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Combustion and Performance of Syngas Dual Fueling in
a Cl Engine with Blended Biodiesel as Pilot Fuel
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Simulated syngas produced from biomass gasification was evaluated in a
compression ignition (Cl) engine under a dual fueling mode. Syngas is an
economical solution with a carbon-neutral system that could replace
petroleum diesel fuel. Syngas can be introduced into Cl engines through
a dual fueling process. However, syngas dual fueling combustion is very
complicated because it consists of several combustion phases. In addition,
Cl engines operating under the syngas dual fueling mode suffer from low
performance. Therefore, this study examined the performance of syngas
dual fueling in a Cl engine with blended biodiesel as pilot fuel. Two types
of simulated syngas, namely typical syngas and high hydrogen syngas,
were considered. The simulated high hydrogen syngas was assumed to
be the product of biomass gasification with introduction of a carbon dioxide
adsorption. The effect of carbon dioxide removal from syngas on the
performance of syngas dual fueling in a Cl engine at constant engine
speed, half load, and different pilot fuel substitution rates was investigated.
The combustion characteristics showed a maximum pilot fuel substitution
of up to 47% with simulated syngas. Better engine performance was
achieved with the simulated typical syngas in terms of brake specific
energy consumption and brake thermal efficiency.
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INTRODUCTION

The internal combustion engine (ICE) is a very important lightweight power source
that generates useful power or heat. The operation of this particular engine requires
attention for further improvement in its combustion and performance characteristics. The
ICE has generally been dependent on fossil fuel to generate power. However, the current
depletion of fossil fuel has resulted in the exploration of alternative fuels that also affect
economic development and environmental protection. Gaseous fuels from biomass
gasification are effective substitutes for fossil fuels due to their capability to generate cost-
effective power, which produces very low level of greenhouse gases when combusted in
an ICE (Henham and Makkar 1998; Bika 2010). Power production from biomass
conversion is a cost-effective economical solution to produce power due to the availability
of suitable renewable biomass feedstock for the gasification process (Bika 2010).

Synthesis gas or syngas is the product of solid biomass feedstock conversion, which
is a mixture of about 40% combustible gases and 60% noncombustible gases. The
conversion process, i.e., gasification, involves incomplete combustion of biomass
feedstock. The combustible biomass gases are mainly a combination of carbon monoxide
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(CO) and hydrogen (H2), with only a small amount of methane (CHa). The non-combustible
gases are mainly made up of nitrogen (N2); however, a significant percentage of carbon
dioxide (CO2) is also included (Shilling and Lee 2003). Different types of feedstock can be
used for syngas production; hence, fluctuating syngas compositions are produced (Bika
2010; Hagos et al. 2013; Hagos et al. 2014).

Biodiesel is a fuel that can be used as a substitute for petroleum diesel, and it is
produced from biodegradable and toxic free biological materials such as vegetables and
animal fat (Zhang et al. 1998). Biodiesel represents the long-chain fatty acids as monoalkyl
ester oxygenated fuel (Ong et al. 2011). Biodiesel is an environmentally friendly fuel
because it produces lower levels of carbon and smoke when combusted in a Cl engine
(Murayama et al. 1984). The use of higher cetane number of the biodiesel has made it
possible to increase its level of substitution in blended fuel for Cl engines (Ong et al. 2011).
Furthermore, biodiesel is not aromatic, and it contains around 10 to 11% oxygen on a mass
basis. Therefore, biodiesel can be utilized in a diesel engine with little or no modification of
the equipment (Ong et al. 2011). However, biodiesel has a higher viscosity, which can lead
to injector coking, biodiesel cloud point, and pour point that are higher than with petroleum
diesel fuel. The disadvantage of biodiesel is its lower heating value or energy content
compared with petroleum diesel (Ng et al. 2011). In addition, biodiesel produces reduced
performance with a higher level of nitrogen oxides (NOx) emission when combusted in Cl
engine, compared to petroleum diesel fuel. Furthermore, biodiesel is less efficient than
petroleum diesel, and its price is high (Nettles-Anderson and Olsen 2009).

