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ABSTRACT

This paper presents the effects of liquid natural gas on a heavy-duty diesel engine. Natural gas was used as
primary fuel, while a pilot amount of diesel was used as an ignition source. The amount of each fuel was
adjusted to obtain comparable brake torque and power output from the dual engine operation, while no
knocking was observed. The engine performance and emissions from the diesel and dual fuel engine tests
were conducted over the engine speed range between 1100 and 1900 rpm. The engine performance
included torque, power, specific fuel consumption (SFC), volume efficiency, and thermal efficiency. The
emissions tested were total hydrocarbon (THC), nitrogen oxides (NOy), carbon dioxide (CO;) and carbon
monoxide (CO) emissions. The results showed that the maximum portion of natural gas in the dual fuel
engine operation was up to 77.90% at 1300 rpm. Compared to the diesel operation, the dual fuel operation
showed less specific fuel consumption, thermal efficiency, and volumetric efficiency. The emissions of THC
and CO from the dual fuel engine operation were higher, while the emissions of NO, and CO, were lower.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Global energy demand has recently been increasing and is
projected to reach 12 MTOE by the end of 2012 [1]. Consequently,
the high demand of energy consumption has led to the problem of
global warming, which is mainly caused by the fossil fuel com-
bustion that produces greenhouse gases. Diesel is one of the main
fossil fuels currently used in the transportation and industrial
sectors. Demand for diesel consumption is expected to grow
continuously as a result of the dramatic increase in vehicles,
especially in many Asian countries such as China, India, Korea, etc.

In seeking a compromise between the need for increased energy
while at the same time reducing carbon dioxide (CO,) emissions,
alternative fuels have been found to be a viable alternative to
conventional fossil fuels. Among the alternative fuels, natural
gas has emerged as a preferred fuel in the transportation sector
due to its advantages, such as greenhouse gas reduction, better
combustion efficiency, attractive cost, renewability through the
biomass production processes, etc.
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Natural gas in the transportation sector can be used in the form
of compressed natural gas (CNG) and liquid natural gas (LNG).
Presently, CNG is gaining popularity in automobiles mainly due to
its lower cost, while the use of LNG is mainly used for transportation
and electricity production. Compared to CNG, LNG offers advan-
tages, such as easier transportation, storage, and safety. Key chal-
lenges for LNG in terms of achieving a global market share,
however, are the lack of ifrastructure, harmonized standards and
regulations, adoption of the automobile manufacturers, and retrofit
systems [2]. Previous studies have shown that LNG has proven to be
the most viable option for long-range use due to its greater liquefied
state compared to the CNG system in terms of economic potentials
[3—5], environmental aspects [6], and technical performances [7,8].

Although natural gas finds its major uses in transportation due
to its availability and environment benignity, it is still limited to
small engines, especially spark-ignition (SI) engines, and is rarely
found in large diesel engines. Therefore, the utilization of natural
gas as the main fuel for large or heavy diesel engines seems to show
more impact in terms of their operations because most trans-
portation fleets are diesel operated. It is widely known that natural
gas engines normally produce less power than diesel engines [9,10].
Moreover, another severe problem of the natural gas-diesel dual
fuel engine is knocking phenomena [9,11—13]. Generally, knocking
is still a main problem in small dual fuel engines, as reported in
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previous studies [14—16]. This problem is even more pronounced
for the utilization of gaseous fuel in large diesel engines. For this
reason, natural gas is mostly used as a minor fuel in dual-fuel en-
gine operation. Therefore, it is a key challenge to alleviate knocking
problems when utilizing gaseous fuel in large dual-fuel engines
while maintaining it as a major fuel [17,18].

The objective of the present work was to examine the effects of
natural gas on the operation of a large dual diesel engine, including
engine performance and emission characteristics. The engine per-
formance tests included the following: brake torque, brake power,
thermal efficiency, volume efficiency, and specific fuel consump-
tion (SFC). The emissions testing included total hydrocarbons
(THC), nitrogen oxides (NOy), carbon monoxide (CO), and CO5. The
engine tests were conducted at full load condition and at a wide
range of engine speeds without knocking problems. Natural gas
was used as primary fuel, while a pilot amount of diesel fuel was
used as an ignition source.

