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Abstract: In the diesel engine cylinder, the air fuel mixture is not at rest, but is in highly turbulent condition.
The turbulence breaks the filament of a flame into a ragged front, thus presenting a far grater area of surface
from which hear is being radiated; hence its advance is speeded up enormously. The combustion process may
be developed in two stages. One the growth and development of a self-propagating nucleus flame and the other
the spread of the flame throughout the combustion chamber. The former is a chemical process depending upon
the nature of the fuel, temperature and pressure, the proportion of the exhaust gas and also upon the
temperature coefficient of the fuel. Durning the combustion, there 13 a rise of temperature and pressure due to
the combustion of the fuel ignited. Both temperature and pressure combine to accelerate the velocity of the
flame front in compressing the unburnt portion of the charge in the knocking zone. Ultimately the temperature
in this zone reaches such a high value feat chemical reaction proceed, at for grater rather than that at which the
flame 18 advancing. Hence we have combustion accompanied by flame, producing a very high rate of pressure
rise resulted in knocking. Knock characteristics of dual-fuel combustion in diesel engines using natural gas as
primary fuel. This study investigates the combustion knock characteristics of diesel engines running on natural
gas using pilot injection as means of initiating combustion. The diesel engines knock under normal operating
conditions but the knock referred to in this paper is an objectionable one. Tn the dual-fuel combustion process
we have the ignition stage followed by the combustion stage. These are three types of knock: diesel knocl,
spark knock and knock due to secondary ignition delay of the primary fuel (erratic knock). Several factors have
been noted to feature mn defiling knock characteristics of dual-fuel engines that include ignition delay, pilot
quality, engine load and speed, turbulence and gas flow rate.

Key words: Pressure and heat release diagrams, combustion knock, operating speed

INTRODUCTION

Research work world-wide involving the use of
natural gas in Internal Combustion (IC) engines has been
intensified due to environmental concern and or
exhaustion of conventional fossil fuels (Karim and Al
1975). The renewable energy sources, natural gas,
bio-derived gases and liquids appear to be greener
alternative sources for Internal Combustion (IC) engines.
The fuel systems of a natural gas engine are some what
different from that of the liquid fuel engine. Means for
utilization of natural gas in Spark Initiation (SI) engines
are well established and documented whilst development
efforts are still going on towards its use in Compression
Tgnition (CT) engines due to related problem. Natural gas
has longer ignition delay and slower burning rates
compared to diesel fuel operation (Nwafor and Rice, 1994).
Again it has lugh Self-Ignition Temperature (SIT) of about

704°C, (Stephenson and Raine, 1980). It therefore, cannot
be used in CI engines without a means of imtiating
combustion since the temperature attained at the end of
compression stroke is relatively lower than the SIT of the
gas. In the gas-fumigated into the cylinder. A mixture of
gas and air 1s compressed during the compression stroke
and before the end of the stroke; a pilot quantity of diesel
fuel (depending on the operating conditions) 1s iyected
to initiate combustion.

The combustion processes of duel-fuel engines lie
between that of the CT and ST engines. The longer burning
rate of the gas allows more time for heat transfer to the
end gas resulting in a tendency te knock (Moore and
Mitchell, 1955). In CI engines, knocking 15 due to
combustion of premixed fuel and the degree of knock
depends on the period of ignition delay (Goodge 1980;
Needham Doyle 1983; Heywood, 1988). The present study
was designed to investigate knock characteristics of
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Fig. 1: Hlustration of system

dual-fuel engines using natural gas as primary fuel. The
use of natural gas in CI engines involves an evolves an
evolution of two stages of ignition and combustion
processes resulting in three types of knock: diesel knock,
spark knock and erratic knock due to spontaneous
ignition of the primary fuel. The dual fuel engine knock
was seen to depend on engine load and speed,
combustion temperature, pilot fuel/gas
turbulence in the cylinder. The operating condition was
mnproved by increasing pilot fuel and reducing the
primary fuel.

ratio and

Experimental apparatus: The specific type of engine used
in this programme of work is the Better model A CT single
cylinder, energy-cell diesel engine. Tt is an air-cooled, high
speed, indirect-injection four stroke engine. The energy
cell consists of major and minor chambers which open
mto the main combustion chamber. The cell induces a
secondary turbulence which aids complete combustion
resulting from good mixing. The expenmental system used
for measuring engine performance characteristics 1s
llustrated n Fig. 1. Measurement of combustion chamber
pressure was obtained by installing a Kistler type 70634,
sensitivity 79 pe/bar, water-cooled Dual-fuel combustion
in diesel engines.