Dual fuel combustion is very complicated, as the process involves several modes
of combustion. The diesel fuel auto-ignites first, followed by the gaseous fuel mixture
flame propagation, in which the mixture auto-ignites at the end gas. The operation of a
syngas-diesel-dual fuel engine negatively affects the engine’s efficiency due to the lower
heating value of syngas as compared to petroleum diesel. Therefore, improvements are
highly needed to optimize the dual fuel combustion of syngas-diesel fuels in CI engines in
order to achieve a better performance. The effect of using blended diesel-palm oil biodiesel
and syngas fuel on the combustion performance of a Cl engine operating under dual fuel
mode was studied as an alternative to improve engine efficiency.

In a dual fuel process, two different fuels are used to operate the engine, namely
primary gaseous fuel and secondary pilot fuel. The gaseous fuel, such as gasification gas,
hydrogen, or natural gas, is mixed with air and carbureted into the air intake. The mixture
is then compressed inside the combustion chamber similar to the normal CI engines, and it
is combusted after injecting a small amount of pilot fuel at the end of the compression stage
(Lambe and Watson 1992; Bika et al. 2009; Saravanan and Nagarajan 2009). The
combustibility of the two used fuels in the dual fuel mode provides substantial energy with
stable ignition. Furthermore, the combustion system can be exchanged from the dual fuel
to the normal pilot mode at any time. The dual fuel concept is a possible way for using
gasification gas in Cl engines, but most of the recently developed dual fuel engines use the
spark ignition (S1) system for combustion purposes (Von Mitzlaff 1988; Ando et al. 2005;
Pushp and Mande 2008). Dual fuel combustion in Sl engines is not stable, especially at a
high engine load due to gasification gas fluctuation. Therefore, dual fuel combustion
cannot be applied to all diesel engines. For example, knocking and ignition delay occur
when gasification gas is combusted in diesel engines with high compression ratios due to
very high pressures (Kaupp and Goss 1981). Furthermore, direct injection (DI) diesel
engines can be normally converted into dual fuel engines, due to its low compression ratios.

Among the engine side modifications adopted in diesel engines, dual fueling is
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popular in recent research. Dual fueling is mainly preferred over the others due to
combustion temperature stabilization and controlling of emissions. Few researchers have
performed syngas dual fueling in CI engines operating with other pilot fuels such as
biodiesel instead of petroleum diesel. Ramadhas et al. (2008) used producer gas from coir-
pith for the dual fueling of a CI engine running with rubber seed oil as the pilot fuel. The
purpose was to investigate the engine performance at different substitution rates and load
cases. It was found that specific energy consumption is higher when the engine operates
under the dual fueling process rather than the single diesel operation for all load levels. At
higher levels of engine loading, the achieved pilot fuel substitution rate was greater.

Honge oil and honge oil methyl ester (HOME) have also been used as pilot fuels in
a Cl engine under producer gas dual fueling (Banapurmath et al. 2008; Banapurmath and
Tewari 2009). The study was conducted to evaluate the performance of producer gas dual
fueling in a CI engine operating with honge oil and HOME, with and without a gas
carburetor for various injection pressure and timing. The engine performance improved
with the combination of all the tested fuels and the application of a producer gas carburetor.
Timing is important in this process; thus improved engine efficiency was obtained when
the injection timing was advanced, with or without the producer gas carburetor. Operating
the engine under producer gas dual fueling with HOME as the pilot fuel produced higher
efficiency than using honge oil, but still lower than a petroleum diesel operation.

Deshmukh et al. (2008) investigated the performance of producer gas dual fueling
in a Cl engine operating with diesel and esters of hingan oil as the pilot fuel for different
load cases and pilot fuel substitution rates. The engine performance was analyzed with the
use of producer gas produced from biomass gasification (hingan shell). Higher specific
energy consumption was noticeable with an engine dual fueling operation rather than a
single liquid fuel operation for all load levels, but the part loading case was the best for the
dual fueling case. The engine thermal efficiency was lower with the producer gas dual
fueling, when compared to the normal liquid operation, be it diesel or HOME.

