/j.fuel.2023.130158 (2024).

14. Giilcan, H. E. Effect of methane injection strategy on combustion, exergetic performance, and enviro-economic analyses in a
diesel/methane CRDI engine. Appl. Therm. Eng. https://doi.org/10.1016/j.applthermaleng.2024.122654 (2024).

15. Oh, J. et al. Effect of multi-angle diesel injector nozzle on emission and efficiency of natural gas/diesel dual-fuel combustion in
compression ignition engine. Fuel 316, 123442 (2022).

16. Pan, K. & Wallace, J. S. Approaches for emission reduction in natural gas fueled direct-injection engines. Fuel 324, 124521 (2022).

17. Onofrio, G., Napolitano, P, Tunestél, P. & Beatrice, C. Combustion sensitivity to the nozzle hole size in an active pre-chamber
ultra-lean heavy-duty natural gas engine. Energy 235, 121298 (2021).

18. Motlagh, T. Y., Azadani, L. N. & Yazdani, K. Multi-objective optimization of diesel injection parameters in a natural gas/diesel
reactivity-controlled compression ignition engine. Appl. Energy 279, 115746 (2020).

19. Dai, Z. et al. Effect of intake parameters coupled with pilot diesel injection timing on combustion and emissions of natural gas
engines. Int. J. Auto. Tech.-KOR 24(4), 1025-1042. https://doi.org/10.1007/s12239-023-0084-8 (2023).

20. Lee, S., Kim, C,, Lee, S., Lee, J. & Kim, J. Experimental investigation on combustion and particulate emissions of the high com-
pressed natural gas reactivity-controlled compression ignition over wide ranges of intake conditions in a multi-cylinder engine
using a two-stage intake boost system. Fuel Process. Technol. 228, 107161 (2022).

21. Talei, M., Jafarmadar, S. & Khalilarya, S. Experimental and numerical analyses of cold EGR effect on combustion, performance
and emissions of natural gas lean-burn engine with pre-chamber combustion system. Fuel 276, 118061 (2020).

22. Guo, X,, Chen, Y., Wang, Y., Huang, H. & Xia, Q. Analysis of the performance and emissions generation mechanism of natural
gas/diesel dual-fuel under different strategies by combining experiments and mechanisms. J. Energy Inst. https://doi.org/10.1016/j.
joei.2023.101425 (2023).

Scientific Reports |

(2024) 14:15776 | https://doi.org/10.1038/s41598-024-66826-z nature portfolio


https://doi.org/10.1021/acsomega.2c03878
https://doi.org/10.1016/j.fuel.2023.128517
https://doi.org/10.1016/j.fuel.2023.128517
https://doi.org/10.1016/j.fuel.2024.130930
https://doi.org/10.1016/j.applthermaleng.2023.121452
https://doi.org/10.1016/j.energy.2023.126813
https://doi.org/10.1016/j.tsep.2022.101476
https://doi.org/10.1016/j.tsep.2022.101476
https://doi.org/10.1016/j.fuel.2022.125549
https://doi.org/10.1016/j.fuel.2023.130158
https://doi.org/10.1016/j.applthermaleng.2024.122654
https://doi.org/10.1007/s12239-023-0084-8
https://doi.org/10.1016/j.joei.2023.101425
https://doi.org/10.1016/j.joei.2023.101425

www.nature.com/scientificreports/

23. Hountalas, T. D., Founti, M. & Zannis, T. C. Experimental investigation to assess the performance characteristics of a marine
two-stroke dual fuel engine under diesel and natural gas mode. Energies https://doi.org/10.3390/en16083551 (2023).

24. Liu, S. et al. Diesel and natural gas dual-fuel RCCI engine performance at high altitude. Sadhana https://doi.org/10.1007/s12046-
023-02396-6 (2024).

25. Park, H. et al. Comparative evaluation of conventional dual fuel, early pilot, and reactivity-controlled compression ignition modes
in a natural gas-diesel dual-fuel engine. Energy https://doi.org/10.1016/j.energy.2023.126769 (2023).

26. Silvagni, G. et al. Experimental characterization of hydrocarbons and nitrogen oxides production in a heavy-duty diesel-natural
gas reactivity-controlled compression ignition engine. Energies https://doi.org/10.3390/en16135164 (2023).

27. Rochussen, J., Jaeger, N. S. B., Penner, H., Khan, A. & Kirchen, P. Development and demonstration of strategies for GHG and
methane slip reduction from dual-fuel natural gas coastal vessels. Fuel https://doi.org/10.1016/j.fuel.2023.128433 (2023).

28. Kim, J. Experimental and numerical investigations of ultra-high compressed natural gas substitution cases in a heavy-duty diesel
engine. Int. J. Auto. Tech.-KOR 24(4), 1005-1012. https://doi.org/10.1007/s12239-023-0082-x (2023).

