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Abstract

Among the different efforts towards the reductianpllutant emissions from direct injection (DI)
diesel engines, the use of gaseous fuels as alpsupplement for diesel fuel has been proposed by
many researchers. These engines are known aswhlarfgines. An experimental investigation was
performed to investigate the influence of dual-fgelmbustion on the performance and exhaust
emissions of a DI diesel engine fueled with natgeed (NG) and biogas. In this work, the combustion
pressure and the rate of heat release were evdlegperimentally in order to analyze the combustion
characteristics and their effects on exhaust eonissncluding particulate matter (PM) for singlelfu
(diesel) and dual fuel combustion modes. The ug¢@®hs an alternative fuel is a promising solution.
Biogas, on the other hand, is a renewable altemndtiel that has tremendous potential to be used in
diesel engines especially in developing nationsngarative results are presented revealing theteffec
of dual fuel combustion on engine performance adhest gaseous and PM emissions for the engine

operating conditions considered in this study.
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1. Introduction
The use of diesel engines as reliable and fuetiefft sources of power for the transportation afdso
and people and for other critical needs of societjuding small capacity power generation, has

steadily grown over the past century. In many cdbeyg are preferable due to their high thermal
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efficiency, and low regulated emissions of unburhgdrocarbons (HC), carbon monoxide (CO) and
carbon dioxide (Cg@ compared to those of spark ignition engines [1Dje other important
advantage of diesel engines is that they can apeatatigher compression ratios, which permit them
to use low energy-content alternative fuels suclbiagas. However, diesel engines emit harmful
pollutants including oxides of nitrogen (Wand particulate matter (PM). That exhaust isafoern
because of its impact on visibility and for its guatial health hazards. Particulate emissions can be
classified as potential occupational carcinogen ead have a number of other negative health
impacts associated with exposure [3-6]. It is galhermgreed that diesel engines used in transport
systems represent an important source of ambieticgate matter [7]. These concerns are reflected
in increasingly more stringent regulations to limitgine emissions. In response to the stringent
regulations, the manufacturers of diesel enginesrafiners of diesel fuel have made revolutionary
advances in diesel technology including improvedjimes, exhaust after-treatment and use of
improved, ultra-low sulfur fuels. The PM concentratin newer engines is remarkably lower than in
older engines. It is clear that there have beemdnelous advances in the control of diesel exhaust
emissions in response to progressively more stningegulations. However, especially in poor and
developing nations, the use of older diesel engimiésout any after-treatment facility will still be
dominating and thus the blessings of new technetougiill remain unattainable there. Therefore, the
reduction of exhaust emissions from such olderalliesgines is an ongoing concern that needs to be

addressed.

On the other hand, in recent years, the fossilksfhalve suffered from a sudden rise in prices becaus
of the limitations of reserves, supply and consitier increases in demand for petroleum fuels
resulting from the industrialization. Again, thsalso a growing concern for the developing nations
as they expend a significant part of their nationebme to import the petroleum products every year
Addressing the above concerns, researchers artwendidrid are searching for alternative fuels for
engines. Bio-fuels (liquid and gaseous) have beéjest to intensive research work globally because

of their attractive behaviors in combustion andssioins [1,8].



Gaseous fuels in diesel engines operate in dudinioee where the main energy comes from the
gaseous fuel (known as primary fuel) and the mimmamount of liquid fuel such as diesel (known
as pilot fuel) acts as the ignition source. Biogaa mixture of gases produced during the bioldgica
breakdown of organic matter (such as agriculturastes, animal organic waste, sewage treatment
sludge or food processing wastes) in the absene&.dBiogas can also be obtained from anaerobic
fermentation of organic waste in landfills [9]. Bgia renewable gaseous fuel, biogas has the patenti
to supplement the use of diesel fuel in enginesdte®used for transportation, irrigation and nad-g
power generation purposes. This is especially itapbrin the case of developing countries where
meeting the growing demand of fossil fuels is aan@conomic challenge. The use of biogas has
twofold benefits: it provides an alternative souodeenergy and protects the environment from the
harmful greenhouse gas, methane {CtHat would otherwise be emitted into the atmosplj#Q].
Biogas is composed mostly of Gb60—-70%) and CO(25-50%), with low fractions of H(1-5%),

N, (0.3-3%), and hydrogen sulfide £5) traces [11]. Natural gas can be considered athan
alternative fuel for diesel engines as many paxsrad the world including developing nations have

access to the reserves.

