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PERFORMANCE OF A SPARK IGNITION ENGINE WORKING ON A GAS FUEL-AIR
HMIXTURE WITH A PARTIAL INJECTION OF LIQUID SPRAY.
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ABSTRACT

An experimental investigation to study the performance and the
emisslon <characteristics of a spark ignition erngine operating on a
natural gas-ailr mixture with a partial injJectlion of liguld spray has
bean carried ouk. A 1light kerosine has been injected into the
combustlon chamber of the englne through an adopted injection system.
Measurements of power output and fuel consumption a5 well as
concentrations of CO, HC and NO in the exhaust gas have been made for
a range of gas-air mixture rvatios and different values of injected
liguid spray mass fractlon. The pressure varlations in the combustlon
chamber have been detected and recorded by a piezo type transducer and
a dual channel oscilloscope respactively.

The obtailned results show that a partial lilnjection of liguid
kerosine intoc the spark ignition engine working on a natural gas-alr
mixture leads to improve englne performance for lean mixture ratlos.
The reqion of engine stable operation is extended by 20 ~30 percent,
while the maximum power cutput is lncreased by 3 ~ 10 percent for
constant operating conditions. Thls ls due to the £fact that ¢the
injected liquid particles will improve both volumetric efficiency and
burning wveleoclty for gas-air lean mixtures. Also, @& slgniflicant
reduction in Lthe emlsslon of the nitrlc oxide compared to the case
without a partial injectlon cf kxerosine has been cbtalned.
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[NTRODUCTION

Performance, emission characteristics and economy of a spark
ignition engine can be Improved by applylng wvarious combustion
techniques. Use of lean fuel-air mixtures have the potential advantage
of improving the thermal efficlency Eor a certain compression ratio
and decreasing the temperature of the burned gases in the combustion
chamber. Thus NO formakion rates are decreased. Lean combustion also
leads to an increase of the oxygen concentration toc the level that be
needed to convert a large fractlion of unbuzrned fuel components and
carbon monoxide to carbon dioxide and water.

Bernhardt [l1] has reported that there §is a potential for
significant gains in both engine efficiency and emission levels by
operating future engines on lean fuel-air mixtures. However, there are
usually considerable difficulties in operating spark ignition engines
on an extended lean fuel-air mixture ratios, since their performances
and maneuverabilities are remarkably deterlorated, for 1lean mixture
ratios. Quader [2) has indicated that under certain circumstances,
incomplete combustion in the bulk gas may play an important role. As
the lean flammability limit is approached, the typical automotive
engine in use today exhibits an lncrease in unburned hydrocacbon
emissons along with an increase in specific fuel consumption.

Use of gaseous fuel as a main or a supplimentary fuel in spark
ignition engines «c¢an extend the boundaries of lean operating 1limit
beyond those obtained with use of gascline. The presence of the gas
fuel in the mixture in the period of ignition and the initial phases
of combustion provides a source of heat libration and active centers
at an excess air ratio to which the gasoline-air mixture does not
easily react. Gaseous fuel has the advantages of requiring only a
simple carburation system, mixing throughly with air, burning more
completely, quitly and smoothly than ligquid fuel-air mixtures. Also,
most gaseous fuel has higher octane ratings than gasoline, with
resultant antiknock protectlon, thus greater compression ratlos may be
used without preignition or detonation. It also permits engines to be
started and stopped easily.

There are some different types of gasecus fuel which can be used
in operating spark ignition engines. WNatural gas, which wusually
consists o©of nearly pure methane, forms an admirable engine fuel of
high calorific wvalue. A number of investigators have studied the
natural gas operated internal combustlion engines. Karim and Klat [2}
have been early studied the knock and auto-ignlition characteristics of
some gaseous fuels and their mixtures. Also, Karim and Ali (4] have
investigated the effects of low ambient temperature on the combustion
of natural gas in a spark ignltlion engine,

A review on the combustion preogess in the dual fuel engine using
natural gas has been reported by Karim (5). It is interesting to note
that In the dual-fuel englne, the combustlon starts in a similar
fashion to that of compression ignitien englnes and c¢ombustion
continues by flame propagabtlon, in a similar EFashien to that cof spark
ignition engines. A study on the use ¢f petroleum gases a5 fuel in
diesel engines has been carrled out by Bawadl [(6]. An experimental
study on the emission characteristics of a natural gas fuelled spark
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ignition engine has been carrled out by Fleming and Aliusp (7). also,
Song and Hill [8) have carried ocut an experimental investlgatlons on
the combustion characteristics of the duval-fuelling diesel engine with
natural gas.

