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Abstract

Natural gas is a promising alternative gaseous fuel due 
to its availability, economic, and environmental 
benefits. A solution to increase its use in the heavy-

duty transportation sector is to convert existing heavy-duty 
compression ignition engines to spark-ignition operation by 
replacing the fuel injector with a spark plug and injecting the 
natural gas inside the intake manifold. The use of numerical 
simulations to design and optimize the natural gas combus-
tion in such retrofitted engines can benefit both engine effi-
ciency and emission. However, experimental data of natural 
gas combustion inside a bowl-in-piston chamber is limited. 
Consequently, the goal of this study was to provide high-
quality experimental data from such a converted engine fueled 
with methane and operated at steady-state conditions, 

exploring variations in spark timing, engine speed and equiv-
alence ratio. The results showed that a higher engine speed 
reduced the motoring pressure, advanced maximum brake 
torque timing, and reduced the power output per cycle. 
Moreover, advanced spark timing increased and advanced the 
cylinder pressure, and increased both hydrocarbon and 
nitrogen oxides emissions. Leaner operation retarded the 
f lame development process and decreased the cylinder 
pressure because of the lower energy per cycle. Furthermore, 
advanced spark timing can produce a dual peak in the heat 
release, a unique characteristic of such converted engines. 
Finally, the variation of the peak cylinder pressure and CA50 
were relatively small, indicating that the data in this study can 
be used for numerical simulations. In addition, there was no 
knocking phenomena during experiments.

Introduction

Compression ignition (CI) engines are widely used in 
freight trucks due to their low operating cost, high 
fuel efficiency, and high durability when compared to 

their spark ignition (SI) counterparts [1, 2]. However, it is 
essential to increase the use of alternative gaseous fuels such 
as natural gas (NG), liquefied petroleum gas, low British 
thermal unit (BTU) gases (landfill gas and digester gas), 
synthesis gas and hydrogen in the existing diesel engines in 
order to reduce petroleum consumption and increase energy 
security [3]. The high auto-ignition temperature of the gaseous 
fuels usually requires that CI engines are converted to SI 
operation to initiate and control the combustion process [4, 5], 
despite the fact that SI operation is often limited by knocking 
[1, 6]. Such conversion can be  achieved by replacing the 
original high-pressure diesel injector with a high-energy spark 
plug [7, 8]. A low-pressure fuel injector can be added to the 
intake manifold as a port-fuel injection system [9, 10]. This 
approach creates a homogeneous mixture inside the chamber 
before ignition [11, 12]. During the modification, the original 

