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Abstract. By substituting a considerable amount of diesel fuel in diesel engines, combustible biogas is
considered to be a renewable and promising alternative gaseous fuel. In this paper, biogas was made
from agricultural and forestry residues with a gasifier. Its high quality was ensured by the process of
cooling to obtain high density and condensation and by filtering to remove water vapor and tar. The
dual fuel enginethat wasrefitted from adiesel engine was fueled with biogas as the main fuel and diesel
asthe pilot fuel. In order to compare the combustion characteristics of biogas-diesel dual fuel engine
and diesel engine, the cylinder pressure of dual fuel engine and diesel engine under load characteristics
at different speeds was measured, and the characteristic combustion parameters such as combustion
start timing, the maximum combustion pressure and the corresponding phase at different load and
speed were analyzed. Meanwhile, the influence of different fuel supply advance angle on engine
combustion processwas measured and studied. The results show that the start timing of combustion of
dual fuel engineislater than that of diesel engine, and that the maximum combustion pressure and the
maximum pressure rise rate are higher than those of diesel engine at low speed and high load, but lower
inall other conditions. Post combustion is more significant and exhaust temperature is higher under the
biogas-diesel dual fuel operation at most operating conditions except for low speed and high load. The
peak cylinder pressures of engines increase as fuel injection timing advances.

Introduction

The diesal engineiswidely used because of higher thermal efficiency and lower exhaust emissions of
unburned hydrocarbon (HC), carbon monoxide (CO) and carbon dioxide (CO,) compared with those
of gasoline engine. But the diesel engine emits a larger amount of oxides of nitrogen (NOx) and
particulate matter (PM) that pose a significant threat to visibility and potential health. So, in oil crisis
situations, the world especially has great interest in alternative fuels for energy saving and emission
decreasing™™.

Biogas, produced by the pyrolysis and gasification of cellulosic material (e.g., agricultura residues

such as straw, rice husk, nutshell and maize residue, and the timber processing surplusage such as
sawdust, shavings and scrap), is a renewable gaseous fuel and is very likely to serve as a hopeful
aternative fuel in diesel engine by replacing a quantity of diesel fuel. As a combustible gas, the main
components of biogas are CO, hydrogen (H,), methane (CH,), CO, and nitrogen (N,). Proper and
massive utilization of biogas can contribute not only to less environmental pollution caused by biomass
and secondary pollution but also to reduced engine dependency on petroleum resources™*!,
A biogas-diesal dual fuel engine can be easily refitted from a DI diesel engine. In dual fuel engines,
biogas made from agricultural and forestry residues with a negative pressure downdraft gasifier is
utilized as main fuel and is mixed with air before entering combustion chambers, and an amount of
diesdl is utilized as pilot fuel to ignite the inducted biogas, for the autoignition temperature of biogasis
high. The dual fuel mode can contribute to environmental protection from two aspects. one is the
consume of renewable fuel, the other is the decrease of NOx and PM emissions***?,
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The performance of biogas-diesel dua fuel engine has been studied by some researchers. Nirendra
N. Mustafi et a. carried out an experimental research on the performance under biogas-diesel dual fuel
operations. Their study showed higher net heat release rate, longer ignition delay, shorter combustion
duration, lower NOx and PM emissions but significantly more HC emission compared with diesel
fueling®. Phan Minh Duc et al. experimentally investigated the performance, diesel substitute and
energy consume of a biogas-diesel dual fuel engine, and a concluson was drawn that engine
performance did not deteriorate, energy conversion efficiency decreased and the total fuel cost
reduced*”. Seung Hyun Yoon et al. conducted experiments to study the emission and combustion
performance of the engine fueled with biogas and diesel. Their study showed longer ignition delay and
combustion duration, lower exhaust temperature, lower NOx emission and filter smoke number, and
higher HC and CO emissions compared to diesdl modé™®. N. N. Mustafi et a. reported an
experimental investigation of a biogas-diesel dual-fuel engine. The attained results revealed that the
PM and NOx emissions were much smaller than those of diesel operation!*.

The combustion process has great effect on power, economy and emission performance of engines,
and there isagreat deal of research on combustion process of diesel engines. But there is little report
about the change law of characteristic parameters of combustion process at operation range, and the
combustion characteristics of biogas-diesel dual fuel operation have rarely been reported.

Our work aims to analyze the combustion characteristics of biogas-diesel dual fuel engine. For this
reason, inthiswork, adual fuel engine refitted from adiesel engine was fueled with combustible biogas
as main fuel and diesel as pilot fuel. For comparison purposes, the combustion characteristics of
biogas-diesel dual fuel engine and diesel engine were analyzed, and the influence of the change of fuel
injection timing on combustion process of engines was measured and studied.