2. Experimental

As previously mentioned, the primary purpose of this experi-
mental study was to examine the effects of LNG on a large diesel
engine, where LNG was used as the main fuel. The basic properties
of the fuels are given in Table 1. The engine used in the present
study was the Hyundai D6CA (Direct Injection). The detailed
specifications of this engine are shown in Table 2. The diesel-engine
modification was done by installing LNG system. To avoid knocking,
diesel injection timing and injection duration for each fuel were
adjusted by ECU. Knocking was monitored by two knock sensors.

The engine was coupled to an AVL AC-dynamometer (up to
490 kW) rated at 2500 Nm and a maximum speed of 7500 rpm. The
engine was dual-fuel operated at full load with speeds between
1000 and 2000 rpm. The Horiba (Model Mexa-7100 D) exhaust gas
analyzer was equipped to measure the emissions. CO and CO; were
analyzed using the non-dispersive infrared technique, while THC
and NOy were analyzed using a flame ionization detector and a
chemi-luminescent detector, respectively. The experimental setup
is shown in Fig. 1. The electronic fuel injection system was used to
control the amount of each fuel. The experimental data presented
represent the average of the duplicated tests.

Brake thermal efficiency and SFC were calculated using Equa-
tions (1) and (2).

Power x 100%

Meh = (mp x Diesel Heating Value) + (myg x Gas Heating Value)
(1)
mp +m
SFC = ( D NG) (2)
Power
Table 1
Fuel specifications.
Fuel Properties Value
LNG Composition
e CHy4 (vol.) 99.80%
e CyHg (vol.) 0.10%
e N (vol.) 0.10%
Density (g/L) 415
Tank temperature (°C) -162
Tank pressure (bar) 8—16
Regulator and injector pressure (bar) 6 bar
Lower heating value (kJ/kg) 49,244
Diesel Density at 15 °C (kg/L) 0.8504
Lower heating value (kJ/kg) 43,400

Table 2

Engine specifications.
Model D6CA(L-ENG)
Displacement (cc) 12,920
Bore x stroke (mm) 133 x 155
Maximum power (PS/rpm) 440/1800
Maximum torque (kg m/rpm) 197/1400

Cooling type Water cooling

Fuel supply system Direct injection
Cylinders 6 in line

Compression ratio 17 :1

Aspiration Turbocharge intercooler

where 7, = thermal efficiency (%)

mp = diesel flow rate (kg/hr)
rng = natural gas flow rate (kg/hr)

3. Results and discussions

As already mentioned, one of the main goals of the present work
was to retain comparable engine performance after engine modi-
fication while maximizing the gaseous fuel. Fig. 2 shows the re-
lations between brake torque and power at different engine speeds
at full load condition. It can be clearly seen from the figure that the
torque and power of the dual fuel operation were comparable to
those of the diesel operation, less than 2.10%. Generally, for a small
engine, it is expected that torque will increase as engine speed
increases until it reaches the maximum point. After that, torque
decreases at a higher speed because of the inability of the engine to
ingest a full charge of air. As shown in Fig. 2, for the engine speed
ranging from 1100 to 1600 rpm, torque remains constant and starts
to drop after the engine speed of 1600 rpm. This trend can also be
observed for both normal diesel and dual fuel engine operations.
Since large heavy-duty diesel engines are normally designed for
very high torque at a low speed range, torque starts to decrease
when the engine speed increases. For this reason, the increase of
torque at low engine speed was not observed. Also, as shown in
Fig. 2, the power increases with engine speed and then consider-
ably decreases at higher speeds of 1900 rpm. This is due to the fact
that friction losses increase with speed and become a dominant
factor at very high speeds.

Generally, for a small dual fuel engine, the pilot amount of diesel
fuel is normally injected at a constant rate to cover the mechanical
losses of the engine. The amount of injected gaseous fuel is then
adjusted to increase the power output where a knocking problem is
not observed, as reported in previous studies [19—22]. However, it
is worth pointing out that knocking easily occurs in medium to
large dual fuel engines because of the greater distance for the flame
to travel. To avoid the knocking problem while maintaining other
desired properties, the pilot amount of diesel fuel should be
adjusted to improve the operating conditions of the dual fuel
[11,12,23]. In the present research, the amount of both natural gas
and the diesel pilot injection was, therefore, adjusted to meet three
main purposes: Firstly, for economic benefits, the natural gas flow
rate should be supplied as high as possible; secondly, the engine
performance of dual fuel operation should be comparable to that of
the diesel operation. Lastly, the knocking phenomena must be
avoided, which is a key challenge for large diesel engines, as pre-
viously mentioned.