compression ratio (CR: 15-23 for diesel engines) may need to 
be lowered to prevent end-gas autoignition [13, 14]. However, 
even when reduced the CR is still higher than that of conven-
tional SI engines (8-10 for gasoline engines), hence a higher 
efficiency [15, 16]. In addition, the diesel piston is usually 
maintained during the conversion to reduce the modification 
cost [17, 18]. As the flat-head-and-bowl-in-piston geometry is 
a “fast-burn” chamber [19, 20], it allows the gaseous fuel to 
operate at leaner conditions but without poor cycle efficiency, 
obtaining acceptable cycle-by-cycle variation and a reliable 
fast flame propagation [21, 22]. This fast-burning is the result 
of the squish effect, which generates high turbulence intensity 
inside the bowl close to top-dead-center (TDC) [1, 23]. In fact, 
this high turbulence and flow motion in the piston bowl is 
used for mixing the liquid fuel with air in CI applications, but 
it accelerates the f lame propagation in such converted 
engines [24]. Previous studies indicated that the squish region 
would experience much lower turbulence during compression 
stroke and the small vertical height inside the squish dramati-
cally reduce the flame front area [25]. The outcome was a slow 
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burn of the charge inside the squish volume, which can affect 
engine efficiency and emissions [26]. As a result, 3D numerical 
simulations are needed to optimize the combustion chamber 
of the converted engine (e.g., the squish height or bowl width) 
[12]. However, the existing literature has limited high-quality 
experimental data for the CFD community to investigate 
gaseous fuel premixed-combustion inside a diesel-like 
chamber [16]. Furthermore, the re-entrant wall and the central 
protrusion structure of the diesel piston seem to be redundant 
for SI application because these two features are used for 
guiding the spray interaction with the wall [1]. Theoretically, 
a more optimized bowl profile can increase the ratio of bowl-
to-squish volume, which can help reduce the fuel fraction 
trapped inside the squish (that experienced slow-combustion) 
and increase efficiency. But, again, such engine design studies 
also need validated CFD models based on representative 
experimental results. Moreover, as most optical studies use a 
bowl-in-piston geometry to study the flame development 
process [14, 27], the CFD community also uses such chambers 
for model optimization. For example, refs. [28-30] used 
propane combustion in the diesel-like chamber to develop 
the turbulent flame propagation (G-equation) and kernel 
inception (discrete particle ignition kernel model) models. 
Consequently, the goal of this paper was to provide high-
quality experimental data of SI combustion in a CI environ-
ment. The fuel used in experiments was pure methane (the 
main NG component) because it’s abundantly available and 
its low-cost properties are ideal for heavy-duty sectors  
[31, 32]. In addition, the methane oxidation mechanism is well 
understood, hence the better chemistry predictions in numer-
ical simulations. Moreover, as CFD models usually need a 
unique set of tuning parameters to match most of the condi-
tions [33], this work changed the spark timing, equivalence 
ratio, and engine speed. Similar to refs. [23, 33], the data 
presented here included in-cylinder pressure, apparent heat 
release rates, and emissions, plus the pressure data for 
motored cycles.

Experimental Setup
A single-cylinder research diesel engine (Ricardo/Cussons, 
U.K.; Model Proteus) was modified into a port-fuel injection 
spark-ignited natural-gas engine. The specifications of the 
engine are listed in Table 1.

Ref. [23] provides detailed information about the engine 
setup and therefore just the most important details are 
presented here. The conversion from compression-ignition to 
spark-ignition operation was achieved by installing a spark 
plug (Stitt, USA, Model S-RSGN40XLBEX8.4-2) in place of 
the diesel injector along with the addition of a port-fuel injec-
tion (PFI) system, as shown in Figure 1. The injection rail (Rail 
Spa, Italy, Model IG7 Navajo, 3 seats) was installed upstream 
of the intake manifold and operated at low-pressure during 
each cycle. The filtered intake air brought the fuel into the 
combustion chamber and the combination of intake and 
compression strokes guaranteed a high level of mixing. There 
were no other major modifications on this engine. For 

example, the original geometric compression ratio (13.3) and 
combustion chamber shape (flat-head-and-bowl-in-piston) 
were kept due to the stable combustion process without deto-
nation phenomena for such engine parameters. As a result, 
the combustion chamber used for this study, as shown in 
Figure 2, was a toroidal bowl-in piston geometry with swirl-
producing intake ports.

An aftermarket engine control unit (Megasquirt, Model 
3X) controlled the duration of fuel injection to keep the equiv-
alence ratio constant during experiments and set the spark 
timing. Proprietary data acquisition based on the LabVIEW 
virtual instrument (VI) kept the dynamometer speed constant 
and recorded experimental data. An incremental rotary shaft 
encoder (BEI sensors, Model H25D) measured the engine 
speed and determined the crankshaft position at any instant. 
In-cylinder pressure was measured by a piezo-electric sensor 
(Kistler, Model 6011) installed in the glow-plug port and refer-
enced to the intake manifold pressure recorded by a piezo-

TABLE 1 Engine and fuel injection specification

Number of cylinders 1

Displaced volume 1997 cc

Stroke 150 mm

Bore 130.2 mm

Connecting rod 275 mm

Compression ratio 13.3:1

Number of valves 2

Exhaust valve opens 54° BBDC

Exhaust calve closes 10° ATDC

Inlet valve opens 12° BTDC

Inlet valve opens 40° ABDC

Fuel injection type / # of injectors Port fuel injection / three

Injector manufacturer and model Rail IG7 Navajo

Injector nozzle diameter 3.5 mm

Injection pressure 275 kPa
© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.