Biogas-diesel dual fuel engine and experimental setup

The schematic diagram of biogas-diesel dual fuel engine experimental setup is shown in Fig.1. The
biogas-diesel dual fuel engine was operated with biogas-diesel dua fuels and pure diesel fue,
respectively. The base engine for this research work was a water-cooled, single-cylinder, four-stroke,
direct injection diesel engine, and the engine technical characteristics and major specifications are given
in Tablel. Combustible biogas was made from agricultural and forestry residues with a gasifier. After
being cooled and filtered, biogas is utilized as main fuel.
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Table 1. Test engine characteristics and specifications.

Engine type
BorexStroke
Displacement

Rated power

Maximum torque
Compression ratio
Mean effective pressure

Fuel injection timing

Horizontal type, single-cylinder, four-stroke, water-cooled

115x115 mm

1194 cm®

14.7 KW at 2200 rpm
71.46 Nm at 1650 rpm
161

0.67154 MPa

21°CA BTDC(before top dead center)

Nozzle opening pressure

186.3+4.9 bar
Specific fuel consumption <2421 g/(KW-h)
Thenumber of nozzle hole xNozzle hole diameter 4%0.32 mm
Inlet valve open 12 9CA BTDC

Inlet velve dose 38 °CA ABDC(after bottom dead center)

Exhaust valve open 55 °CA BBDC(before bottom dead center)

Exhaust valve close 12 %CA ATDC(after top dead center)

The combustion process of biogas-diesel dual fuel engine and diesel engine was measured by
self-developed measurement and analysis system for working process of diesel engind®.. The cylinder
pressure was measured with a water-cooled piezoelectric pressure sensor, flush mounted to the
cylinder head surface. The signals measured by the sensor were amplified by a charge amplifier. After
being amplified by the charge amplifier, charge signals generated by the piezoelectric pressure
transducer were converted through AD conversion, and then stored in a computer for sampling and
processing. The sampling interval of our measurement and analysis system was set to 0.25°crank angle
(CA), 0.5°CA and 1°CA. The characteristic parameters of combustion process such as the timing of
combustion, maximum combustion pressure, maximum pressure rise rate and corresponding phases
were obtained**#,
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Fig. 1. Schematic diagram of biogas-diesel dual fuel engine experimental setup.

The gasifier is of negative pressure downdraft type. Biomass material is fed from the feed inlet of
slo, and air as an oxidant flows in the downward direction into gasification chamber due to negative
pressure caused by engine intake. Combustible biogas is the product of pyrolysis-gasification reaction
between biomass material and air.

Dueto its higher temperature and the existing water vapor and tar, the high quality of this product
gas is ensured by cooling to obtain high density and condensation and by filtering to remove water
vapor and tar. A partition wall type heat exchanger is used to cool high temperature gas down to below
30°C. The contents of tar and dust in cooled gas are controlled by two-stage spin-flow filtering to
satisfy operating requirements of dual fuel engine.

Water sealing connection between gasifier and cooler is utilized not only to perform reliable sealing
but also to ensure safe operation by automatic relief protection when the gas pressure becomes
excessively high.

In the experiment, the gasifier wasignited first, and the silo wasfilled with biomass material when it
started to produce biogas. With gas valve shut off, this engine wasfired with pure diesel. When desired
oil and water temperatures of the engine were reached, this engine was switched into dual fuel mode

through gradually opening the valve to full open. Diesal as pilot fuel accounted for about 20% of the
total fuel quantity at rated condition.

M easurement and analysis of combustion process of the biogas-diesel dual fuel engine

The cylinder pressures under load sweep at the speed of 1400 rpm and 2200 rpm were measured
respectively, and the changing trends of the characteristic parameters of combustion process were
analyzed. Combustion processes under normal diesel operation and dual fuel operation with different
fuel injection timing were also measured and studied.

Figs.2~5 show the cylinder pressuresat the speed of 1400rpm and 2200rpm at different loads under
normal diesel operation and dual fuel operation, respectively. Figs.6~9 show the cylinder pressures
under the same speed and load as well as operation modes as Figs.2~5 except for the fuel injection
timing being 3°CA earlier.
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Fig. 2. Cylinder pressure of diesel engine at different loads. Fig. 3. Cylinder pressure of dual-fuel engine at different loads.
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Fig. 4. Cylinder pressure of diesel engine at different loads. Fig. 5. Cylinder pressure of dual-fuel engine at different loads.