Fig. 3 compares the amount of each fuel consumed under normal
diesel and dual fuel operations. Under normal diesel operation, the
diesel flow rate seems to increase as the engine speed increases and
then rapidly decreases at the speed of 2000 rpm, corresponding
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Fig. 1. The experimental setup.

to the sharp power drop, as shown in Fig. 2. For dual fuel operation,
the consumptions of fuels were obviously divided into three regions
based on the engine speed: low engine speed range (1100—
1300 rpm), medium engine speed range (1300—1800 rpm), and
high engine speed range (1800—2000 rpm).

In the low engine speed range, as the engine speed increases,
the portion of natural gas increases from 69.33% at 1100 rpm to
77.90% at 1300 rpm. The lower engine speed resulted in less natural
gas. This was due to the fact that natural gas has longer ignition
delay and slower burning rates compared to diesel. Less natural gas
must be supplied, which leads to an acceptable rate of pressure rise
and prevents diesel knock [9—12]. For the medium engine speed
range, higher engine speed results in higher pilot diesel and less
natural gas portions. This is because of the increase in mechanical
losses, which are dominant at high engine speed [18,19]. More
input energy from the combustion of both fuels was required for
the dual fuel engine. Since diesel fuel shows higher energy density
and volumetric efficiency compared to that of natural gas, a greater
portion of diesel must be supplied to provide enough power, which
is comparable to single diesel operation. The results in this study
agreed with the previous investigation by Mohamed [15], that for
dual fuel engine operation, an increase in diesel fuel injection leads
to greater energy release on ignition, improved pilot injection
characteristics, a larger-size envelope of gaseous-entrained
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Fig. 2. Brake torque and power at different engine speeds.

mixture, and a larger number of ignition centers, resulting in
larger output power and higher thermal efficiency [14,15]. Fig. 3
shows that the portion of natural gas in the dual fuel engine
operation was up to 77.90% at 1300 rpm, which represents a key
success in a large diesel engine, as previously mentioned. In the
high engine speed range, the portion of natural gas in the dual fuel
engine operation decreased significantly, while the opposite trend
was observed for that of diesel fuel. This is because a higher portion
of natural gas always leads to knocking problems when the engine
is operating at a very high speed. The portion of natural gas must be
supplied as little as possible in order to avoid knocking.

Thermal efficiency and specific fuel consumption are shown in
Fig. 4. As can be seen in the figure, the thermal efficiency of the dual
fuel operation was less than that of the single one, averaging less
than 3.50%. However, in the practical speed range (less than
1700 rpm), the specific fuel consumption of the dual engine oper-
ation was slightly lower than that of the single operation. As pre-
sented in Equations (1) and (2), the brake thermal efficiency
indicates how efficiently the input energy is converted to useful
output energy while brake specific fuel consumption shows the
rate of fuel consumed per output power [24]. Therefore, the dual
fuel operation was more economically attractive because of the
much cheaper price of natural gas compared to that of diesel.
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Fig. 3. The amount of each fuel consumed under normal diesel and dual fuel
operations.
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For the engine speed higher than 1700 rpm, the fuel consumption
of the natural gas increases rapidly while the thermal efficiency
significantly drops. Nevertheless, this condition is rarely used in a
normal operation.

Fig. 5 shows the volumetric efficiency at various engine speeds.
For both normal diesel and dual fuel operations, the volumetric
efficiency decreases as the engine speed increases. Since-large or
heavy-duty engines are designed for low-speed and high-torque
operation, high volumetric efficiency was observed at lower
speed. Compared to the dual fuel operation, the diesel operation
showed higher volumetric efficiency. It is worth noting that, in
Fig. 5, the volumetric efficiency of the normal diesel operation was
102.7%. This is because the tested engine was installed with a
turbocharger. After natural gas is supplied into the dual fuel oper-
ation mode, natural gas substitutes the fresh-air charge and leads to
lower volumetric efficiency [23]. Approximately 2.73% reduction in
the volume efficiency was observed.