In the study conducted by Singh et al. (2007), producer gas dual fueling showed
better thermal efficiency when biodiesel was used in a Cl engine as the pilot fuel, rather
than diesel at two different compression ratios. Biodiesel was produced from three different
sources including jatropha, karanja, and rice bran oil. The use of the rice bran oil as the
pilot fuel has resulted in higher brake thermal efficiency with a lower NOx emission
compared with other biodiesel sources, either in single fueling mode or in a producer gas
dual fueling operation. The maximum pilot fuel substitution up to 86% was obtained with
the producer gas dual fueling operation when biodiesel was used as the pilot fuel. A higher
pilot fuel substitution rate (78.34%) was presented with producer gas dual fueling when
biodiesel from karangan oil was used as the pilot fuel at medium engine load (63%).

Hassan et al. (2011) conducted an experimental study to compare the performance
when different blends of vegetable oil and diesel were used as pilot fuel rather than diesel,
under a producer gas dual fueling operation with the variations of engine load and pilot
fuel injection timing. The engine operation with blended vegetable oil and diesel under
producer gas dual fueling led to lower brake thermal efficiency and diesel replacement
ratio, including higher specific energy consumption, compared with the engine operating
with diesel as the pilot fuel under producer gas dual fueling.

The main objective of this study was to investigate the effect of CO2 removal from
syngas on the performance characteristic of syngas dual fueling in a Cl engine operating
with B50 as the pilot fuel. A simulated syngas was used rather than a producer gas obtained
from real biomass gasification because the constituents of syngas are affected by many
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factors during the gasification process. Hence, it would be difficult to examine the effect
of using real syngas in a Cl engine under a dual fueling operation. The CO2 component
was excluded from the simulated syngas because it does not support the combustion but
instead absorbs more heat released, which reduces the cylinder gas temperature as well as
the engine performance.

EXPERIMENTAL

Setup

This section describes the engine test bed and equipment utilized in this study. It
also includes the fuel selection, fuel preparation, and device calibration. Moreover, engine
testing operation conditions along with testing fuel matrix and theory and calculation that
were used to obtain the test data are presented in detail.

Engine test bed
A single cylinder water cooled direct injection four stroke Cl engine was used in
this study. The engine specifications are listed in Table 1.

Table 1. Engine Technical Data

Parameters Specification
Continuous Rating Output 10.5hp @ 2400 rpm
1-Hour Rating Output 12.0hp @ 2400 rpm
Cylinders 1
Combustion Direct Injection
Cooling System Water - Radiator
Injection timing BTDC 17°
Maximum torque kg.fm / rpm 4.42 /1800
Compression ratio 17.7
Specific fuel consumption g/hp.hr 169 @ 2400 rpm
Bore x Stroke 92 x 96 mm
Displacement 0.638 L
F.O. tank capacity 11.0L

The engine was coupled to a hydraulic gear pump, which acted as a dynamometer
to brake the engine. The load exerted on the engine was obtained through the hydraulic
pressure reading by using a pressure gauge located in between a screw type valve and the
gear pump. An 'S’ type load cell was mounted to the lever arm that was bolted to the
dynamometer in order to measure the brake torque exerted by the engine.

An external fuel tank, made from two 1-L beakers, was used to supply the tested
liquid fuel to the engine fuel pump. The liquid fuel was supplied into the fuel pump through
a transparent 3/4" hose from the beaker to ensure that the flow of the fuel could easily be
observed during the experiment. The fuel tanks were placed at a height of one meter above
the injector to enable the fuel to flow into the fuel pump by gravitational force. The liquid
fuel flow rate was determined by measuring the time taken for the engine to consume 5 mL
of fuel. The air intake was modified by removing the air tank and pipes connected to reduce
the air pressure losses and increase the volumetric efficiency, long pipe was connected to
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introduce the air-syngas mixture into the engine through the air intake. Higher volumetric
efficiency was obtained after the air intake modification.

