


Methane, % : 92.69
Ethane, % 1 3.43
Carbon dioxide, % : 0.52
Propane, % : 0.71
Iso-butane, % : 0.12
N-butane, % : 0.15
Pentane, % : 0.09
Hexane, % : 0.11
Gross calorific value, M]/m3 : 38.59
Net calorific value, M]/m’ : 34.83
Gross Wobbe number, MJ/m’ : 49.80
Stoichiometric air/fuel ratio : 16.65:1
Net calorific value of diesel fuel, MJ/kg : 42.70
Relative density of diesel fuel : 0.844

Engine Data

The details of engine data are given below
Bore, mm : 76.20
Stroke, mm : 66.67
Engine capacity, cc : 304
Compression ratio : 17:1
Fuel injection release pressure, bar : 183
Fuel injection timing, degree/BTDC : 30

A number of rated power (using diesel fuel) are used and those
are as follows :

2.0 kW at 1500 rev/min, 2.45 kW at 1800 rev/min, 3.70 kW at
2500 rev/min, 4.45 kW at 3000 rev/min and 4.80 kW at
3600 rev/min.

TEST RESULTS

The combustion processes in compression ignition (CI) engines
running on pure diesel fuel can be divided into four stages as
shown in Figure 2. In the gas-fumigated dual-fuel engine, the
primary fuel is mixed outside the cylinder before it is inducted
into the cylinder. A mixture of gas and air is compressed during
the compression stroke and before the end of the stroke, a pilot
quantity of diesel fuel (19.4% - 33.8% depending on the load
and speed of operation) is injected to initiate combustion. In
the present study, the combustion processes in dual-fuel engine
using pilot injection have been identified to take place in five
stages as shown in Figure 3. They are the pilot ignition delay
(AB), pilot premixed combustion (BC), primary fuel ignition
delay (CD), rapid combustion of primary fuel (DE) and the
diffusion combustion stage (EF).

Pilot Ignition Delay

The ignition delay is defined as the time interval between the
start of fuel injection and the start of combustion. The injected
fuel undergoes both physical and chemical processes before the
mixture autoignites. Ignition delay (AB) of this pilot fuel exists
and it is longer than the pure diesel fuel operation. This is
perhaps due to the reduction in oxygen concentration resulting
from natural gas substitution for air.
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A : Start of fuel injection; A - B : period of ignition delay; B : start of
combustion; B - C : premixed (rapid pressure rise) combustion;

C - D : controlled (normal) combustion; and D - E : late combustion
Figure 2 Details of combustion processes in diesel engine

Figure 3 Dual fuel pilot injection pressure crank angle diagram

Premixed Combustion of Pilot Fuel

The spontaneous ignition of the pilot fuel occurs in different
regions within the cylinder. In dual-fuel engine, the pressure
rise (BC) in this phase is moderately low as compared to pure
diesel fuel operation. This is due to the fact that small quantity
of pilot fuel is ready for autoignition. In normal diesel fuel
operation, the premixed combustion is usually accompanied by
rapid pressure rise characterized by diesel knock. The pressure
rise is higher when the delay is longer. This is not the case in
dual-fuel engine and the measured ignition delay showed that
it increases with a decrease in engine speed.

Primary Fuel Ignition Delay

The self-ignition temperature (SIT) of diesel fuel (245°C) is low
as compared to the SIT of natural gas (704°C). In normal diesel
fuel operation, combustion control is governed by the rate of
formation of fresh mixture. The combustion of gas-air mixture
is strongly influenced by the composition, temperature,
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pressure and its motion in the cylinder. There is a finite time
lag between the development of the first and second pressure
rises due to a longer ignition delay of gas-air mixture, a result
of the high self-ignition temperature. The ignition delay is short
as compared with the initial delay period due to the pilot fuel
injection. The pressure decreases slowly (CD) until the actual
combustion of the fumigated gas starts. This was clearly
observed on the oscilloscope and gave two pairs of cursor on
the pressure crank angle diagram (Figure 3) which implied two
normal combustion processes taking place.

Rapid Combustion of Primary Fuel

This is a rapid combustion of the uniform natural gas-air
mixture that has been heated up to the cylinder. This phase of
combustion is very unstable because it started with flame
propagation that has been initiated by the spontaneous ignition
of pilot fuel in the prevailing conditions of knock. It is charac-
terized by audible metallic knock when the primary fuel is
supplied in excess of the pilot fuel. The pressure here, rises and,
therefore, the knock depends on the ratio of the primary fuel
to the pilot diesel fuel. Increasing the pilot fuel and decreasing
the primary fuel will not only reduce the delay period but will
eliminate combustion knock under this phase. This second
pressure rise does not cause operating problem since it occurs
in an increasing cylinder volume.

Diffusion Combustion Stage

This combustion stage starts at the end of rapid pressure rise
and continues well into the expansion stroke. This is probably
due to the slower burning rate of natural gas and perhaps due
to the presence of diluents from the pilot fuel. The natural gas
mixed well with the air during the fumigation process and this
helps to ensure continuous combustion in the expansion stroke.
Some gas-air mixture may escape combustion under this phase
due to low oxygen concentration, valve overlap, flame quench-
ing on the walls or the effects of crevices. The success of this
phase primarily depends on the length of ignition delay.
Advancing injection timing with moderate gas flow will
shorten this undesirable long burning rate.