Numerous research works on experimental and thearenvestigations concerning the dual fuel
diesel-natural gas operating mode have been repovier the last decades in the literature [12-18].
On the other hand, a comparatively lower numbereskearch works on biogas-diesel dual fuel
engines are found. The past investigations coratentr mainly on the performance and fuel
consumption characteristics for biogas-diesel dual engines. Combustion characteristics and
performance and emissions analyses were performétabm and Amoozegar [19] and Karim and
Weirzba [20] for biogas-diesel dual fuel enginewdwoer, their studies are mainly limited to partdoa
or low load conditions. Mustafi and Raine [21] sastemissions from a dual fuel engine fuelled with
NG and biogas; however, dual fuel combustion chargtics and their effects on emissions were not
presented there. Recent efforts using biogas-lsetlism dual fuel application are found in the
references [22-24], or biogas application in HCGCigiee [25]; where engine performance,

combustion and emission characteristics are inyastd. Although there are researches on the



combustion and emission characteristics of biogasedfbiodiesel in dual-fuel concept, it is necegsa
to investigate into more detail the reduction chemastics of exhaust emissions and the combustion
performance of the biogas—diesel dual-fuel engmnerder to establish biogas as an alternative fuel
for stationary older diesel engines. The objectifehis study was to investigate the combustion
characteristics of a diesel engine fueled with bfognd natural gas, in dual fuel mode, and the
influence of dual fuel combustion on the exhaustssions, with special attention to the PM
emissions. Natural gas was used here as a datuefeoence fuel as its data are well established in
the literature. All the results thus obtained, we@mpared between different engine fueling

conditions.

2. Experimental setup and methodology

The experiments that form the basis of the respitssented here were conducted in the
Thermodynamics Laboratory, at The University of Waad, New Zealand. The base engine for this
research was a Lister Petter PHW1, single cylinder;-stroke, direct injection (DI), stationary ded
engine. The major engine specifications are giwehable 1. The engine was modified to run on dual
fuel mode and its original fuel injection systemswaaintained for the dual fuel operation. The eagin
modification for dual fueling, and all the requiragbasurement systems including gaseous emissions
and PM (gravimetric method); the properties of eliemnd composition of pipeline NG etc. were
described in detail elsewhere in [21]. Compreds& and CQ were mixed in the laboratory to
obtain biogas mixtures such as biogas-1 (80% &20% CQ); biogas-2 (67% CiH& 33% CQ)

and biogas-3 (58% CH& 42% CQ). The total experimental setup can be found if.[21

Cylinder pressure was measured by a Kistler 60Jxqelectric transducer connected to a Kistler
5011 charge amplifier. The engine crankshaft waspggd with a disk having 360 teeth on its

circumference. A top dead center (TDC) detectosehm the disk detected each tooth or crank angle
(CA) to ensure 360 pulses output per revolutiothefcrank shaft irrespective of engine speed. Data

were recorded by a computer based high-speed daiiésidion system.



PM mass emissions were measured by the conventjoadgimetric method and by a light scattering
photometer (LSP) which involved the measuremerlightt intensity scattered by the particles and
provided real time particulate mass concentrati@asurement. The LSP used in this study was a
commercially available, direct-reading PM monitbysttrak™ (DT) Aerosol Monitor (Model 8520,
TSI Inc.). With appropriate calibration the LSP cahow good potential as an online PM
concentration measurement instrument and can praddnparable results with respect to the filter
method [26]. A single stage partial flow dilutiopsgem (PFDS) was used in this study to dilute the
representative exhaust gas sample drawn from tgmesfior PM measurements. The dilution ratio
(DR) was maintained at approximately 10 to 1 foe tlvhole experimental program and was

monitored by measuring concentrations of,@@the raw and diluted sample.