10 101
9] Speed:1400rpm © 91 Speed:1400rpm
§ s 8
% s Pme/MPa % pme/MPa
o 7] —0.07 o 7 —0.07
% 6 —(.18 % 6 —0.18
£ 5] —0.36 £s ——0.36
5 4] —0.54 o 4 —054
k] °
£ 0.72 2 —_—0.72
5 3
27 2
1 1
o7 0
T T T T T T T T
280 300 320 340 360 380 400 420 440 460 480

T T T T T T T T T 1
280 300 320 340 360 380 400 420 440 460 480

Crank angle deg Crank angle deg

Fig. 6. Cylinder pressure of diesel engine at different loadswith ~ Fig. 7. Cylinder pressure of dual-fuel engine at different loads

fuel injection timing 3°CA earlier. with fuel injection timing 3°CA earlier.
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Fig. 8. Cylinder pressure of diesel engine at different loadswith  Fig. 9. Cylinder pressure of dual-fuel engine at different loads
fuel injection timing 3°CA earlier. with fuel injection timing 3°CA earlier.

It can be seen that the cylinder pressure and the pressure rise rate are lower compared to diesel
mode. Furthermore, post combustion is more significant under dual fuel operation and at higher
speed™). While at low speed and higher load, the cylinder pressure and the pressure rise rate are higher
than those under diesel operation.

These figures show that the maximum combustion pressure decreases, the combustion start time
delays, and the phase of the maximum combustion pressure advances with the load and fuel quantity
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decreasing at constant engine speeds. As the engine speed decreases while the load is the same, the
combustion start time advances, the maximum combustion pressure increases and its corresponding
phase advances. This is due to the advanced fuel injection timing™.

As shown in these figures, in dual fuel operation the combustion start time is relatively later for the
same injection timing, the maximum combustion pressure is lower and corresponding phase is later
except at low speed and high load condition, and the pressureriserateislower except at high speed and
light load condition.

For the dual fuel operation, oxygen concentration in cylinder is lower and the specific heat of the
mixtureislarger than that of air. The reason isthat biogas provided during intake stroke substituted an
amount of inlet air. In addition, the biogas contains inert gas such as CO, and N.'. Moreover, the
ignition delay period is prolonged, the cylinder temperature increases slowly, and thus burning rate
decreases compared to diesel mode. This is because of the decrease of fuel injection quantity, lower
injection pressure and poorer atomization, which leads to less combustible gas mixture and lower
concentration during the period of ignition delay. Thus, in most operating region during the dual fuel
operation, the cylinder pressure is lower, the phase of the maximum combustion pressure is delayed,
the post combustion is more, and the exhaust temperature is higher™®,

On the contrary, the maximum combustion pressure and pressure rise rate were observed to be
higher at lower engine speeds and high loads in dual fuel combustion compared to nest diesel
combustion. The reason is that the fuel injection timing is earlier and the ignition delay is increased at
low speeds, thus there is more gaseous mixture burned before the top dead center after ignition.

It was also noticed that the maximum combustion pressure is lower than the compress pressure at
high speed and low load in dual fuel operation. This is mainly because the ignition is after top dead
center, meanwhile, the amount of combustible mixture is less.

It can be seen from these figures that the phases of ignition and maximum combustion pressure are
advanced, and the maximum combustion pressure is increased with the fuel injection timing advancing
because of longer ignition delay caused by advanced fuel injection timing and a larger amount of
combustible mixture formed during rapid combustion period. The change trend of combustion
characteristics is aimost the same as that of original neat diesel and dual fuel combustions. But at low
speed and high load the region in which the maximum combustion pressure increases compared to neat
diesel mode is enlarged. Meanwhile, at high speed and low load the ignition occurs before top dead
center and the corresponding phase of the maximum combustion pressure is advanced.

Conclusion

The agricultural and forestry residues are gasified in a miniature gasifier to produce combustible
biogas. Thisproduct (biogas) isused asthe main fuel of abiogas-diesel dual fuel engine. A comparative
study of the combustion characteristics of both the dua fuel engine and the diesel engine has been
performed. The results show that the cylinder pressure and the maximum pressure rise rate are lower,
post combustion is more significant, and exhaust temperature is higher under the biogas-diesel
operations at most operating condition except at low speed and high load, at which the maximum
combustion pressure and maximum pressure rise rate are higher. This is mainly because of the lower
oxygen concentration in cylinder, larger specific heat of the mixture and slow combustion rate. The
cylinder pressure in both diesel and dual fuel combustions increases when the fuel injection timing
advances.
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