A comparison study has been made on the performance of spark
ignition englines fuelled with gaseollne and natural gas by Evans.et. al
{91 and by Jones and Evans (10). They have provided a considerable
information concerning the relative power levels, efficiencies and
exhaust emissions of the fuels. They showed that a power loss of an
approximately 15% when changing from gasollne to natural gas was
occured. They have concluded that thlis result may be due to low
burning velocity of natural gas compared with that of gascline.

Mizutani and WNakajima [(11] have reported that an injection of a
small quantity of liquid fuel spray accelerates the burning velocity
and ensures the stabilization of lean mixture fuel vapour-air flames.
An experimental Linvestigation on the propagation wvelocity and
structure of flames indroplet-vapour-alr mixtures have been carried
out by Hayashl et al., {12]. Kadjitani [13] showed that the addition of
droplets will increase the area of reacting zone of a lean gas fuel-
alr mixture flame and increase the burning velocity.

The objective of this work is to study the use of natural gas-air
mixture for operating a spark ignition engine with a partial Injection
of liguid kerasine. The basic idea of the study ls that use of lean
natural gas-air mixture ratios 1leads to improve operating thermal
efficiency and helps reducing the emissions of carbon monoxide,
unburned hydrccarbens and oxides of nitrogen. The partial injection cof
liquid kerosine {nto the combustion chamber of the engine 1leads to
improve wvolumetric efficiency, burxning characteristics and englne
performance.

EXPERIMENTAL APPARATUS

Experiments have been performed on a Farryman A 30 marxine, water
cooled, Four stroke, single cylinder petrol engine. The cylinder bore
cf the engine ls 95 mm, stroke 1s 82 mm, swept volume is 582 cc, the
compresslon ratlo can be ranged from 5:1 £o 18:1 and the englne 3speed
ranges from 100Q to 3000 rpm. Alsa, the engine can be equlped to run
on diesel fuel or gasequs Euel. The engline is bullt in the TD43 test
rig whlch has been developed by TeQuipment Ceorporation to Incraese its
versatility,;. The schematlc diagram of the experimental apparatus is
shown in Fig. 1.

] A viscous flowmeter is used for measurements of alr flow rate,
m,, before being induced into the combustion chamber through a damping
box and a gas-alr mixing chamber. WNatural gas of Abu-Madi gas £lelds
Egypt, with the compositions shown tn Table 1, is fed from the fuel
bomb through a pressure reduction valve and a supply plpe to be
Injected and mixed with the air in the mixlng chamber. The Elow rate
of the natural gas, hg, is measured using a gas flowmeter. The natuzal
gas-air mixture strength, {mg/ma}, is controlled using a flov control
valve in the natural gas supply plpe to the engline.
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Fig. 1. Schematic dlagram of the experimental apparatus,

Table 1. Compesitions of the Abu-Madl Fields natural gas.

Compositions

Analysis, (%)

Volume Weight

Methane, CHy 92.51 85.10
Ethane, CzpHg 4.40 6.76
Propane, C3Hg 1.30 2.90
Butane, <C4Hjg 0.55 1.30
Benktane, Cs5H}1?2 0.16 0,44
Hexane, CgHls 0.15 0.45
Mitrogen, N2 0.14 0.30

8.79 1.75

Carbon dioxide, CO;
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Fig. 2. Arxangement of exhaust gas emisslion measuring Ilnstruments.

A liguld kerosine of a speciflc gravity 0.7 at 15 C is \Injected
into the combustion chamber of the sngine by an atomlzing injector
{type Bosh DLLA180S422). The lnjectlon flow tate as well as linjection
starting time inteo the combustlon chamber have been controclled through
@ Bosh single cylinder fwvel-injection pump. The atamization injector
has six holes of 0.2 mm dlameter and the angle of the injected spray
is 150° . The injection Eflow rate of the llguld kerosine, g , is
measured wusing a metering scale. The pressure varltatlena in the
combustion chamber are detected and recorded by a plezo pressure
transducer and a dual channel oscilloscope respectively.

