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ABSTRACT
Homogeneous Charge Combustion Ignition (HCCI) operating principles have been
widely investigated, yet the uncontrollable combustion of HCCI is the major obstacle in
its development. The combustion characteristics of single fuels have been widely
investigated as the fuel is the most influential factor that determines the HCCI
combustion behavior. However, investigations of auto-ignition behavior for multiple
fuels have not been carried out. This paper investigates various fuel compositions of
Octane and compressed natural gas (CNG), ranging from 10–100% Octane/CNG. The
investigation was done in a constant volume chamber with an 820 C cartridge heater.
Three lambdas were tested for each fuel mixture, namely 0.8, 1, and 1.2. From the
results, it was found that the mixture composition has a major effect on the output of the
combustion of dual fuel and a 20 ms injection gap shows better combustion results due
to the higher percentage of Octane in the hotter regions, as well as the more
homogeneous mixture created. On the other hand, the lambda is a significant parameter
that affects the ignition delay, along with the temperature and droplet size of the
mixture,
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INTRODUCTION
Stringent emissions regulations and significant increases in fuel prices are having a
marked effect on the growth rate of automotive technology development with the
objective of reducing fuel consumption and improving engine efficiency [1-4] .
Controlled auto-ignition based combustion systems such as homogeneous charge
compression ignition (HCCI) [5-9], stratified charge combustion ignition (SCCI) [10],
premixed charge compression ignition (PCCI) [11] and reactivity charge compression
ignition (RCCI) [12, 13] are recent engine developments with high efficiency, and low
emissions and fuel consumption. These combustion systems are proven to be able to
significantly reduce the fuel consumption and exhaust emission, but with drawbacks in
performance and operating range.
The fuel type is the most significant parameter in the auto-ignition behavior of a
mixture [14, 15] in controlled auto-ignition based combustion systems such as HCCI. A
significant number of experiments and simulations aimed at improving the
understanding of the auto-ignition process have been carried out [16-18]. These earlier
experiments were done with either a constant volume chamber, shock tube or rapid
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compression machine (RCM). Furthermore, most of these investigations used a primary
reference fuel (PRF) composition that had similar ignition delay properties to those of
commercial fuel in order to get a better understanding of the auto-ignition process [19].
The most common PRFs are heptane and iso-Octane [20]. It was found that the low
temperature reaction is dominant in heptane, diesel or any other high reactivity fuel
auto-ignition process, as shown by the occurrence of cool flame phenomena and the
existence of a negative temperature coefficient (NTC) [21]. On the other hand, the high
temperature reaction is dominant in the iso-Octane auto-ignition process [22].
Nevertheless, these characterizations have been mainly done on single fuels and are yet
to be applied on a multi-fuel system. Earlier research indicates that each fuel has its own
properties that can be utilized in the effort to control the auto-ignition process [22]. In
order to fully utilize every fuel’s characteristics, combinations of fuels are proposed as
the solution in controlling the auto-ignition process. The dual fuel option in the CAI
combustion system generally focuses on the combination of high reactive fuels such as
diesel and heptane with a low reactive fuel such as gasoline [23]. The high reactive fuel
acts as the pilot igniter for the low reactive fuel in order to control and start the
combustion process. A predictable and short combustion delay is shown by this fuel
combination, and increases the controllability of the combustion process. Furthermore,
the fuel combination method is also able to increase the combustion output and reduce
the exhaust emission [19].
On the basis of controlling the combustion process by fuel combination, this
paper attempts to explore the possibilities of a low reactivity fuel combination, namely
octane and CNG, where both fuels have high octane numbers, 100 and 120 [24, 25]
respectively. Furthermore, the variation of mixture distribution will also be examined by
varying the injection gaps between the fuels.
EXPERIMENTAL SETUP
This study performs an experimental investigation on the auto-ignition behavior of dual
fuel (Octane-CNG) in a constant volume combustion chamber shown in Figure 1. A
probe heater is used to increase the temperature inside the combustion chamber. The
heater temperature is varied from 400 C to 800 C in order to get an auto-ignition from
the mixture. However, a preliminary experiment showed that the heater temperature
must be set above 800 C in order to get a stable auto-ignition from the mixture at a
combustion chamber pressure of 1 bar. Furthermore, oxygen with purity 99.5% is used
to replace air in order to reduce the complexity of the reaction and increase the
probability of auto-ignition occurrence. In the experiment, the Octane-CNG fuel
mixture was tested and the composition was varied from 10–100% Octane/CNG. The
combustion data for these mixtures were obtained for various lambdas (0.8, 1, and 1.2)
in order to get the effect of the lambda on the combustion of the fuel. The injector used
was a Siemens Deka 4 with 3 bars injection pressure and 4.3 g/s delivery rate
(manufacturer’s specification and fueled with gasoline). Due to density variations of the
fuels, the calibration process was carried out in the ambient condition for each fuel to
measure the actual delivery rate of the injector. It was found that the delivery rate for
Octane is 4.6 g/s. On the other hand, the Orbital CNG injector was used with a low
injection pressure, 7.5 bar, and 7.2 g/s mass flow rate. The injectors were positioned at
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90 relative to each other and both directly injected into the combustion chamber
(Figure 1). The lambda was generated by calculating the stoichiometric reaction
between the fuels and oxygen. From the calculation, the required fuel amount of
constant volume was determined and translated to the injector opening by dividing the
total fuel required by the injector delivery rate. Two injection gaps were tested, 0 ms
and 20 ms, to vary the mixture distribution inside the combustion chamber, with Octane
and CNG injected consecutively. The injection gap between the injectors is controlled
by an injector driver that follows the input from the stoichiometric calculations of the
fuels. During the experiment, two-stage flushing was applied. The chamber was
vacuumed to clear all the leftovers from the previous combustion process, then oxygen
was introduced for a period of 15 s to ensure that there was no air left inside the
chamber. The next step was to increase the heater temperature to the set point before the
fuel was injected into the chamber. A single trigger point was used to inject the fuel 0.4
s after the pressure data acquisition started.
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Figure 1. Experimental setup of the constant volume chamber.
RESULTS AND DISCUSSION
In this dual-fuel configuration, both fuels have high Octane numbers. However, Octane
is used as the igniter for CNG due to its auto-ignition temperature and because the
Octane number is lower than CNG. For this reason, the Octane is injected before CNG
in the 0 and 20 ms injection gap arrangement. The effect of the injection gap at various
fuel compositions at lambda 0.8 is shown in Figure 2(a). The mixture composition
causes significant changes in the combustion. Increasing trends on the combustion
efficiency, maximum pressure and total heat release can be observed in Figure 2 for all
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the tested lambdas. It is also shown that the lower limit of Octane composition in order
to have an auto-ignition is 40%. These trends show that the CNG is suppressing the
combustion up to the limit where the Octane–oxygen ratio is too lean, as well as at
higher mixture Octane numbers.