Tests were performed at a constant speed of 1#80arm with a constant injection timing of 28°
before top dead center (bTDC). At first the engiras run with diesel only and then subsequently run
with NG and biogases in dual fuel mode. Two modestendy state operation were chosen for diesel
only operation: low load (~ 3 Nm) and high load28 Nm) which were about 8% and 75% of the
rated output of the engine respectively at thisrengpeed. Under dual fuel operation, the amount of
pilot diesel was kept constant at that correspanttn3 Nm load and the output of the engine was
increased to 28 Nm by increasing the gas flow tatine engine. The operating fuel-air equivalence
ratios were calculated as 0.23, 0.61, 0.67, 0.68) @nd 0.70 for diesel (low), diesel (high), diese
NG, diesel-BG1, diesel-BG2 and diesel-BG3 fuelirgpectively. The diesel replacement rate (on
mass basis) was calculated as about 62 percentgddual fuel operations using the formula

presented in [21],

(DCR)4 —(DCR) 4
(DCR)4

DR(%) = x100 (1)

where (DCR) is the diesel consumption (kg/hr) under dieselrajpen and (DCRy} is the diesel

consumption rate under dual fuel operation (0.6kg maintained in this study).

3. Experimental heat release analysis

Heat release analyses include calculations whield yiow much heat would have to be added to the



cylinder contents in order to produce the obsemadations in cylinder pressure [27]. Using the
average measured cylinder pressure diagram antiesignal, ignition delay, combustion duration
and the rate of heat release were estimated. Tdfe $peed data obtained for cylinder pressure
measurements were processed by using a computgraproCoBRA (Combustion Burn Rate
Analysis) developed and modified by the InternaimBastion Engine Group at University of Oxford
[28,29]. It is usually assumed that the productd meactants are fully mixed. Considering the space
trapped in the cylinder when the valves are clasgd control volume, and then the first law of
thermodynamics can be applied for the closed syaem

3Qnr = dU + W + 8Qy )
where,Qy = the heat release by combustidiy = mechanical work done by the system aQy; =
heat lost to combustion chamber walls.
Considering the cylinder content as an ideal gash(shatc,/c, = yandc,- ¢, = R), the Eq. (2) finally

can be modified as

0Qy _0Qy GQu _ 7 v, 1 dp

d  d@ d@ -1 dd -1 do

(3)

where @Q,/d@ is the net heat release rate which is the diffe¥emetween the apparent gross heat
release rate d@ddd and the heat lost to the wall®@dé&. This equals the rate at which work is done
on the piston plus the rate of change of sensiblernal energy of the cylinder contents. The
cumulative net heat releaQg can be obtained by the integration of Eq. (3) 328, The assumptions

made for the analysis are similar as reported 1 [3

It should be noted that the calculation of thehwesit release rate is only valid between the irdétey
closure (IVC) and the exhaust valve opening (EVOaaonstant mass is considered. The valye of
ranges from 1.3 to 1.35 for diesel heat releas¢ysisaHowever, the appropriate valuesydbr the
most accurate heat release analysis are not wielede[30]. In the heat release analysis, the $igeci
heat ratio,y, being a function of temperature has an influemrc¢he magnitude d, and d,/do. It

was understood that the presence of diluent @®Qgaseous fuel would cause a lower value.of



However, the authors in [29] suggested that theceféf changes ip, within a typical range, on the
phasing ofQ, and d)/dé is negligible. Hence a constant value (1.35) @cdr heat ratioy, was

used for all the cases in using CoBRA for heatasgeanalysis in this study.