Emigsslon tesits are carried out uslng gas analyzers and constant
volume sanpling technigues to provide an accurate mass emission
measurements. A schematic diagram of the arrangement of the emission
measuring instruments is shown iln Flg. 2. A Beckman model 590 dual
channel, is used for measuring concenktratlons of cacbon monoxide, CO,
and unburned hydrocarbons, HC. Also, a BIONS-IR analyzer 1s used for
measuring nitric oxide, WO, concentratiens in the exhaust gas. These
are high selective, nondlspersive 1infrared photometers for the
quantitative and contlnuous determinations of measuring gas components
with absorption bands 1in the short-wave and medium-wave infrared
ranges. -

RUNNING CONDITIONS AND PARAMETER CALCULATIONS

For the experimental comparisons to be considered, the engine was
tun until equilibrium conditions have been attained before readings.
The coollng water temperature has been held constant at 70+3 °C. The
intake pressure and temperature were ln the range of 670~ 700 mmHg and
27 ~ 30 °C respectively. The compression ratlo, CR, was remalined
constant at 10:1. The injection rate of the kerosine, my, was vaxried
in the range from 0 ~0.2 g/s, rhile Ehe injection timing, gy » was
varrled in the range Erom 30 teo 90 BTDC. Excepting the optimum
tgnition advance experiments, the spark advance, 8;, was set at 18°
BTDC LIn all o¢kther tests, which represent the maxlimum advance for
maximom torque.
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The coefficlent of excess alr, o, was <calculated Ffrom the
fcllowing equation:

m 5 -
= L T T T (1)

(mg -ag) + (mi -&£)

where ug 1s the stoichlometric air mass for combustion of the natural
gas and ¢y Is the stoichiometric alr mass for combustion of kerosine.

The overall equivalence ratio, ¢, was estimated from the next
equation;

® = Amg S m) ag by S ma) . 9y N 2

The injected kerosine mass fractlion, x, was estimated from the
followlng equation:

m o+ oA
g 2
The englne gspecific fuel consumption, SFC, wvas estimated from the
follovwing equation:

mg + m, (H, /Hg }
SFc= g 2 2’ g . . . . . . - - . - . . . . . (4)
He

where Hg and Hg are the lower heating values for the keresline and gas
respectively and Ne ils the engine power output.

EXPERIMENTAL RESULTS AND DISCUSSIOHNS

ipnfluece of a Partial Injection of Kerosine

Results of the influence of the partially injected 1liguid
kerosine at different mass fracticns and several injection timlngs are
illustrated in Filgs. 3~ 6. Values of the detected maxlmum pressure
variation in the combustion chamber plotted against the overall
equlvalence ratic for different mass fractions of the injected
kerosine are shown in Fig. 3. During these tests, the engine speed Is
set at 2000 rpm, the spark advance, 85, is 18°BTDC and the linjection
advance, 8; , is 60°BTDC. Generally, it can be noted that the detected
maximum pressure is higher with partial injection cof kerosine than the
counterpart -without injection of kerosine for a certain overall
equivalence ratio. The maximum pressure being remarkably increased for
small €ractlion wvalues of the injected kerosine over the whole range of
the examined overall equlvalence ratios.
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Figure 4 shows the detected maximum pressure in the combustion
chamber plotted against the overall equivalence ratio for different
Injection timings. The mass fraction of the injected kerosine, x, |1is
15%. From the filgure, it can be noted that the optimum value of th%
inJecolon TiRsng whlca glves S.a8 NlgaesTT naxihum pregssurc2 L= 3_‘._ = T
BTDC and that the maximum pressure is lowered as the injection timing
is either advanced or delayed from this value. This is may be because
a too early lnjection causes an lncreased amount of Injected particles
ke stick to the chamber walls and a teco late injection causes an
insufficient scattering of injected partlcles. The increase of the
maximum pressure implies that a modifjication in the combustion process

is occured by a partial injectlion of kerosine.

The influence o¢f the injection of kerosune on the maximum
pressure lag is shown in Fig. 5. The maximum pressure lags are defined
as the periods from ignitlon to the maximum pressure. One can see that
there is no noticeable dlfference observed in the maximum pressure lag
for overall equlivalence ratlios greater than 0.9. The maximum pressure
lag, however, becomes longer for overall eguivalence reatlos below 0.9
without a partial injectlion of kerosine, while the maximum pressure
lag is kept roughly constant and a stable operation is continued down
to the overall eguivalence ratio of less than 0.7 with a partial
injection of kerosine.