 FIGURE 1  Close-up of port fuel injection and spark 
ignition systems

© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.
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resistive pressure sensor (Kulite, Model HEM-375).  
A FTIR emissions analyzer (MKS, Model MultiGas 2030) 
monitored and recorded engine-out emissions concentrations 
in the exhaust.

Steady-state engine experiments were carried out at oper-
ating conditions that changed spark timing (ST), equivalence 
ratio (ϕ), and engine speed (N). As the methane combustion 
kinetics are well understood and both detailed and reduced 
chemical mechanisms are available in existing literature [34], 
the fuel used in this study was pure methane, as shown in 
Table 2. In addition, the engine was warmed up before testing 
and oil/coolant temperatures were maintained constant to 
eliminate the effects of different boundary conditions on the 
combustion process.

Results and Discussions
Only indicated values are shown in this study because brake 
data is not really useful in single-cylinder experiments. There 
was no knocking observed during experiments. Stable flame 
propagation and repeatable combustion process were obtained. 
As a result, the average data of more than 150 individual cycles 
for each condition will be discussed in this section. Specifically, 
in-cylinder pressure, apparent heat release rate, and emission 
trend are provided. Also, important parameters such as the 
indicated mean effective pressure (IMEP), peak pressure and 
its location, the crank angle corresponding to the 50% of 

cumulative heat release (CA50), and thermal efficiency are also 
presented. Each operating condition was repeated three times 
in different days, with more than 150 engine cycles collected 
during each test at steady state conditions. For a particular 
operating conditions, the means of each different test runs were 
added together and averaged. This average is showed in Figs. 
3-10. Moreover, error bars in Figs. 5, 6, 8, and 10 show the 
minimum and maximum mean of the three different runs. The 
different magnitude of the error bars in some of the cases was 
due to the different variation of the engine operating param-
eters during a particular test or day of testing.

Motored Conditions
Motoring traces are generally used as the first calibration step 
of a CFD model. The choice of model’s compression ratio, 
in-cylinder gas mixture composition, in-cylinder turbulence, 
f low motion conditions, boundary conditions, and heat 
transfer rate all affect the predicted motoring pressure trace.

Average motored pressure traces are presented in Figure 3. 
The dynamic compression ratio at 900 rpm was 12.7, found 
by matching the experimental results with an adiabatic 
compression in a proprietary MATLAB code. The volumetric 
efficiency (referenced to the atmospheric pressure) reduced 
linearly from 72% to 61% when the engine speed increased 
from 900 rpm to 1300 rpm. Moreover, Table 3 shows that peak 
cylinder pressure (PCP) and manifold absolute pressure 
(MAP) reduced with the increase in the engine speed (the 
lower MAP at 1300 rpm was due to friction loses in the intake 
system). For combustion-only engine models (i.e., models that 
do not simulate intake and exhaust processes), the set pressure 
at intake valve closing can be reduced [33]. In addition, a 
higher engine speed had a lower heat loss per cycle for the 
conditions investigated here, due to the lower time available 
for the heat transfer to the boundaries, despite the high turbu-
lence and flow motion that increased the convection heat 
transfer coefficient.

 FIGURE 2  Engine piston geometry

© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.

TABLE 2 Composition and properties of the test fuel

Parameter Value
CH4 [vol %] 99.5

O2 [ppm] < 50

H2O [ppm] < 10

C2H6 [ppm] < 1000

N2 [ppm] < 4000

Net heat of combustion [MJ/kg] 50.016

Molecular weight [g/mol] 16.043

Specific volume (21 °C, 1 atm) [m3/kg] 1.505
© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.

 FIGURE 3  Effect of engine speed on cylinder pressure at 
motored conditions

© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.
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 FIGURE 5  Effect of spark timing on UHC and NOx 
emissions (ϕ = 0.8, N = 900 rpm)

© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.