The engine’s combustion characteristics were determined by using a cylinder
pressure sensor mounted to the engine head using a customized adapter. A magnetic type
crank angle sensor mounted to the engine was used to measure the crank angle for every
crank rotation. The pressure and crank angle sensors were connected to a sensor interface
and data logger, respectively. The engine speed was measured by using a photoelectric
sensor through the flywheel rotation, and the reading was displayed through a digital
tachometer. For the temperature measurements, the engine was fitted with three units of
type-K thermocouples to measure the intake, exhaust, and ambient temperatures. The
experiment test bed is shown in Fig. 1.

Hydraulic oil
Cooling Fan

Flowmeter

Hydraulic oil
Reserx\/oir Tank

e— Liquid fuel
‘ tank

Pressure
Regulator

Syngas
Cylinder

Air intake

Fig. 1. Experimental test bed

To deliver ahomogeneous syngas air mixture into the combustion chamber, various
mixing system designs were reviewed, and the design of the mixing device recommended
by Von Mitzlaff (1988) was selected. An air-gas mixing device was developed and
connected into the engine setup for syngas dual fueling operation. It was composed of two
pipes in a T shape; the gas pipe protruded into the air/gas pipe with an oblique cut in order
to increase the active pressure drop for the gas to flow into the mixing device. The oblique
cut was facing the engine inlet. A turbulence grid was attached to the mixer to enhance the
mixing process.

Additional components, such as a non-return valve, pressure regulator, and flow
meter, were incorporated into the diesel engine setup to control the supply of syngas for
the dual fuel operation. The syngas flow rate was calibrated by using a Defender 510
calibrator (Bios International Corporation, Butler, NJ, USA) connected to a water
displacement tank.

Fuel preparation and tested fuel matrix

The four different types of fuels included petroleum diesel, biodiesel, and two
compositions of simulated syngas. The biodiesel was a commercial fuel derived from palm
oil. Properties of used biodiesel fuel is shown in Table 2.
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Table 2. Properties of Biodiesel Fuel

Properties Value
Fuel Biodiesel

Density @ 15 °C (kg/L) ASTM D4052 (1988) 0.875

Sulfur content (wt.%) IP 242/83 (1995) <0.04
Viscosity at 40 °C (CST) ASTM D445 (2009) 4.5
Pour point (°C) ASTM D97 (1996) +15
Flash point (°C) ASTM D93 (2002) 174

Cetane number ASTM D613 (2008) 62.4

Gross heat of combustion (kJ/kg) ASTM D4809 (2013) 40,335
Conradson carbon residue (%wt) ASTM D189 (2014) 0.02

Two syngas compositions were used in this study. The main composition was
selected to represent the typical syngas produced from the biomass gasification, and the
second was selected to represent a syngas with a high hydrogen content produced through
the biomass gasification and CO2 removal processes. The density (p), lower heating value
(LHV) and low flammability limit (LFL) of each syngas composition were calculated based
on the syngas constituents. The properties of selected syngas compositions are presented in
Table 3.

Table 3. Properties of Selected Syngas Compositions

Syngas components (%) Syngas Properties
p LHV LFL N
CO H2 CHs | CO2 N2 (kg/md) | (Jikg) | (%) C:H:O content
gﬁéﬁ 15.00 | 33.00 | 3.00 | 14.00 | 35.00 1.32 6849.61 | 9.90 | 18.0:3.7:32.3
g')'/%g;; 16.57 | 42.61 | 3.85 | 0.00 | 36.97 | 1.09 |10949.97 | 7.81 | 14.6:6.1:16.1