Piezo-electric pressure transducer into the air-cell of
the combustion chamber. The cylinder pressure was
displayed on a digital storage oscilloscope (Nicolet 4094)
and stored in a diskette for later analysis of maximum rate
of cylinder pressure rise. The Hydrocarbon (HC)
emissions were measured by a Rotor Flame Iomzation

Detector (FID) analyzer model 523 with heated line
system. CO and CO, levels were monitored by an Oliver
K530 infrared analyser.

Natural gas typical composition and important
parameters: Typical composition of natural gas 1s:
nitrogen 2.18%, methane 99.69%, ethane 3.43%,
Carbon dioxide 0.52%, propane 0.71%, 1so-butane 0.15%,
N-Butane 0.15%, pentane 0.09% and hexane 0.11%.

Other important parameters are:

Gross calorific value = 38.59 MI m ™

Net calorific value = 34.83 MI m™*

Gross Wobbe number = 49.81 MJ m™
Stoichiometric A/F ratio = 16.65:1

Net calorific value of diesel fuel = 42.70 MJ kg™
Relative density of diesel fuel = 0.844

Engine data: These are the specifications of the engine
used. Bore = 76.20 mm, stroke = 66.67 mm, engine capacity
=304 mL, compression ratio = 17:1, fuel mjection release
pressure = 18.3MN/m?2, fuel iyection timing = 300 BTDC
(before top dead center).

TEST RESULTS

Pressure and heat release diagrams: Figure 2 and 3 show
typical pressure crank angle and heat release diagrams of
dual-fuel operation. The gas-fornicated dual-fuel engine
has combustion characteristics which lie between those
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Fig. 3: Duel fuel combustion in diesel engines

of CT and SI engines. It mvolves evolution of two stages
of igmtion and combustion processes resulting in three
types of knock. The combustion processes m dual-fuel
pilot injection system have been identified as taking place
in five stages as shown in Fig. 2. The phases are: the pilot
1gnition delay (AB), pilot premixed Combustion (BC),
primary fuel delay period (CD), rapid combustion of
primary fuel (DE) and the diffusion combustion stage (EF).
Figure 3 depicts low heat release rate due to combustion
of pilot fuel (BC) and high heat release rate for the
combustion of primary fuel (DE).

Combustion knocks in dual-fuel engine

Diesel knock in dual-fuel engine: Diesel engines are
generally noisy and knock occurs at all operating
conditions especially when the engine is cold. The knock
referred to in this scheme of work is an objectionable
knock characterized b lugh pitch metallic sound. Figure 4
shows pure diesel fuel operation and can be compared
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Fig. 4: (a) Pressure crank angle diagram of diesel fuel
operation. (b) Heat released diagram of diesel fuel
operation. (Engine speed = 3000 vev min™"; engine
tarque output 8.65 Nm)

Table 1: Effect of pilot fuel gas ratio on knock characteristics of dual-fuel
engine. Engine speed = 3000 rev min!