4. Results and discussions

4.1 Cylinder Pressure

The pressure traces were the average of aboutr@bustion cycles for each case. As expected, at
diesel low load a lower maximum cylinder pressueswbtained than for diesel high lo&dgure 1a
shows the in-cylinder pressure characteristicshef test engine for all types of engine
fueling: low load (~ 3 Nm) and high load (~ 28 Nra},1750 rpm engine speeht.low load

the engine operated at a lean conditipn-(0.23 compared t¢ ~ 0.61 at high load), which affected
the pre-ignition reaction activities of the fuef-aiixture and the corresponding effective flammigbil
limit which resulted in delayed and lowered comlmrspressure. Increasing fuel injection improved
the situation and the maximum cylinder pressure was approximately proportional to the rate of

diesel injection into the combustion chamber.

From Fig.1a, a similar peak cylinder pressure waseoved for the diesel (high) and dual fueling
irrespective of gaseous fuel nature in the presemty. However, the peaks for dual fueling appeared
later in the cycle as compared to diesel fuelingctviwas mainly the result of increased ignition
delay. During dual fueling, the operating total lfa& equivalence ratiop was always found to be
higher than that of diesel fueling which causedda@mergy release and greater rate of pressure rise
[32]. Figure 1b shows the pressure traces for fheding only, to compare results between NG and
biogas fueling. It was observed that addition of,@®Dgaseous fuel did not significantly affect the
maximum cylinder pressure, but the ignition andpgkeak of the cylinder pressures occurred slightly
later in the cycle for biogas3 compared to NG fugeliKarim and Weirzba [20] also observed that the
deterioration in maximum cylinder pressure and lolrake power output due to the presence of CO

in methane improved significantly at higher totqlialence ratios for biogas fueling.



4.2 Heat Release Rate

Net heat release rates (NHRR) for different endineling were calculated using the computer
program CoBRA (as mentioned before) based on thasuamed in-cylinder pressure versus crank
angle data. The net heat release is the differeetveeen the gross heat release due to combustibn an
the heat transfer to the walls, crevice effects,dffect of fuel evaporation and heat up [30]. NHRR
are presented for diesel and dual fueling in Figlibut 43% higher maximum NHRR was calculated
for diesel high load compared to light low conditihot shown here) and also a longer combustion
was noticed for diesel high load than diesel loadl@peration. In the case of dual fueling a rapid a
higher maximum energy release rate occurred cordpardiesel (high) fueling due to the combined
effect of the combustion of pilot as well as theayzus fuel in the immediate vicinity of the ignitio
and combustion centers of the pilot. The energgasd in the third phase of the combustion
(diffusion), which was within the overall lean mixé, was found to be small. About 27% and 30%
higher maximum NHHR were obtained for NG and biofisding respectively compared to diesel
fueling. Among all the fueling conditions, biogak&d the highest maximum NHRR. Much energy
was found to be released immediately following tbenmencement of the auto-ignition of the pilot.
A similar observation was reported by Karim in [13Jhis was due to the increase in the
concentration of gaseous fuel in air and the cpoeding overall equivalence ratio which modifies

and extends significantly the flammability zone ward the pilot fuel [32]. On a mass fraction basis

m
— 9% ) the value increased from 0.62 (for NG) to 0.67Hiogas1, 0.77 for biogas2 and to
mgas+ Mgiesel

0.8 for biogas3. This higher premixed combustiomgehfor methane fueling compared to diesel
fueling was also reported by Patterson et al. [THe other authors, e.g. [33] observed that the
maximum rate of heat release during the premixegs@hof gaseous fuel combustion increased
linearly while the diffusion combustion heat releaate decreased (due to decrease in diesel guantit
that had to burn during diffusion combustion) pnajpmately with the increase in diesel substitusion

in a dual fuel engine.

Cumulative heat release (CHR) is plotted in Figpraall types of engine fueling conditions. Althdug



the NHRR was higher in the case of dual fueling jparad to diesel (high) fueling, the cumulative
heat release was found to be higher in the lattee.cThis indicated a longer duration of combustion
in the case of diesel (high) fueling compared taldueling. The slope of the cumulative heat redeas
rate curves also indicated that more rapid combuisticcurs during dual fueling as indicated by

higher NHRR.