 FIGURE 6  Effect of engine speed and spark timing on 
indicated mean effective pressure (ϕ = 0.8)

 FIGURE 4  Effect of spark timing on (a) cylinder pressure 
and (b) apparent heat release rate (ϕ = 0.8, N = 900 rpm)
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 FIGURE 7  Effect of engine speed on (a) cylinder pressure 
and (b) apparent heat release rate (ϕ = 0.8)

© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.
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Spark Timing Sweeping
Combustion phasing is affected by the spark timing. The 
maximum brake torque (MBT) timing depends on several 
factors such as engine design, fuel characteristics, and oper-
ating conditions [1]. When compared with traditional fuels, 
NG has a slower flame speed, which may lead to incomplete 
combustion and higher cycle-to-cycle variation [35, 36]. For 
this reason, MBT timing is usually more advanced when an 
engine with pent-roof chamber is fueled with NG. Spark 
timing helps to properly locate the combustion event relative 
to the TDC to obtain the maximum work transferred to the 
piston irrespective of the operating condition. In fact, if 
ignition is too early, the increase in work done on the piston 
during the compression stroke is greater than the increase in 
work done during the expansion stroke, leading to a loss of 
power. At the same time, advanced spark timing may induce 
knocking phenomena due to the high pressure rise before the 
TDC that increases the pressure and temperature inside the 
end-gas. While the ST is moved closer to the TDC, the pressure 
peak decreases in magnitude and it’s usually found later in 
the expansion stroke. Thus, the decrease of the work done by 
the piston during the compression stroke is offset from the 
greater decrease of the work done on the piston during 
the expansion stroke. A trade-off is hence required to achieve 
the best operating condition.

Experiments swept ST from -30° ATDC to -5° ATDC at 
900 rpm and ϕ = 0.8. Considering the lean operation and the 
lower laminar flame speed of methane compared to gasoline, 
one would expect an advanced MBT timing. However, the 
MBT timing was -15° ATDC for the operating conditions 
investigated here, which can be explained by the “fast-burn” 

 FIGURE 10  Effect of equivalence ratio on UHC, NOx, and 
CO emissions (ST = -15° ATDC, N = 900 rpm)

 FIGURE 8  Effect of engine speed on UHC and NOx 
emissions (ϕ = 0.8)

© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.

 FIGURE 9  Effect of equivalence ratio on (a) cylinder 
pressure and (b) apparent heat release rate (ST = -15° ATDC, 
N = 900 rpm)

TABLE 3 Effect of engine speed on engine performance at 
motored conditions

Engine speed 900 1100 1300

PCP (kPa) 2527.9 2369.9 2248.3

MAP (kPa) 83.8 77.1 72.3
© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.
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bowl-in-piston chamber shape that created the high turbu-
lence due to the squish squeezing effect [25]. By contrast, the 
traditional pent-roof chamber of SI engines is a “slow-burn” 
chamber not designed for lean-burn operation [32]. Figure 4a 
shows that advanced ST increased and advanced the cylinder 
pressure, with the detailed values shown in Table 4. Advancing 
ST not only increased and advanced the location of peak 
cylinder pressure (LPP), but also reduced the standard devia-
tion of the peak pressure. The phenomena can be explained 
by a faster flame propagation for advanced ST, which further 
stabilized the combustion event. The advanced CA50  in 
Table 4 also proved this hypothesis. In addition, the variation 
of the peak cylinder pressure was acceptable except for the -5° 
ATDC ST, suggesting a reliable ignition event. The most 
retarded ST affected kernel inception process. However, the 
coefficient of variation (COV) of IMEP was still lower than 
3% at the worst operating condition, e.g. -5° ATDC ST, which 
again proved the hypothesis that the fast flame development 
stabilized the combustion event once the flame initiated.