The results from the emission measurements, including THC,
NOy, CO, and CO,, are shown in Figs. 6—9, respectively. THC emis-
sions, which mainly consist of unburned hydrocarbons, represent
combustion efficiency. Normally, THC emissions are very low for a
diesel engine. As shown in Fig. 6, the THC emissions from the diesel
fuel operation remained constant (less than 35 ppm) for the tested
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Fig. 5. Volumetric efficiency at various engine speeds.
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Fig. 6. THC emissions at various engine speeds.

speed range. For the dual fuel operation, it showed significantly
higher THC emissions (approximately 5,085 ppm) than the diesel
operation. This was caused by the higher proportion of the escape
of gases due to several factors, such as slower burning rate, lean
combustion, and valve timing [9,12,19]. The variation of the THC
emissions showed no clear trend over the engine speeds tested.
This was due to the fact that not only does the engine speed affect
THC emissions, but the amount of each fuel injected also has an
effect on these emissions [18]. At a speed range between 1200 rpm
and 1500 rpm, the increase of the engine speed results in a decrease
of THC emissions. This resulted from the increase of air-fuel mixing,
leading to better combustion. Above the engine speed of 1500 rpm,
the increase of the engine speed results in a significant increase in
THC emissions. This can be explained by the fact that, in this engine
speed range, the engine was run with less gaseous fuel, which
resulted in a decrease in the burnt gas temperature. This conse-
quently leads to less oxidation of unburned hydrocarbons and
higher THC emissions [18].

NO, emissions from the internal combustion engine are the
product of the oxidation of atmospheric nitrogen within the cyl-
inder, which are directly proportional to the combustion temper-
ature. The effect of engine speed on the NOy emission is shown in
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Fig. 7. NO, emissions at various engine speeds.
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Fig. 7. For both diesel and dual fuel operations, NOy emissions
slightly decreased with engine speed. As expected, the dual fuel
operation significantly showed fewer NO, emissions than with the
diesel operation. This resulted from the lower combustion tem-
perature. The results of this study are consistent with previous
research [14,19,25].

Fig. 8 shows the variation of CO emissions with respect to engine
speed. Normally, CO emissions in a diesel engine are low compared
to those of a gasoline engine. Therefore, compared to diesel fuel
operation, the dual fuel operation showed considerably high CO
emissions for all of the engine speed ranges tested. As expected, the
trend of the CO emissions was similar to that of the THC emissions.
At an engine speed range between 1100 rpm and 1500 rpm, an
increase in engine speed results in a decrease in CO emissions. This
can be explained by the increase of the air-fuel mixing rate, leading
to better combustion, as discuss previously [23]. Above the engine
speed of 1500 rpm, CO emissions increased with engine speed. This
can possibly be explained by the less time available for gaseous
combustion, which possesses a low combustion rate and results in
higher CO emissions [18,19].

CO, emissions are an indicator of combustion efficiency.
Fig. 9 shows the effect of engine speed on the emissions of CO,.
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Fig. 9. CO, emissions at various engine speeds.

For both diesel and dual fuel operations, CO, emissions decreased
as engine speeds increased because of the decrease in combustion
efficiency. At higher engine speeds, the results were consistent with
the increase of THC and CO emissions. However, at a low engine
speed range, no correlation among CO,, THC, and CO emissions was
observed. This is due to the fact that, at this low engine speed range,
the air-fuel ratios are lower than those at higher speed ranges,
which yield higher CO, emission [12]. Compared to diesel opera-
tion, the dual fuel operation showed significantly lower CO,
emission for all engine speeds due to the higher hydrogen-to-
carbon ratio.

4. Conclusions

In this study, the effects of natural gas on a large diesel engine
were investigated. Natural gas was used as the primary fuel, while a
pilot amount of diesel was used as an ignition source. The amount
of each fuel was adjusted to avoid knocking, and the brake torque
and power output from the dual engine operation were comparable
to those of diesel operation. The engine performance and emission
characteristics were conducted at full load condition, and at an
engine speed range of between 1000 rpm and 2000 rpm. The
following conclusions can be drawn:

1. The portion of natural gas depends on the engine speed. For a
speed range of between 1300 rpm and 1800 rpm, the portion of
natural decreases with engine speed. The maximum portion of
natural gas in the dual fuel engine operation was 77.90% at
1300 rpm.

2. The thermal efficiency of the dual fuel operation was less than
that of the single fuel operation, averaging less than 3.50%. In
terms of the practical speed range of a diesel engine, which is
less than 1700 rpm, the specific fuel consumption of the dual
fuel engine operation was slightly lower than that of the single
operation.

3. For both diesel and dual fuel operations, volumetric efficiency
increased with engine speed. The diesel engine operation showed
higher volumetric efficiency than the dual fuel operation.

4. Compared to diesel operation, the dual fuel engine operation
showed higher THC and CO emissions, while the emissions of
NOy and CO, were lower.
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