The influence of the partial injection of kerosine on the englne
lean operating capability ls shown in Fig. 6. The figure 1illustrates
the relationship between the maximum cogfficlent of excess alr and the
mass fraction of the injected kerosine. The maxlmum coefficient of
excess air, €max , 15 estimated from Eq. (1) as the engine running
steadlly yet for lean operating capability. From the figure, it can be
shown that the maximum coefficlent of excess alr is increased with
Injectlion of keroslne. The maximum coefficient of excess alr shows its
highest wvalues for a small values of the injected kerosine mass
fraction, x = 10 or 15%. This means that the lean ocperating capability
of the engine is increased with an injection of small mass £fraction
values of kerosine. This result may be due to the fact that the small
gunantity of the injected kerosine has significat effects on the
combustion process inside the engline cylinder.

n MANCES W £

The influence of the injection of kerosine on the engline
performances are lllustrated In Figs. 7 .9. Comparisons of specific
Fuel consumption and thermal efficlency of the engine with and without
injection of kerosine are shown In Fig. 7. It can be noted that an
improvement in both specific fuel consumption and thermal efflciency of
the engine for all examined overall equlvalence ratios. Specific fuel
consumption 1is decreased by about 5 ~8 percent whlle the thermal
efficiency is increased by about 6 ~10 percent with injection of
kerosine.

Results of the measured load characteristics of the engine with
and without injection of kerosine are shown in Fig. 8. It can be noted
that the specific fuel consumption is lowered for all engine loads and
the maximum economy of the engine oaperation is improved with
injection of kerosine.
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Speed characteristics of the engine with and without injection of
kerosine are shown in Flg. 9. Generally, one can see that the engine
power output 1is increased as the engine speed 1is \Increased. With
injection of kerosine both engine power output and specific fuel
consumption have been improved for all examined engine speeds. The
engine power output is increased by 5 ~ 10 percent while the specific
fuel <consumption s 1lowered by 4 ~ B8 percent with Iinjection of
kerosine.

Exhaust Emissions with Injection of Kerosine

Comparisons have been made for the measured concentrations of the
exhaust emissions with and without injection of kerosine for the
optimum opertaing conditions of the engine. Results of the measured
concentrations of nitric oxide, NO, unburned hydrocarbon, HC and
carbon monoxide, CO, are shown in Figs. 10 and 11.

comparisons of the concentratlons of nitric oxide, MNO, agalnst
overall equivalence ratio and engine power output are shown in Fig. 10
(a) and Fig. 10 (b) respectively. The concentration of nitric oxlde,
NOQ, with partlal injection of kerosine is remarkably lower than the

case without injection of kerosine for a fixed overall eguivalence
ratlo as well as for a certain power output. From the comparisons, it
can be noted that concentrations of nitric oxide, NO, in the exhaust
gas is reduced down by about 20 ~ 30 percent for constant operating
condlticons with Injection of kerosine.
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Compatrisons of concentrations of carbon wmonoxide, CO, and
unburned hydrocarbons, HC, with and without injection of ksroslne are
shown {in Fig. 11. From the figure, it can be noted that the
concentration of ecarbon monoxide is 1lncreased with and without
injection of kerosine as the owverall equivalence ratis Ilncraased.
Also, a slightly higher wvalues of carbon monoxide, CO, concentration
with injection of kerosine has been occured. The figure also shows
that the concentration of the unburned hydrocarbons, HC, is slightly
decreased with and without injection of kerosine as the overall
equivalence ratio 1increased. However, the concentration of the
unburned hydrocarbons is slightly higher with injection of kerosine
for overall equivalence ratios less than 0.95.

CONCLUSIONS

An experimental investigations on the performance and emlission
characteristles for a spark ignition engine operating on natural gas-
air mixture with and without partial injection of kerosine have been
carried out., Based on the comparison results, the followlng
conclusions may be drawn:

1. A partial injection of kerosine leads to raise the maximum pressure
of every cycle in the combustlon chamber of the engine. The maximum
pressure shows its highest values with small mass fraction wvalues
of The injected kerosine.

2. The maximum coefficient of excess air 1s increased by about 30 per-
cent, which means improvement of engine learn operating capablility,
with injection of small mass fraction values of kerosine. Tbhese
results imply that a partial injection of kerosine Iimproves
the combustion process and increases the burning velocity of the
lean. gas-air mixture ratios.

3. The maximum power output )s increased by 5~ 10 percent for constant
operating conditions with a partial injection of kesrosine.

4. The engine thermal efficiency, engine 1load characteristics and
englne speed characteristics have been improved with a partial
injection of kerosine,

5, The concentration of nitric eoxide, NO, ia the exhaust gas 1is
reduced by 20 ~ 30 percent with a partial injection of kerosine for
a constant overall equivalence ratlo as well as for constant power
outpuk.

6. The concentrations of carbon monoxide as well as unburned
hydrocarbons, HC, are slightly lncreased with a partial injectlon
of kerosine for a certain overall equivalence ratio.
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