The apparent heat release rate (AHRR) analysis shown in 
Figure 4b indicates that advanced spark timing operation 
improved the early flame development process, evidenced by 
a faster burning rate before the AHRR reached its peak value. 
In addition, advanced ST advanced the combustion process. 
Interestingly, the -30° ATDC ST produced a dual-peak heat 
release rate, which seems to be a unique feature of the lean 
premixed combustion process inside a bowl-in-piston 
chamber. The phenomena can be explained by an important 
fuel mass fraction burned inside the squish region after the 
burn inside the bowl completed. In brief, the energy release 
in Figure 4b suggests a different combustion event compared 
to traditional SI engines. Hopefully, CFD simulations will 
capture this phenomenon caused by the chamber shape.

Figure 5 shows that nitrogen oxides (NOx) emissions 
increased when the spark timing was advanced due to the 
higher in-cylinder temperature and more residence time for 
NOx generation in the post-flame zone. For conventional SI 
engines, an advanced combustion event provided more time 
available and optimal conditions (higher cylinder pressure 
and temperature) for chemical reactions, which would reduce 
unburned hydrocarbons (UHC) emissions [1]. However, an 
opposite trend was shown in Figure 5, except for the -30° 
ATDC ST that had the double heat release peak. It was 
reported that advancing ST increased the fuel fraction burned 
inside the squish region, but the burn rate was slower [37]. As 
a result, increased UHC emissions were caused by the combi-
nation of the less-optimal burning inside the squish during 
the expansion stroke and the increased mixture fraction inside 

the crevices. It is also important to note that the combustion 
models usually had difficulties in predicting the flame quench 
phenomena close to the wall. As a result, the UHC emissions 
predicted by CFD simulations may not be representative of 
the engine-out emissions. Finally, while not shown here, ST 
had no strong effect on carbon monoxide (CO) emissions.

Engine Speed Sweeping
Generally, engine speed affects in-cylinder gas motion, friction, 
trapped mass, volumetric efficiency, flame propagation speed, 
the time available to complete combustion, and the heat 
transfer rates [1]. In this study, the engine speed was increased 
from 900 rpm to 1300 rpm in 200 rpm increments at constant 
equivalence ratio (ϕ = 0.8). At higher engine speeds, the heat 
release rates are predominately affected by the frictional losses 
of the engine. Although the higher turbulence generated by 
increased engine speed would accelerate flame propagation, 
the reduced residence time (mainly the period between ST and 
exhaust valve opening) will affect the overall combustion, 
hence a higher probability of incomplete combustion. 
Therefore, it is preferred to maintain a mid-range engine 
speeds, where high pressures can compensate the frictional 
losses and provide better operating conditions. Moreover, the 
ST must be advanced with increased engine speed to provide 
more time for completing the combustion event. Consequently, 
ST sweeping were applied in each case to find out the MBT 
timing at each operating condition, as presented in Figure 6. 
MBT was more advanced at a higher speed, as expected.

Figure 7 presents pressure traces and heat release rates at 
MBT for different engine speeds. As expected, a lower engine 
speed operation had a higher volumetric efficiency, evidenced 
by the higher in-cylinder pressure before the flame was initi-
ated. In order to better provide the engine performance to the 
numerical simulation community, detailed information is 
presented in Table 5. A higher engine speed operation reduced 
the IMEP mostly because the lower mass of fuel per cycle. The 
COV of IMEP was lower than 1%, indicating a very stable and 
repeatable combustion process. Figure 8 shows that NOx emis-
sions were the highest at 1100 rpm, probably because this 
condition has the highest local temperature despite the shorter 
residence time compared to the baseline condition (900 rpm). 
The pressure-peak location was the same for the speeds where 
the MBT occurred at -20° CA (9.6° and 9.8° ATDC at 1100 
and 1300 rpm, respectively) and the 7% increase in maximum 
pressure brought a 6.5% increase in NOx emissions. UHC emis-
sions reduced at the higher speed but the data was more spread 
at the lower speed (see the error bars).

