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Abstract

This paper discusses the feasibility study on tilezation of biodiesel ester of Honge oil (EHO) @@mmon rail direct injection
(CRDI) engine. Biodiesel of EHO has been obtaingdransesterification process and characterizatas been done. Existing
single cylinder diesel engine fitted with convenaab mechanical fuel injection system (CMFIS) wasahly modified to operate
on Common Rail Direct Injection (CRDI) facilities here the biodiesel can be injected with higher cimpm pressures.
Experiments were conducted on CRDI engine fuellét diesel and biodiesel to optimize the injecttoming (IT), where the IT
varied from 28 before top dead centre (bTDC) t8 &fter top dead centre (aTDC) keeping injector sures (IP)of 600 bar,
compression ratio (CR) of 17.5 and constant engpeed of 1500 rpm at 80 and 100% loading condititmproved brake
thermal efficiency (BTE) IT was obtained at°1@urther experiments were conducted on CRDI enfjietied with diesel and
EHO to optimize the injector opening pressure {Rre IPs were varied from 600 bar to 1000 bar ikgepptimized IT of 10
bTDC and revealed that maximum BTE was obtaine@Datbar. From the experimental study, IT ofddDC and IP of 900 bar
were concluded as best engine operating paramgtesistain maximum BTE with lower hydrocarbon (H€xrbon monoxide
(CO), smoke emissions but oxides of nitrogen (N&xjssions were higher for the fuels used in thdystBeak pressure and heat
release rates were observed maximum for IT 86 IDC and IP of 900 bar compared to other ITs arsouised.
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1. Introduction

Renewed interest in searching suitable altereatind renewable fuels for fossil fuels in dieseyiire applications with
capability of meeting the emission norms of Bhatage, EURO norms is the need of the hour. Biotliesae such alternative
which is capable of replacing diesel as India Hasge agriculture base that can be used as a feek ® obtain these newer
fuels. Use of biodiesels in compressionignition)(€hgines demands higher fuel IP as they have higkeosity compared to
diesel. The advantages of electronic fuel injecgstem generally called CRDI are that very highl fajection pressures up to
2500 bar to atomize fuel into very finer droplets fast its vaporization is realized in practicature (Pundir, 2007). High
velocity of fuel spray due to high IP penetrates ¢bmbustion chamber (CC) within a short time ttyfutilize the air available.
Research has shown that by further increasingRhadre benefits in terms of engine performanceraddction in emissions can
be realized (Wloka, 2010, 2011). Researchers alsod that spray penetration improved at highePi&h( 2012; Lesnik, 2013).

CRDI engine fuelled with both diesel and biodigsroduced lesser smoke due to the better atoimizaf the fuel at higher IP
and resulted in improved combustion due to betitrefugl mixing and it was reported that soot oxidatenhanced due to the
higher in cylinder temperatures. Also it is repdrthat an improvement in local fuel-oxygen ratiaridg combustion process
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reduced the smoke emission because of oxygen ntatemantent and the absence of aromatic and satfmpounds in biodiesel
fuel compared to diesel (Octavia 2006). At ITs 6ftd 5 BTDC the combustion occurred near to TDC thatlteduin maximum
BTE and it could be due to more efficient mixing fakl with air and also due to better fuel atommat(Monyem, 2001;
Sonatore, 2008). HC emissions decreased at IT ketdw& to 5 bTDC where fuel BTE was higher (Carlo, 2002). Thealer
droplets of fuels obtained at higher IP improveaing of fuel with air inside the combustion chami@€ resulting in complete
combustion of mixture that resulted into lower smeknission (Yakup, 2003). The higher fuel dropkdbeity and smaller droplet
size obtained due to higher fuel IP led to bettarall mixing of fuel and air and shortened ignitidelay (ID) (Lee, 2005). Higher
IP causes the diesel and biodiesel spray to vapariickly that enhances combustion rates resultingigher combustion
temperatures. The earlier start of combustion (S&@)higher heat release peak that yielded in higheylinder temperature led
to an increased NGmissions (Charles, 2009).