4.3 Ignition Delay and Duration of Combustion

The ignition delay is the time interval between ghart of injection and the start of combustion][30
The start of combustion may be taken as the minirpomt on the CHR curve (where the NHRR
becomes positive, Fig. 2) and the maximum pointle CHR curve (where the NHRR becomes
negative) may be considered as the end of comlou&8]. Ignition delay of the injected pilot fuedif
dual fueling is different from that in an ordinatiesel engine. This is due to the presence of pyima
fuel mixed with air, which alters the propertiestioé charge, the oxygen concentration and the pre-
ignition reaction activities during compression J[38he ignition delay period usually increases with
an increase in the amount of gaseous fuel in taegehfor most gaseous fuels under normal operating

conditions [35].

Table 2 presents the calculated ignition delay #wedcombustion duration periods (based on CHR)
for all fueling conditions. The ignition delay pedi was longer for diesel low load than for diesghh
load as expected. In the case of dual fuelingtimgmidelay was found to be longer compared to tliese
fueling. This can be attributed to several intaraceffects including: reduced oxygen partial poess
due to air displacement by gaseous fuel; redugegdeature and pressure during the initiation of the
ignition as methane has a higher heat capacity #Hignpre-ignition reaction activities between
methane and air may affect those between dieseamnithcreased residuals concentration at higher
loads [36]. Longer ignition delay periods for déiaéling with NG or methane are also reported by
several authors including [13,17,31,37]. The ignitdelay was affected further due to the presence
of CG, in gas as CPhas a high specific heat capacity. However, tlesgmce of CQin biogas did
not affect the ignition delay much in this studyeTreasons might be due to using a relatively high

pilot quantity (~ 0.6 kg/hr) and the relatively higverall equivalence ratios.



According to Table 2, the duration of combustionswshortened significantly for dual fueling
compared to diesel fueling as a reduced amount ie$et was injected. These results thus
complemented the results of rapid and high enezlpase rates for the kind of fueling. Liu and Karim
[32] also found that the higher the diesel subtitituby the gaseous fuel, the shorter the combustio
duration during experimenting with dual fuel engirihis was the combined effects of higher
premixed phase combustion rate and the reducedstifi phase combustion period. It can also be
observed from Table 2 that the increase of, €@ncentration in biogas does not affect much the
duration of combustion. This can be attributedhn® ¢combined effects of high operatipas well as
high engine load which significantly increases flame speed and the fuel-air mixture flammability

limit.

4.4. Brake Fuel Consumption

For each test condition, the fuel consumption veds recorded at least three times. Based on power
output for each test condition, the brake spedifed consumption (BSFC) was calculated. Figure 4a
shows that the specific fuel consumption increasetiogas was introduced into the engine. This can
be attributed to the reduced calorific values ofgais fuels with higher Cxontents. However, in the
case of NG fueling an insignificant effect was olisd on fuel consumption rate when compared
with diesel fueling. A more useful comparison begwehe fuels used in the study, was to examine the
brake specific energy consumption (BSEC) resultseefich engine test. The error bars on individual
measurements are equivalent to two standard dewsato show the variability in data recorded in
different tests and on different days. When fuelstomptions are viewed on an energy basis as shown
in Fig. 4b, BSEC results are not significantly difnt between diesel and dual fueling and between
NG and biogas fueling. These results indicate #haufficiently high operating loads, as used here,
dual fueling has similar thermal efficiency to ttiat diesel fueling and the fuel gas quality has an
insignificant impact on it. Similar observatione also reported for high loads on NG-diesel dual

fueling [31,37,38].