TABLE 4 Effect of spark timing on engine performance

ST (° ATDC) -5 -10 -15 -20 -25 -30

PCP (kPa) 3271.6 4123.7 4939.9 5566.2 6086.9 6656.9

LPP (° ATDC) 24.4 18.3 13.2 9.2 6.9 5.6

COVPCP 9.49 7.66 5.87 4.74 3.1 2.84

CA50 (° 
ATDC)

22.3 16.1 10.7 6 1.4 -2.6

IMEP (kPa) 686.3 717.5 729.1 724.59 717.2 702.8

COVIMEP 2.19 1.38 0.79 0.65 0.82 1.85
© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.

TABLE 5 Effect of engine speed on engine performance

Engine speed (rpm) 900 1100 1300

PCP (kPa) 4939.9 5191.4 4861.3

LPP (° ATDC) 13.2 9.6 9.8

COVPCP 5.87 4.16 4.44

CA50 (° ATDC) 10.7 6.6 7.1

IMEP (kPa) 729.1 682.5 642.3

COVIMEP 0.79 0.41 0.47
© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.
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Equivalence Ratio Sweeping
The equivalence ratio was varied while engine speed was kept 
constant at 900 rpm and the ST was -15° ATDC (i.e., the MBT 
timing for ϕ = 0.8). The equivalence ratio was swept from ϕ = 
0.7 to 1.0. Only a set experiment was run at ϕ = 0.6 but results 
are not presented since a high cycle-to-cycle variation was 
observed due to several misfire cycles and partial combustion. 
Previous experiments showed how the engine could be operated 
at ϕ = 0.6 with a more advanced ST that helps to develop a 
more complete and stable combustion. Also, other authors 
confirmed that with a retarded ST in a lean burn engine, the 
mixture temperature in the end zone may drop down below 
the misfire temperature [38]. For this reason, high UHC emis-
sions are expected at the leanest condition. However, different 
equivalence ratios are usually compared at a later ST to avoid 
possible knocking phenomena during stochiometric operation. 
During the experiments, the air flow rate was kept constant 
and the equivalence ratio was changed using a different injec-
tion duration. Figure 9 shows the pressure and heat rerelease 
rate during the equivalence ratio sweep and the performance 
results are presented in Table 6.

A higher ϕ accelerated the combustion process due to the 
higher laminar flame speed. In addition, the peak cylinder 
pressure advanced and increased with a higher-ϕ operation. 
IMEP increased with ϕ due to the more chemical energy per 
engine cycle. As expected, the COV of peak cylinder pressure 
and CA50 reduced for a higher ϕ operation, which can 
be explained by a faster and more stable flame development 
process. Similar numerical results were found in other experi-
mental studies [39]. As expected, the COV of IMEP increased 
for leaner operation. However, the values did not exceed the 
limit of 5% that could lead to vehicle drivability problems [1].

Figure 10 shows the emissions concentrations measured 
during the equivalence ratio sweep. CO emissions were higher 
for stoichiometric operation than leaner combustion, as 
expected. UHC are usually widely affected from a change in 
the equivalence ratio. Generally, leaner mixtures produce 
lower emissions until the excess of air reduces the laminar 
flame speed to a level that increases the incomplete combus-
tion. The poor combustion quality has the tendency to increase 
both CO and UHC emissions. However, not all the emissions 
were related to incomplete combustion and unburned fuel in 
the cylinder. As a consequence of the valve overlap, an 
unknown amount of fresh charge is wasted by being directed 
to the exhaust manifold. Future CFD simulations could help 
quantify the effect. NOx emissions peaked at ϕ = 0.8. The two 
major factors that affect the NOx in the exhaust are the initial 

oxygen concentration and in-cylinder temperature. Thus, NOx 
emissions produced during combustion were the result of the 
tradeoff between these two major factors. In fact, even if the 
excess of oxygen at lean conditions can increase NOx produc-
tion, in-cylinder temperature decreases more, so less thermal 
NOx is formed. The peak NOx is usually found near ϕ = 0.9, 
when the lower temperature is offset by the excess of air [1]. 
However, our experiments recorded the NOx peak for ϕ = 0.8.