Table 4. Test Fuels Matrix

Case Pilot G - Composition of gaseous fuel (%) s
aseous fue

Number fuel co H. | CHs | CO, Na

l. Diesel - - 0.2

I B50 i } 03

. BSO | Typical syngas | 15.00 | 35.00 | 3.00 | 13.00 | 3400 | 7341

V. B50 High M1 16557 | 42.61 | 3.85 | 0.00 36,97 | 001014
syngas 1.8

Petroleum diesel fuel was used for basic engine testing under a normal diesel
operation without any modification being made to the engine. A blend of B50 was the pilot
fuel for the engine operation under syngas dual fueling. The amount of syngas provided
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for the dual fueling process was controlled to vary the equivalence ratio. The increase of
pilot fuel substitution is related by an increase of the total fuel/air equivalence ratio, as the
increased mass flow rate of the syngas introduced into the air intake considerably decreases
the inhaled air for combustion. Therefore, the fuel/air equivalence ratio was used to
represent the pilot fuel substitution in order to take into account both the syngas and diesel
fuel masses. The test fuels matrix is given in Table 4.

Engine Test and Operation Conditions

The ambient temperature and humidity were recorded for all examined test cases
to correct the performance readings based on the SAE J1349 (1995). The air inlet
temperature was maintained at 25 °C, and the fuel line temperature was approximately 40
°C. Measurements were recorded at 1850 rpm and a constant half load with variation made
to the fuel/air equivalence ratio (¢) under both a normal liquid fuel operation (PFsr = 0%)
and syngas dual fuel operation (PFsr > 0%).

The engine was started at 1850 rpm under pure liquid fuel operation. The engine
speed was increased when a small amount of syngas was provided for the dual fuel mode
operation. The liquid fuel was controlled to return the engine speed to 1850 rpm, and all
measurements were recorded. The previous steps were repeated by providing higher
amounts of syngas fuel for the variation of the PFsr.

RESULTS AND DISCUSSION

The combustion and performance characteristics of the ClI engine operating at the
constant engine speed of 1850 rpm, half load, and injection timing of 17° BTDC under
syngas dual fueling are presented for two types of syngas composition and different
equivalence ratios. The main focus of the study was to experimentally investigate the effect
of CO2 removal from syngas on the performance characteristics of syngas dual fueling in
a Cl engine operating with blended diesel-biodiesel fuel. The effect of syngas dual fueling
on the following parameters was examined: cylinder pressure, heat release rate, maximum
combustion pressure (Pmax), and ignition delay. In addition, the brake specific energy
consumption (BSEC), brake thermal efficiency (BTE), and exhaust temperature (Texn.)
were observed in relation to the engine performance.

Measured Data Accuracy and Repeatability

Measurements were repeated five times for each point either for the operation under
normal liquid mode or dual fuel mode in order to determine the repeatability and accuracy
of the measured data. The devices were calibrated before the engine test to minimize error
and to achieve a good research basis. The syngas flowmeter was calibrated using a water
displacement container and “Defender 510 calibrator in order to minimize the
measurement error for the fuel consumption and engine performance. The mean values
were calculated from all of the repeated measurements for all of the examined parameters.
Next, the coefficient of variation (COV) for each measured parameter was determined to
estimate the accuracy of the measurements. Considering the COV values, it was detected
that the measurements were accurate because the COV for the maximum combustion
pressure, fuel consumption, and exhaust temperature measurements were 0.69%, 1.67%,
and 0.18%, respectively.
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Effect of Syngas Dual Fueling on the Combustion Characteristics

The analysis of in-cylinder pressure and heat release rate data obtained during the
operation of a Cl engine with modified air intake under syngas dual fueling with
introducing blended fuel (B50) and two different compositions of syngas at different
equivalence ratios are presented in this section.

Figure 2 presents the in-cylinder pressure and heat release rate traces of diesel and
blended fuel B50 as well as B50 with different syngas compositions at 1850 rpm and 50%
load. A total of 200 consecutive cycles were averaged to reduce the engine cyclic variation
effects.

The in-cylinder pressure and heat release rate traces for blended fuel B50 with
typical syngas at different equivalence ratios (0.7, 1.1, 1.5, and 1.9) are shown in Fig. 2 (a).
The maximum pressure was 65.32 bar for the diesel, while it increased to 67.42 bar for
blended fuel B50.