4.5, NO, Emissions
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Figure 5 shows the results of N@®missions for the engine while operated in diesel dual fuel
modes. Significantly higher NOconcentration was measured during diesel high loaeration.
According to Fig.5, the NCconcentration level at low load was almost®d3 the level for high load
which was approximately similar to the ratio of tiliesel consumption rates between the low and

high loads. Thus the N@missions were approximately proportional to tlessnof diesel injected.

In the case of dual fueling, the combustion andssions characteristics are strongly dependenten th
type, quality and the level of substitution of thaseous fuel as mentioned previously. The gas
substitution levels are particularly important &her loads. This is because the premixed charge is
subjected to increasing temperatures during corsjoresind thus causes a substantial progress in the
pre-ignition activity. This increased reaction dityi increases the charge temperature, which témds
compensate for the temperature drop due to thetiawldof the gaseous fuel [17]. Thus, at a
sufficiently high load with higher gas substitutisghe combustion temperatures are not affected much
compared to the diesel fueling, which may causdéainevel of NQ, emissions. This was the case in
our experiments with dual fueling and when compatietween diesel and NG fueling under the
same operating condition (28 Nm and 1750 rpm), wh¢®, emissions were found to be slightly
lower or similar. However, from Fig.5, NGemissions were found to be reduced significanly f
biogas fueling compared to either diesel or did&dl{fueling. NQ concentration was found to be
decreased by about 13 to 37% during biogas fueliitly increasing C@ contents compared with
diesel fueling. Therefore, it is clear that theséable differences in NOconcentrations were mainly
due to the presence of @ the gaseous fuel. GCbeing a diluent, and having a high molar specific
heat capacity, lowered the level of the cycle terapees significantly. In addition, increasing £i®
biogas caused more gaseous fuel to escape the stombiprocess, which affected oxygen
concentration followed by a decrease in overallleyiemperature. Hence, NQormation was

suppressed with the combined effects of these phena in the case of biogas fueling [19].

4.6 UHC emissions

Measured unburned hydrocarbon (UHC) emissions s¥septed in Fig. 6 for the different engine
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fueling conditions. A similar UHC concentration wiasind for diesel low and high load conditions.
However, with the introduction of gaseous fuel, UBl@issions increased sharply by more than three
times compared to baseline diesel fueling. Similesults were reported by Papagiannakis and
Hountalas [31] for diesel-NG fueling at higher emgioads. With the introduction of gaseous fuels,
turbulent flame propagation from the ignition rewgoof the pilot is normally suppressed due to the
lower temperature and air-fuel ratio and it wilt pooceed until the concentration of the gaseoak fu
reaches a minimum limiting value. Also it is obsshthat the ignition is normally more delayed for
dual fueling compared to diesel fueling which hasapproximately directly proportional relationship
with the exhaust UHC concentration for a naturagpirated DI engine [30]. In addition to these
mechanisms, there are contributions from crevideraes into which gas-air mixture is forced during
compression, and remains partially unburned aftanpetion of the expansion process. Valve
overlapping between the intake and exhaust toitf@eilscavenging can also cause an increase in HC
emissions for dual fueling as it blows unburned-giasnixture out of the cylinder [39]. For biogas
fueling, a mild increase in HC emissions was oleerfFig. 6) with the increase of GOontent in
fuel. This can be attributed to the effects of Idwg combustion temperature and oxygen

concentration in the mixture which may narrow tfeative flammability limits.

4.7 PM Mass Emissions

4.7.1 Gravimetric method

PM total mass emissions measured by the gravimeteihod are presented in brake-specific mass
unit (g/kWh) in Fig. 7 for diesel and dual fuelingnditions. Under diesel low load condition, the PM
mass emissions per engine output power were foarigetthe highest among all other operating
conditions. A similar observation was reported lya®@a et al. [40] for the low load operations with
different diesel test fuels. When compared betwdiesel and dual fueling, a significant reduction in
PM mass emissions was obtained in the latter ¢dge ). Specific PM mass emissions were reduced
by about 70 percent for NG, biogas-1 and about éfsgnt for biogas-2 and biogas-3 dual fueling
compared to diesel high load operation. Quantigdtiwimilar results were reported for diesel-NG