The BTE decreased with start of injection (Statgr then 8TDC (Ye, 2011). The peak cylinder pressure andpéwk heat
release rate (HRR) of the biodiesel were slighthwdr but the ID was slightly higher. In terms ofissions, the biodiesel had
benefits in reduction of smoke, CO, HC emissionseeigly with higher fuel IP. The NOx emissions tietbiodiesel were
relatively higher than the diesel (Hwang, 2014)dsésel blend (B20) showed better engine performanderms of reducing
particulate matter (PM) emission at all engine afieg conditions compared to diesel. This coulddbe to lower sulphur and
aromatic content of biodiesel. Benzene soluble mimgiaction (BSOF) showed decreasing trend witlréasing engine operating
load for both diesel and biodiesel. For B20, theOBSontent of PM was higher than that of diesels Tould be due to relatively
lower volatility of constituents of biodiesel, imditing possibly higher toxic potential of biodiepalticulates (Jitendra, 2012).

The objective of thestudy mainly focus on thieetfof IT and IP on the combustion, performance amission characteristics of
CRDI engine when fuelled with ester of non-edibiki.e., EHO. CRDI engine performance fuelled wiEkO were studied to
optimize the fuel ITand IP for best BTE and themepiag optimum IT, IP for best BTE was found. Figatkitical conclusions
were drawn from the experimental study on CRDI eaduelled with EHO.

2. Material and method:

2.1Transesterification of EHO

The transesterification set up consists of robotiom flask with three necks to it placed in aavaontainer for heating the oil
and it is of 2 liters capacity. A heater with terrgiare regulator was used for heating the oil. ghhspeed motor with a magnetic
stirrer in the form of rotating element was used rfoxing the oil vigorously. In the transesterifican process triglycerides of
Honge oil react with methyl alcohol in the preseonfea catalyst NaOH to produce fatty acid ester gyderol. In this process
1000 gm of Honge oil, 240 gm methanol and 8 gmuwsuadiydroxide were taken in a round bottom flask.tAé contents were
heated up to AC and stirred by the magnetic stirrer vigorously dae hour when the ester formation begins. Theurgxwas
transferred to a container and allowed to settiwrdander gravity for overnight. The upper layetttie separating funnel forms
the ester and the lower layer being glycerol wasoneed from the mixture. The separated ester waganixith 250 gm of hot
water and allowed to settle under gravity for 24iisoas shown in figure 1. Water washing removedattg acids and catalyst
dissolved in the lower layer and was separatedty Baids and dissolved catalyst were removed Inygus separator funnel. Silica
gel crystals were added to remove the moisture filtanester.The properties of diesel and EHO useth#o study are given in
table 1.

Fig. 1. Biodiesel separation flask

2.2 Experimental methodology

Experiments were carried out at the rated speeib0® RPM at 80 and 100% loads. Readings were takenachieving stable
engine operation. The temperature of cooling watehe exit was maintained at°@0 The experiments were conducted on CRDI
engine using diesel, EHO with IT varying from°B5DC to aTDC to optimize IT keeping IP constant at 6004doad then IP was
varied from 600 bar to 1000 bar at the said speddaads to optimize IP.
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3. Engine setup

Experimental set up is shown in Figures 2 (a) &)dpecifications of injector and engine usedtfier study are shown in Tables

2 and 3 respectively.
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Fig. 2. Experimental set up

Table 2Injector Specification

No of holes 1

Diameter of the nozzle 0.201

Angle of injector hole Parallel to head
Injection pressure 1000 bar

Table 3 Specifications of Cl engine

Sl. No. Parameter Specifications
1 Type TV1 ( Kirlosker make)
2 Software used Engine soft
3 Nozzle opening pressure 200 to 225 bar
4 Static injection timing Z»TDC
5 Governor type Mechanical centrifugal type
6 No of cylinders Single cylinder
7 No of strokes Four stroke
8 Fuel H. S. Diesel
9 Rated power 3.7 kW (5 HP) @1500 RPM
10 Maximum torque and Engine speed 1500 rpm
11 Cylinder diameter (Bore) 0.0875 mtr
11 Stroke length 0.11m
12 Compression ratio 175:1
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4. Results and discussions

The existing diesel engine fitted with conventioimgéctor was replaced by electronically control@BRDI system for supplying
fuel at higher pressure. CRDI engine operation smsoth without any difficulty. The experiments wearenducted at 80 %
&100% loads and the rated speed of 1500 rpm keegitgpressure of 600 bar by adjusting the pumpvfend the pressure
regulator valve to optimize the IT. The rail pragswas than varied from 600 to 1000 bar keepingitenized IT. The effect of
IT and IP on BTE, HC, CO, Smoke and M@ presented in this section. The IT is variedn28bTDC to aTDC in steps of
5°CA. Beyond 8aTDCconsiderable knock was observed. It may bedntitet the injector employed was well suited witle t
engine and the results represent the variatioradmpeters and demonstrate the capability of theisys