The increase in the maximum in-cylinder pressure (3.21%) was due to the high
oxygen content and cetane number of blended fuel B50. Similar results were obtained from
previous studies (Qi et al. 2010; Sharon et al. 2012; Yasin et al. 2014), which reported that
maximum in-cylinder pressure increased with the increase of palm oil biodiesel ratio in the
blended fuel.
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Fig. 2. In-cylinder pressure and HRR for typical syngas and syngas containing H2:CO > 1
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For the engine operation under dual fuel mode with blended fuel B50 and typical
syngas, the in-cylinder pressure was reduced to 66.6 bar at an equivalence ratio of 0.7.
Further reductions in the maximum in-cylinder pressure occurred with increased syngas
concentration, with its lowest value of 63.6 bar at the maximum examined equivalence
ratio of 1.9. The reduction in the maximum in-cylinder pressure at an equivalence ratio of
1.9 was about 2.63% compared with the normal diesel operation. This result indicated a
lower heating value at higher syngas concentration and lower oxygen content.

Figure 2 (b) shows the in-cylinder pressure and heat release rate traces for the
engine operation under dual fuel mode with blended fuel B50 and syngas containing Hz :
CO > 1 at different equivalence ratios (0.6, 1.0, 1.4, and 1.8). The in-cylinder pressure was
reduced to 65.4 bar for equivalence ratio of 0.6. Further reductions in the maximum in-
cylinder pressure occurred with increased syngas concentration, with its lowest value of
60.5 bar at the maximum examined equivalence ratio of 1.8. The reduction in the maximum
in-cylinder pressure at equivalence ratio of 1.8 was about 7.38% compared with the normal
diesel operation.

The heat release rate (HRR) is an informative parameter used to investigate
combustion in Cl engines (Heywood 1988). However, the estimations for both combustion
duration and ignition delay were obtained from the heat release data by calculating the in-
cylinder pressure results.

The combustion process when diesel and simulated typical syngas were used to run
a Cl engine with modified air intake under dual fuel mode occurred in three stages,
including premixed combustion of the diesel and part of the simulated typical syngas,
followed by premixed combustion of the simulated typical syngas and the rest of the diesel
fuel; the process then ended by the diffusion stage. Negative heat release values were
observed in all examined cases due to the heat transfer onto the cylinder surfaces and the
cooling effect that caused by the liquid fuel injection.

Figure 2 shows that the maximum heat release rate was higher during the normal
blended fuel B50 operation compared with the normal diesel operation. As shown in Fig.
2 (a), the maximum heat release rate during the first stage for the engine operation under
dual mode with blended fuel (B50) and simulated typical syngas at minimum examined
equivalence ratio of 0.7 was similar to the one at normal engine operation with blended
fuel (B50) only. The maximum heat release rate during the first stage started to decrease
with increase of simulated typical syngas inside the combustion charge, recording its
lowest value of 130.77 kJ/kg. The syngas combustion improved during the second stage
and diffusion stage where the maximum heat release rate was higher for the engine
operation under dual mode with blended fuel (B50) and simulated typical syngas rather
than with blended fuel (B50) only.

Figure 3 shows the variation of maximum in-cylinder pressure (Pmax) for normal
diesel operation (ND), normal blended B50 operation and dual fuel operation with blended
B50 and the examined simulated syngas compositions at various equivalence ratios.
Typical syngas resulted in higher maximum values of in-cylinder pressure at all examined
equivalence ratios compared to the one with blended fuel (B50) and simulated syngas
containing Hz2: CO > 1. The reduction in maximum cylinder pressure for engine operation
under dual fuel mode with blended fuel (B50) and simulated syngas containing Hz: CO >
1 was clearer at higher equivalence ratios. This result indicated that hydrogen combustion
progressed well at leaner modes (Shrestha and Karim 1999).
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Effect of Syngas Dual Fueling on Performance of the Engine

The analysis of engine performance for the operation of a Cl engine with modified
air intake under syngas dual fueling with introducing blended fuel (B50) and two different
compositions of syngas at different equivalence ratios was considered in terms of brake
specific energy consumption (BSEC), brake thermal efficiency (BTE), and exhaust gas
temperature (Texh.). BSEC in dual fuel mode was estimated from the brake power output of
the engine and the measured mass flow rate of fuels with considering the correction made
to the difference in caloric value between the gaseous fuel (simulated syngas) and the pilot
fuel (B50). Because comparing two fuels with different calorific values and density by
using the brake specific fuel consumption parameter is not reliable, brake specific energy
consumption was used to compare the performance of the engine.