(a)

(b)

(c)
Figure 2. Effect of injection gap in the combustion of Octane-CNG mixtures at
lambda (a) 0.8, (b) 1 and (c) 1.2.
Nevertheless, the 20 ms injection gap results in better combustion performance
compared to the 0 ms injection gap. This behavior is due to the difference in mixture
distribution inside the chamber. The injectors were positioned at 90° from each other
(Figure 2). Most of the Octane is at the bottom part of the chamber due to the collision
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between the Octane injection and CNG injection, while on the other hand the higher
temperature inside the chamber is located at the top of the chamber (Figure 3). This
condition creates highly unfavorable conditions for combustion, with high fuel
stratification (fuel with low Octane number) in the low temperature region while the
high temperature region is combined with high Octane fuel (CNG). This condition
resulted in a lower maximum pressure and total heat release rate (THR), with a longer
combustion delay. The 20 ms injection gap produces a different mixture distribution
from that with a 0 ms injection gap. During the Octane injection process, Octane
reaches the upper side of the chamber, closing in to the hot region of the chamber, and
then the CNG is introduced (Figure 3). In this case, some vaporization of Octane occurs
before the mixture becomes homogeneous due to the CNG injection. The high
stratification of Octane (in the high temperature region) creates a very favorable
environment for combustion to occur and the high-speed CNG injection promotes the
mixing process and creates a higher homogeneity level. This homogeneous mixture will
produce a better combustion output. The combination of stratification in the early stage
and homogeneity in the later stage enables the 20 ms injection gap to produce higher
combustion performance [26].
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Figure 3. Fuel distribution for Octane–CNG mixture with 0 ms and 20 ms injection
gaps.
The mixture Octane numbers resulting from the mixture variation range from
100–120 research Octane numbers (RON). Figure 4 shows the effect of the mixture
Octane number on the combustion of the Octane-CNG mixtures. Linearly decreasing
trends of maximum pressure, combustion efficiency and THR can be observed in both
injection gaps and a significant decrease is observed in the heat release of lambda 0.8
with increase of the mixture Octane number. Due to the low fuel injection pressure used
in this experiment (3 bar), which creates a large droplet size [27], the ignition delay and
combustion behavior are mainly affected by physical rather than chemical delay, which
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primarily comes from droplet heating and evaporation of the liquid fuel [28]. It is shown
in Figure 4 that lambdas 1.2, 0.8 and 1 respectively result in decreasing ignition delay
for all Octane numbers and injection gaps. This trend indicates that the lambda is a
significant parameter in controlling ignition delay as well as temperature. Voglsam and
Winter [29] showed the effect of temperature variation on the ignition delay of Octane
in stoichiometric conditions. A logarithmic scale ignition delay was observed in the
temperature range from 700–1250 K. The ignition delays for 800 C reported by
Voglsam and Winter [29] are in the range of 0.5–1 ms, while in this experiment the
ignition delay ranges from 100–2000 ms, which is a few hundred times greater. The
physical delay from droplet heating and fuel evaporation, along with the CNG addition
in the system, are the main reasons for these significant differences.

(a)

(b)

Figure 4. Effect of Octane number on the combustion of Octane-CNG mixture at
various lambdas at (a) 0 ms injection gap and (b) 20 ms injection gap.
CONCLUSIONS
The results show the significance of the mixture composition, lambda and injection gap
parameters in dual-fuel combustion of Octane-CNG mixture. The mixture composition
is proven to be a very important parameter in the auto-ignition of the fuel mixture. The
combustion efficiency, THR and maximum pressure decrease with the increase in CNG
percentage in the mixtures. The low reactivity of CNG may be the main reason for this
trend. The homogeneity level of the mixture affects the combustion, such that the
combustion produces higher pressure with a high homogeneity level in the chamber,
while the stratified mixture produces less pressure. In the case of low injection pressure,
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the combustion delay is mainly controlled by the physical delay due to vaporization and
the droplet heating process, which could increase the combustion delay a few hundred
times over the delay caused by the chemical reaction. Furthermore, the ignition delay is
mostly affected by the lambda value of the mixture rather than the fuel composition and
total octane number of the mixture.
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