HEAT RELEASE RATE

Figure 4 shows a typical heat release rate diagram of Figure 3
of dual-fuel operation. This diagram compares with Figure 5 of
diesel fuel operation. These diagrams show burned angles, rates
of pressure rise and delay periods. The heat release delay is
interpreted at the start of the measured upturn in the heat
release rate diagram. The start of pressure rise as seen on the
oscilloscope corresponds approximately to the slightly earlier
point at which the heat release rate goes positive. The heat
release diagram of diesel fuel operation (Figure 5) shows an
apparent negative heat release prior to the main start of com-
bustion. This is due to the cooling effect of the injected liquid
fuel. This effect is not apparent with the dual-fuel combustion
processes. It is thought that preoxidation of the gas had started
before pilot fuel injection began. The pilot fuel then flattened
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Figure 4 Dual fuel pilot injection heat release diagram
(engine speed : 3600 rev/min, engine torque output, Nm : 5.15)

Figure 5 Heat release diagram of diesel fuel operation (engine speed :
3000 rev/min, engine torque output, Nm : 9.65)

the heat release rate within this region. Figure 4 shows the initial
heat release due to pilot injection. This diagram indicates that
combustion continue well into the expansion stroke. Figure 5
of diesel fuel operation shows early heat release rate. It shows
that the diesel fuel operation releases heat before top dead centre
(TDC). The behaviour is explained by considering the high SIT
of the natural gas, suggesting that more energy is required to
initiate combustion. At low speed and load, the dual-fuel
operation presented an improved modified diagrams compara-
ble to diesel fuel operation as shown in Figure 6. This was
thought to be due to time available for fuel preparation and
burning process. These analyses indicate that the combustion
characteristics of dual-fuel is influenced by the engine load,
speed and combustion temperature. It is imperative to indicate
that changes in heat transfer interferes with the correlation
between the calculated heat release and the fuel consumption.
This explains the net rate of heat release diagrams obtained for
these fuels.
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Figure 6 Dual fuel pilot injection heat release diagram (engine speed :
2400 rev/min, engine torque output, Nm : 8.9)

Figure 7 Comparison of ignition delays at 3000 rev/min
DUAL-FUEL DELAY PERIODS

Ignition delay was mentioned here as one of the stages of
combustion processes. Figure 7 compares the plots of ignition
delay measured at the engine speed of 3000 rev/min with
varying loads. The values measured represent the start of com-
bustion before the piston reaches top dead centre. In the gas-
fumigated dual-fuel engine, the measured data indicated that
ignition delay increases with decreased engine speed. This is
contrary to the established fact on pure diesel fuel operation
which shows that delay period increases with increase in engine
speed. The increase in delay period with decreasing speed is
likely to be due to reduced turbulence in the combustion
chamber. So at low speed, greater proportion of pilot fuel will
take part in premixed combustion and, hence, increasing the
tendency of diesel knock. The plots indicate that the ignition
delay of dual-fuel operation is longer than those of diesel fuel
operation. Again, the SIT of natural gas is higher than that of
diesel fuel. A mixture of gas and air was inducted in the cylinder
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and the temperature attained at the end of compression was
lower than the SIT of the gas. The spray characteristics of pilot
fuel in relation to the size, shape and velocity are bound to
change in the prevailing conditions of a mixture of gas and air.
A very poor automization will result in a relatively long delay
period perhaps due to the slow development of very fine
droplets. Increasing gas supply increases the delay period
through its effect on pre-chemical reactions. It was thought that
greater quantity of heat was required to preheat the mixture
while chemical reactions were taking place. This would have an
adverse effect in reducing the temperature and pressure of the
charge with consequence of increase in delay period.

CONCLUSION

The use of natural gas as primary fuel in an unmodified diesel
engine has been carried out with great success. Natural gas 1s
fumigated during induction stroke and small quantity of pilot
diesel fuel is injected for the purpose of initiating combustion.
The combustion process of dual-fuel engine was noted to lie
between that of CI engine and SI engine leading to five-stages
of combustion processes, unlike the four combustion stages of
pure diesel fuel operation. It involves an evolution of two stages
of ignition and combustion processes, respectively (that is, a
longer ignition delay joined with low sudden pressure rise due
to combustion of pilot fuel, a short delay period joined with
higher pressure rise due to combustion of primary fuel and
finally the diffusion combustion stage). The ignition delay of
dual-fuel engine increases with decrease in engine speed, in
contrast with pure diesel fuel operation. The heat release and
cylinder pressure crank angle diagrams indicated that dual-fuel
operation exhibited longer ignition delay with slower burning
rates. The maximum peak cylinder pressure was reduced and
the initial rate of pressure rise was low as compared to diesel
fuel operation. The heat release diagram showed that the initial
rate of heat release was also less than it was the case with pure
diesel fuel operation. The delay period, engine speed, load,
mixture composition and system temperature are some of the
factors noted to influence the combustion characteristics of
dual-fuel engine. The part-load poor performance of dual-fuel
engine was improved through enrichment of pilot fuel.
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