Figure 4 illustrates the variation of total brake specific energy consumption as a
function of equivalence ratio in a Cl engine with modified air intake for normal diesel
operation (ND), normal blended B50 operation and dual fueling operation with blended
B50 and the examined simulated syngas compositions at 1850 rpm and 50% load. The
results showed that diesel fuel had the lowest BSEC of 3.04 kJ/kWh, while it increased to
3.125 kJ/kWh for blended fuel (B50) at the same engine load. This difference in BSEC was
due to the high heating value of diesel or the lower energy content of the blended fuel.

BSEC in dual fuel mode increased with the increase of syngas concentration in the
combustion chamber. This was mainly due to the lower temperature and air fuel ratio inside
the combustion chamber of the engine, resulting in a slower combustion rate, as observed
in the heat release rate analysis. The engine operation under dual fuel mode with simulated
typical syngas showed lower BSEC than that for simulated syngas containing Hz: CO > 1.
This may have been due to the high oxygen content in the simulated typical syngas
concentration that accelerated the combustion rate.

BTE is the ratio between the power output and the energy introduced through fuel
injection. The BTE is a more appropriate parameter for comparing the performance of
different fuels. The variation of the BTE for various equivalence ratios is shown in Fig. 5.
The BTE of the blended fuel (B50) was 33%, while it was slightly higher than that of the
diesel by about 3.03%. This difference might have been due to the high oxygen content in
blended fuel (B50) conentration, which facilitated the combustion. These results were in
agreement with previous study (Buyukkaya 2010). BTE in dual fuel mode decreased with
increasing syngas concentration in the combustion chamber. This was mainly due to the
lower heating value of the two simulated syngas compositions compared with diesel and
blended fuel (B50).
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The engine operation under dual fuel mode with simulated typical syngas showed
lower BTE than that for simulated syngas containing Hz: CO > 1. This was due to the
lowered heating value. The syngas with a high Hz content showed higher BTE caused by
the higher heating value owing to the high presence of Hz in the syngas composition, which
accelerated the flame propagation, extended the lean operational region, and enhanced the
combustion stability with the lean operation. A similar result was obtained when the
performance of supercharged syngas in a dual-fuel engine with micro-pilot ignition was
examined (Tomita et al. 2007).

The variation of exhaust temperature for various equivalence ratios is shown in Fig.
6. The normal diesel operation resulted in higher exhaust temperature compared to the
normal blended fuel (B50) operation. This was due to oxygen content in blended fuel,
which promoted the combustion process and, thus, resulting in increased peak temperature
leading to increased exhaust gas temperature.

The results showed that the engine operation under dual fuel mode at medium load
led to an increase of the exhaust gas temperature. A high concentration of syngas into the
cylinder charge led to an improvement in the conditions inside the cylinder, which affected
the existence and spread of the flame front surrounding the burning zone, resulting in a
considerable increase in the combustion temperature.
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Fig. 6. Exhaust temperature for different equivalence ratios

CONCLUSIONS

1. This study investigated the performance characteristics of normal diesel operation,
normal blended fuel (B50) operation and dual fueling operation with B50 and two
simulated syngas compositions in a Cl engine with modified air intake.

2. The normal engine operation with blended fuel (B50) showed better performance than
diesel with 3.03% higher in BTE while the BSEC increased by 0.085.

3. In the dual fuel operation, both examined syngas fuels produced higher maximum
combustion pressure rather than diesel operation with an increase of 2.1 bar, while the
engine efficiency was negatively affected (reduction).

4. The typical syngas showed better performance than the high Hz syngas with 7.8% lower
BSEC, and 8.4% higher BTE at relative fuel air equivalence ratio of 1.1.
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