dual fuel operation in [41,42].
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It can be speculated that the formation of the nitgjof PM was caused by the quantity of diesel fue
injected which was minimized in the case of dua&l foperations as soot forms in fuel rich zones at
the elevated temperatures from liquid hydrocarhgel firoplets. On the other hand, PM oxidation
processes, being a function of temperature, in fliedlcombustion are almost similar to diesel high
load combustion as the combustion temperature rexdainaffected much (combustion temperatures
can be approximated to be proportional to the esthtemperatures which ranged from 4G0o
467 C for dual fueling and from 47C to 485C for diesel (high) fueling). It is generally beles
that the more carbon a fuel molecule contains,ntloee likely the production of soot by the fuel
during combustion [43]. Moreover, the chemical smoes such as aromatics, C=C and cyclic
molecules, which are regarded to have increasegi®iucing tendency, are absent in gaseous fuels
such as NG or biogas [43,44]. The reduction in RMssions in this study were attributed to (a) a
direct consequence of flame temperature reductiesulting a lower PM nucleation rate) and the
lowered concentration (or mass fraction) of acetyle (b) increased oxidation of soot
nuclei/precursors in the soot forming region by éindanced concentrations of O and OH around the
flame (resulting in the high oxidation attack) thweds produced from the GQ@eaction mechanism
[45,46]. From the Fig.7 it is also observed tha thore CQ in biogas, the more reduction in PM
mass emissions. The presence of higheg €d@bcentration in the fuel causes a decrease iralbve
cycle temperature which might have an impact ordabon processes. Hence, the resultant PM
emissions would be the balance between these tetogphena. Ignition delay has a role to reduce PM
formation in diesel combustion. The longer the tigni delays the more homogeneity in the fuel-air
mixture and the fewer tendencies to PM formatiof].[4n addition to the increased ignition delays,
decreased combustion duration was also observetlfdrfueling. Therefore, most of the combustion
occurred at higher temperatures which could fatditPM oxidation in this case whereas in diesel
fueling the PM that was produced later in the espanstroke would not have enough time and high

enough temperatures to be oxidized.

4.7.2. Light scattering photometer (LSP) method
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Figure 8 presents the comparative results of PMsneasissions obtained by LSP and gravimetric
methods. The emission values are averaged andssegoreas PM mass per unit volume of diluted
sample passed through the collecting filters. it ba observed from Fig. 8 that LSP shows a similar
trend of PM emissions for different engine fueliognditions. PM mass emissions (md/rvere
found to be reduced by about 84 percent for duelirfg compared to diesel fueling at high load.
However, agreement of the comparative results tvddesel low and high load was not good. LSP
underestimated for lowoad, and overestimated for high load conditionimyrdiesel fueling when
compared with the gravimetric method. Similar olzadons were previously reported in [47]. In this
present study, LSP was not calibrated for the fipeengine operation. The zero check was done

frequently and the repeatability for a specificiaagoperation was good.

5. Conclusions

In the present work an experimental investigatias wonducted to examine the effect of dual fuel
combustion on the performance and pollutant emrmssad a DI diesel engine operated on alternative
gaseous fuels such as NG and biogas. The engimatigmewas found to stable and smoother in dual
fuel mode at the engine operating conditions cameid in this study. The following conclusions may
be drawn from the results of the present study:

- The highest BSFC was obtained for diesel low lopdration. When the engine operating
condition changed from diesel (high) to diesel-N@ling, the effect on BSFC was found to
be insignificant. However, with the introductionltbgases, the BSFC increased compared to
diesel fueling as the fuel calorific value decreksehe increase in BSFC was found to be
proportional to the amount of GOpresent in the simulated biogases. When fuel
consumptions are converted to an energy basis, B&&QIlts are not significantly different
between diesel and dual fueling and between NGsandlated biogas fueling. Hence it can
be concluded that at sufficiently high operatingds, as used in this work, dual fueling has
similar thermal efficiency to that for diesel fuedi and the fuel gas quality has no impact on
this efficiency.