Overall, the knock-free steady operation at the equivalence 
ratio and engine speed investigated in this study suggested that 
CI engines can be converted to natural gas lean-burn spark 
ignition operation without complex and costly modification, 
particularly for stationary and/or heavy-duty applications. 
Moreover, the premixed combustion inside traditional CI 
engines was characterized by a faster flame propagation, which 
reduced cycle-to-cycle variations even at lean-burn conditions. 
In addition, the ignition timing did not need to be very advanced 
relative to TDC. However, UHC emissions may increase if the 
important mass of fuel inside the squish region will burn at less 
optimally conditions during the expansion stroke (i.e., lower 
pressure and temperature), hence a lower combustion efficiency. 
Furthermore, this study showed that advanced ST increased 
UHC emissions, which was different from the trend observed 
in conventional SI engines with a pent-roof chamber. Moreover, 
advanced aftertreatment devices will be needed to simultane-
ously reduce NOx, UHC, and CO emissions as the exhaust 
temperature and composition are different from those in tradi-
tional stoichiometric SI engines. Consequently, future work will 
focus on using simulations to investigate and optimize the effi-
ciency and emissions of such engines.

Summary and Conclusions
A single cylinder compression ignition research engine was 
modified to natural-gas spark-ignition operation by replacing 
the diesel injector with a spark plug and adding a port fuel 
injection system in the intake manifold. As the experimental 
data in such retrofitted engine are limited in existing litera-
ture, the goal of this study was to provide high-quality experi-
mental data to the numerical-simulation community to 
develop and improve the combustion model and better under-
stand the natural-gas premixed combustion inside a bowl-in-
piston chamber. The main conclusions were:

 • A higher engine speed reduced the motoring pressure 
due to a lower volumetric efficacy.

 • Advancing spark timing increased and advanced the 
cylinder pressure and increased NOx emissions. A higher 
engine speed operation had a more advanced maximum 
brake torque timing due to a delayed flame propagation, 
despite the higher turbulent flame speed. A higher speed 
also reduced the power output per cycle. Leaner operation 
retarded the flame development process and decreased the 
cylinder pressure because of the lower energy per cycle.

 • Such converted engines have some unique characteristics 
compared to conventional spark ignited engines. For 
example, advanced spark timing can produce a dual 
peak in the heat release. Moreover, retarded spark timing 
lowered unburned hydrocarbon emissions.

TABLE 6 Effect of equivalence ratio on engine performance

Equivalence ratio (-) 0.7 0.8 0.9 1.0

PCP (kPa) 4097.7 4939.9 5484.6 5712.9

LPP (° ATDC) 15.25 13.2 12.1 11.8

COVPCP 10.4 5.87 4.65 4.25

CA50 (° ATDC) 14.5 10.7 8.95 8.3

IMEP (kPa) 651.5 717.2 794.8 818.2

COVIMEP 1.58 0.79 0.69 0.56
© 2019 SAE International and © 2019 SAE Naples Section. All Rights Reserved.
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 • The variation of peak cylinder pressure and CA50 were 
relatively small, indicating that the data in this study can 
be used for numerical simulations. In addition, there was 
no knocking phenomena during experiments.
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Definitions/Abbreviations
3D - Three dimensional
ϕ - Equivalence ratio
N - Engine speed
ABDC - After bottom dead center
AHRR - Apparent heat release rate
ATDC - After top dead center
BBDC - Before bottom dead center
BTDC - Before top dead center
CA50 - Energy release centroid
CFD - Computational fluid dynamics
CI - Compression ignition
CO - Carbon monoxide
COV - Coefficient of variation
CR - Compression ratio
IMEP - Indicated mean effective pressure
LPP - Location of peak cylinder pressure
MAP - Manifold absolute pressure
MBT - Maximum brake torque
NG - Natural gas
NOx - Nitrogen oxides
PCP - Peak cylinder pressure
PFI - Port fuel injection
rpm - Rotation per minute
SI - Spark ignition
ST - Spark timing
TDC - Top dead center
UHC - Unburned hydrocarbons
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