Load  Pilotfuel Gas supply Total fuel %6pilot % Gas  Mixture
N (kgh™ (kgh™  (kegh™) fuel supply _ strength
6.61 0.305 0.626 0.931 3276 6724 0.557
1318  0.292 0.720 1.012 2885 71.15 0.620
1772 0.271 0.792 1.063 2549 7451 0.667
2378 0.205 0.846 1.141 25.85 74.51 0.667
2882 0313 0.882 1.195 2619 7381 0.779
3387 0331 0.907 1.238 2674 7326 0.823
3892 0343 0.936 1.279 2682 73.1/8 0.866
4447  0.307 1.008 1.315 23.35 76.65 0.922

with Fig. 2 showing dual-fuel operation. The ripple in
Fig. 2 are absent in Fig. 4 and are a result of combustion
knock. Dual-fuel operation showed longer ignition delay
as measured by the author. The start of combustion
before Top Dead Center (TDC) when runming on pure
diesel fuel was 1080 as against 5.80 for dual-fuel
operation. Since the fuel metering system continues to
iygect fuel throughout the delay period, it was then
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thought that in dual-fuel systems, large quantities of
premixed fuel would be involved when ignition eventually
occurs. In an Oxygen (O2) depleted environment, it was
thought that only a small quantity of pilot fuel reacts with
02 before auto ignition of the mixture.

The degree of knock in this phase was noted to
depend on the ratio of the alternative fuel (natural gas) to
the pilot fuel as shown m Table 1. This ratio 1s seen to
depend on the load and speed of operation. Tt is a known
fact that increases in speed increases the ignition delay
when nmming on pure diesel fuel, hence the quantity of
premixed pilot fuel that takes part i combustion
increases. The pressure rise due to ignition of pilot fuel is
also evident in the heat release diagram. This pressure rise
viewed on the oscilloscope screen was lower than the
maximum peak shown.

Spark knocks in dual-fuel engine: Knocking combustion
mn SI engine has beep identified to be due to auto igmtion
of the end gas. When auto ignition occurs during normal
combustion, the phenomena is called spark knock. When
knock oceurs, high frequency pressure fluctuations are
observed whose amplitude decays with time. These
pressure fluctuations produce the sharp metallic noise
called knock. The pressure distribution across the
combustion chamber varies as measured by the
transducer fitted in the combustion chamber and can be
observed on the digital oscilloscope screen. In a dual-fuel
engine, ignition occurs at different points in the chamber
after the delay period unlike the single point ignition
process of an 31 engine. It involves two stages of ignition
and combustion processes. The first combustion is due to
auto ignition of the pilot fuel and then there is a finite time
mterval, as shown in Fig. 2.

(CD), for the second combustion to commence. This
finite time 1s sufficient for heat transfer to the end gas to
take place which increase the end gas pressure,
temperature and reaction rate. These processes are
mfluenced by the combustion chamber design and the
level of turbulence 1 the cylinder. The dual-fuel operation
is characterized by pressure fluctuations especially at low
load levels where the delay period is seen to be longer.
This fluctuation is reduced at lugh load and temperature
due perhaps to the reduction m delay period and
improved combustion at these operating conditions. The
auto ignition of a gaseous fuel-air mixture occurs when
the energy released by the reaction as heat 15 larger than
the heat lost to the surroundings. The temperature of the
mixture therefore increases. This in turn increases the
rates of reaction until Self-Tgnition Temperature (SIT) us
reached. The degree of spark knick m dual-fuel engine
also depends on the time interval between the first and
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second ignition. Tt is seen to decrease with increased load
and combustion temperature.

This 15 contrary to the knock m SI engines which
increases with increases combustion temperature. The
reason for this perhaps is the reduced delay period, a
result of high combustion temperature.