- Maximum cylinder pressure was found to be affeddad to the variation in engine load.
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However, a similar maximum cylinder pressure wateddor diesel (high) and dual fueling
irrespective of fuel gas quality at this high lodw.the case of dual fueling, the maximum
cylinder pressure was also found to occur lateh@cycle implying a longer ignition delay
when compared to diesel (high) fueling. A longaritign delay period was also calculated for
diesel low load and dual fuel conditions comparethat of diesel high load. The presence of
higher CQ in the gaseous fuel also caused a longer ignitelay.

In the case of dual fueling, a rapid and higher imaxn energy release rate occurred
compared to diesel (high) fueling. About 27% and63@igher maximum NHRR were
obtained for NG and biogas fueling respectively pared to diesel fueling. However, the
cumulative heat release was found to be lower fout30%) for dual fueling compared to
diesel (high) fueling. These results indicate ttha&l fuel combustion is characterized by a
rapid and higher energy release rate, with relgtiskorter combustion duration, as compared
to diesel fuel combustion under the same operatingditions. About 22% shorter
combustion duration (on an average) was calculfatedual fueling compared to diesel (high)
fueling.

NOx emissions for NG-diesel dual fueling were fouadoe similar to those for diesel high
load condition. However, biogas fueling signifidgribwered the NOx emissions (maximum
by 37% compared to diesel fueling). NOx reducticasvebserved to be proportional to the
CO, concentration in biogas.

With the introduction of gaseous fuel, UHC emissiamcreased sharply by more than three
times compared to baseline diesel fueling. Whenpaoed between NG and biogas fueling, a
mild increase (about 6% increment for biogas3 fglin UHC emissions was observed with
the increase of C{content in the fuel. It is thus indicated thattopd1% CQ in biogas is
tolerable in terms of UHC emissions when compargd WG fueling (at high load).

PM mass emissions were reduced substantially irtdlse of dual fueling irrespective of its
guality. About 70% reductions in PM emissions webtained in this study. Similar results
are observed for NG and biogas fueling.

Online PM measurements using light scattering pheter (LSP) showed a similar trend of
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results to those obtained by the gravimetric methddwever, quantitatively the LSP
measured a lower value for diesel (low) or dualifigeconditions and a higher value for

diesel (high) condition when compared with the esponding gravimetric results.
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Tables

Table 1. Engine specifications

Enginetype Single cylinder, DI, water cooled
Bore/Stroke 87.3/110 (mm)

Swept volume 659 (cm®)

Connecting rod length 231.9 (mm)

Compression ratio 16.5

Injection timing by spill 28°bTDC

Nozzle opening pressure 197-217 (bar)
Rated torque output (cont.) 32.6 (at 1800 rpm) Nm




Table 2. Ignition delay and combustion duration periods for different engine fueling.

Fueling Ignition COyin Duration of
Delay Biogas Combustion
(°CA) (% mole) (CHR based) (°CA)

Diesal (low) 17 44

Diesal (High) 15 102

Diesel-NG 18 81

Diesal-BG1 19 20 82

Diesel-BG3 19.5 41 78
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Figure 1. Cylinder pressure as a function of crank angle for (@) diesel and dua fueling and (b)
dual fueling (28 Nm; at 1750 rpm and 28°bTDC).
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Nm; at 1750 rpm and 28°bTDC).
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Figure 4. (a) Brake specific fuel consumption, and (b) brake specific energy consumption of the
engine while operated with diesel and dua fuels (diesdl low ~ 3 Nm, diesel high and dual fueling
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Figure 7. PM total mass emissions by gravimetric method for different engine fueling (diesel: 3
Nm and 28 Nm; dual fuel: 28 Nm; 1750 rpm; 28°bTDC; 0.6 kg/hr pilot for dual fueling).
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