29. Sattarzadeh, M., Ebrahimi, M. & Jazayeri, S. A. A detail study of a RCCI engine performance fueled with diesel fuel and natural
gas blended with syngas with different compositions. Int. J. Hydrogen Energy 47(36), 16283-16296 (2022).

30. Park, C., Oh, S., Kim, C., Choi, Y. & Ha, Y. Effect of natural gas composition and gas interchangeability on performance and emis-
sion characteristics in an air-fuel controlled natural gas engine. Fuel 287, 119501 (2021).

31. Lee, C.-E, Pang, Y., Wu, H., Nithyanandan, K. & Liu, F. An optical investigation of substitution rates on natural gas/diesel dual-fuel
combustion in a diesel engine. Appl. Energy 261, 114455 (2020).

32. Liu, J. et al. Experimental study on in-cylinder combustion and exhaust emissions characteristics of natural gas/diesel dual-fuel
engine with single injection and split injection strategies. Process Saf. Environ. 172, 225-240. https://doi.org/10.1016/j.psep.2023.
02.013 (2023).

33. Liu, J. et al. Optimizing combustion and emissions in natural gas/diesel dual-fuel engine with pilot injection strategy. Therm. Sci.
Eng. Progr. https://doi.org/10.1016/j.tsep.2024.102418 (2024).

34. Lu, Z. et al. Numerical research of the in-cylinder natural gas stratification in a natural gas-diesel dual-fuel marine engine. Fuel
https://doi.org/10.1016/j.fuel.2022.126861 (2023).

35. https://www.avl.com

36. Liu, X. et al. Numerical investigation of different combustion models for dual-fuel engine combustion processes. Chem. Eng.
Technol. 47(4), 657-663 (2024).

37. Leng, X., Gao, X., Wei, S. & He, Z. Combustion and emission characteristics of an ammonia/diesel dual fuel marine medium speed
engine. J. Huazhong Univ. Sci. Technol. (Natl. Sci. Ed.) 52(1), 32-38 (2024).

38. Yu, H., Duan, S., Sun, P. & Sui, J. Effects of scavenging pressure on combustion and emission characteristics of marine natural gas/
diesel dual fuel engines. J. Dalian Ocean Univ. 3,393-401 (2018).

39. Sapra, H. et al. Hydrogen-natural gas combustion in a marine lean-burn SI engine: a comparitive analysis of Seiliger and double
Wiebe function-based zero-dimensional modelling. Energy Convers. Manag. 207, 112494 (2020).

40. Zhang, X. et al. Impact of pilot diesel injection timing on performance and emission characteristics of marine natural gas/diesel
dual-fuel engine. Sci. Rep. 14, 10713 (2024).

41. Yu, H,, Wang, W,, Duan, S. & Sun, P. Quantitative analysis of combustion process of marine dual fuel engine under the framework
of iconology. J. Eng. Res. 9(4), 296-312 (2021).

42. Yu, H. et al. Effect of natural gas injection timing on performance and emission characteristics of marine low speed two-stroke
natural gas/diesel dual-fuel engine at high load conditions. Fuel 314, 123127 (2022).

43. Sun, P, & Bin, L. Marine diesel engines. Dalian Maritime University Press, 2020.

44. Bin, L., Wang, Z., Duan, X., & Jin G. Main Propulsion Power Unit. Dalian Maritime University Press, 2021.

Acknowledgements

This work was supported by the Natural Science Foundation of Shandong Province (No. ZR2023ME067), and
Basic Research Project of Yantai Science and Technology Innovation Development Plan (No. 2023JCY]J054). Any
findings of this work are those of the authors and do not necessarily reflect the views of the funding organizations.

Author contributions
H.Y. prepared data curation and wrote the main manuscript. J.G. prepared the validation of simulation. P.Z.
prepared the software. Q.Y.,, EH. and B.C. prepared figures. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:15776 | https://doi.org/10.1038/s41598-024-66826-z nature portfolio


https://doi.org/10.3390/en16083551
https://doi.org/10.1007/s12046-023-02396-6
https://doi.org/10.1007/s12046-023-02396-6
https://doi.org/10.1016/j.energy.2023.126769
https://doi.org/10.3390/en16135164
https://doi.org/10.1016/j.fuel.2023.128433
https://doi.org/10.1007/s12239-023-0082-x
https://doi.org/10.1016/j.psep.2023.02.013
https://doi.org/10.1016/j.psep.2023.02.013
https://doi.org/10.1016/j.tsep.2024.102418
https://doi.org/10.1016/j.fuel.2022.126861
https://www.avl.com
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The impact of scavenging air state on the combustion and emission performance of marine two-stroke dual-fuel engine
	Research methods
	Research target
	Modeling and validation

	Results and discussion
	Impact of scavenging air pressure
	Combustion process
	Flame propagation velocity
	Combustion interruption
	Emission

	Impact of scavenging air temperature
	Combustion process
	Flame propagation velocity
	Combustion interruption
	Emission


	Conclusions
	References
	Acknowledgements