Erratic knock in dual-fuel engine: The erratic kmck
phenomena of dual-fuel engine stems from two points.
First, it is due to increasing quantity of alternative fuel
taking part in the combustion process. Second, it depends
on the operating conditions such as engine load, speed,
temperature and oxygen concentration prevailing at the
time of combustion. The pressure crank angle diagram of
normal dual-fuel (Fig. 5) shows only the average peak
pressure rise due to combustion of the altemmative fuel.
The peak pressure due to the pilot fuel, visible and lower
than the latter (although difficult to capture on the
screen), occurs much earlier than was photographed as
the peak pressure under normal dual-fuel operation. This
varying pressure has a contributory effect on the rough
running of the engine. The increasing substitution of
alternative fuel for diesel fuel results in severe knock. The
pressure crank angle diagram (Fig. 6) obtammed at the
knock-limited point shows reduced peak cylinder pressure
compared to those in Fig. 4 and 5. Tt has the longest
1gnition delay as measured and igmtion of pilot fuel starts
late in the expansion stroke. The knock-limit is established
through enrichment of alternative fuel. The amplitude of
the pressure fluctuations (erratic running) scores the
cylinder liner. The oxygen concentration 1s perhaps one
of the critical factors in the smooth runmng of dual-fuel
engines. In the gas-formicated dual-fuel engine,
alternative fuel is m part substituted for the air thus
reducing the oxygen concentration. Oxygen supplied to
the imtake system 1mproved combustion through
increased flame temperature and buming rate. The
combustion process is also improved by increasing the
quantity of pilot fuel and reducing the primary fuel
especially when operating at low load conditions.

Effect of operating speed on dual-fuel engine: The effects
of operating speed are two-fold. First, it affects the
1gmtion delay and second it has greater influence on the
smoke level. The measured ignition BTDC when running
at 2400 rev/min and engine torque of 7.4 Nm was 10.50 for
pure diesel fuel operation and 4.60 for normal dual-fuel
operation. Similar analysis made at 3000 rev/mmn and
engine torque of 7.27 Nm gave the values of ignition
BTDC as 580 and 7.20 for pure diesel and normal
dual-fuel operation respectively. In general, the diesel fuel
operation indicated that igmition delay increases with
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increased speed whereas the dual-fuel operation showed
that the delay period was shortened with increased speed.
It 15 therefore evident that gas-fumigated dual-fuel
engines require greater mjection advanced at low speed
to operate satisfactorily. The maximum engine torque
obtained for both diesel fuel and normal dual-fuel
operations at the speed of 2400 rev/min was 11.28 Nm.

Before the onset of smoke. Similar comparisons made
at 3000 rev/min gave maximum torque of 12.28 Nm for both
fuels before the onset of smoke. These results clearly
demonstrate that dual-fuel engine have lower smoke
levels at low engine speeds.

CONCLUSIONS

Natural gas 1s fumigated during the induction stroke
and some quantity of Pilot diesel fuel is injected for the
purpose of initiating combustion. In the gas-fumigated
dual-fuel engine, the combustion processes are seen to lie
between those of CI and SI engine, leading to five stages
of combustion phases, unlike the four combustion stages
of pure diesel fuel operation. Tt involves an evolution of
two stages of ignition and combustion processes,
respectively.

The ignition delay of the dual-fuel engine increases
with decrease in engine speed, in contrast to pure diesel
fuel operation. The cylinder pressure crank angle and heat
release diagrams indicate that dual-fuel operations extibit
longer ignition delay and slower burning rates. Maximum
peak cylinder pressure is reduced and the initial rate of
pressure nise 18 low compared to diesel fuel operation. The
power output of the dual-fuel operation 1s less compared
to diesel fuel test results. In dual-fuel engines, three types
of knock were 1dentified. There are diesel knock due to
combustion of premixed pilot fuel, spark knock due to
auto 1gmtion of end gas and erratic knock due to
secondary ignition of the altemative fuel. The main
factors that influence the occurrence of these knock are
the pilot quantity, delay period, load, speed, gas flow rate
and time mternal for secondary igmtion. Increasing the
pilot fuel and reaching primary fuel reduces the knocking
phenomena in dual-fuel engines.

The knocking can be controlled in following practical

approaches ncreasing engine rpm, Igmtion delay,
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reducing pressure in the inlet manifold by throttling, use
of high cetane fuels are obtained by adding additives
(such us Hydrocarbons)

It 13 proposed to carryout experimental study of
combustion process in diesel engine so as to reduce
knocking for better production of power output and
efficiency by varying the mixture ratio, increase the rpm,
reducing the pressure in the inlet manifold by throttling,
we able to get optimum solution for better power
production.
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