4.1 Optimization of Injection Timing
Brake thermal efficiency

Figure 3 shows effect of IT on BTE for CRDI systeperation with diesel, biodiesel with selected 13i1s80% and 100% loads.
The maximum BTE occurred at IT betweer? i®5’bTDC for both higher loads at constant IP of 600fbatwo fuels used. The
advancement or retardation from the optimum valul aleteriorated BTE as shown and the similar iteswere reported in the
literature(Monyem A 2001, Senatore A 2008, Peng?¥#1). From the figure, it is observed that higB&E seems to be at SOI
between 10 and°6TDC and the BTE decreases with SOI later thiTBC. Engine operation with diesel and biodiesel BIT
performed better than other ITs tested. Howevefopmance of biodiesel was poor compared to its tenpart diesel due to its
higher viscosity and lower calorific value.

270 27.5
2.5 ] //4\4\‘\ ol ‘/‘/‘/A\‘\‘\‘
26.0 A//‘/A\N\A 265 A
255 26.0 A/*’/m\\
250 255 1
245 H 25.0 4
<240 245 ]
<235 ] 24.0
550 2551
- —<— 100 % Diesel
22.0 4 225
215 7 22,0
210 7 215
205 21.0 4
20.0 T T T T T T T 20.5 -
25 20 -15  -10 5 0 5 20.0 —
Injection Timing {CA) 25 -20 -15 -10 5 0 5
Injection Timing {CA)

BTE (%)

Fig. 3: Effect of IT on BTE at 80% load and 100% load.

Emission characteristics:
Hydrocarbon emission

Figure 4 shows effect of IT on HC emission for CRIpstem operation with diesel, biodiesel with sielddTs for 80% and 100%
loads. HC emissions of biodiesel are slightly higtien neat diesel operation and the reason ferabuld be the lower BTE
obtained with biodiesel compared to diesel. Bioglidmve higher viscosity that resulted in poor aration compared to diesel at
the same injection pressure. The associated wélingeobserved with biodiesel could also be resjiador the observed trends.
HC emissions showed decreasing trend at IT betd&&to SbTDC where fuel BTE was found to be higher (Carl@002).
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Fig. 4: Effect of IT on HC emissions at 80% load an8%0doads.

Carbon monoxide emission

Figure 5 shows effect of ITs on CO emissions fasdl and biodiesel (EHO) at 80% and 100% loads.e@3sions at higher
loads showed similar trend as that of HC emissiprntai5bTDC and showed an increasing trend with IT waardstd. CO

emissions was lower for IT between®lénd SbTDC while it increased with retarded IT and thiuld be due to the gas
temperature variation observed inside the combustimmber (CC). Similar results were reported @liierature (Carlo N 2002).
In fact, as the IT is retarded, the BTE decreasésfar the same power output this increases theuatnof fuel delivered. This
may be the reason for increase in CO emission.lé&xtaktarded IT where the initial pressure andgerature of air is higher with
higher oxygen content of biodiesel, increases tkidation process between carbon and oxygen molecilee lower hearing
value and lower volatility of EHO compared to diesssulted into higher HC and CO emissions and ¢bisld be due to lower
BTE obtained on biodiesel operation.
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Fig.5: Effect of IT on CO emissions at 80% load and 106&al|

NO, emission

Figure 6 shows the effect of IT on the emissiomitogen oxides for CRDI system of operation witsgl and EHO at 80% and
100% loads. N¢emissions were lower for EHO operation compareddigsel as they provide lower in cylinder gas peak
temperature. NQemission levels increased with advanced IT fodigisels and diesel. Advancing the fuel IT incredbespeak
in-cylinder pressure due to longer ID resultindnigher peak cylinder temperatures and vice-versail&8 trends were reported in
the literature (Leung D 2006). The lower NOx enussi with EHO used could be due to their lower pxeghicombustion and
cetane number (CN) which lowered peak pressurggaademperature when compared to diesel fuel.
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Smoke emission

Figure 7 shows effect of IT on smoke opacity forlRystem operation with diesel and EHO at 80% H@Po loads. The smoke
emission of EHO was higher than those of the diesdkr the same operating conditions. This couldtbéuted to the presence
of free fatty acids (FFA) in the biodiesel leadiogpoor air-fuel mixture. At an IP of 600 bar threake emissions of injected fuels
decreased with retarded IT up to°d@0ODC and was minimum between®ldnd SbTDC. This could be due to better combustion
process on account of more time available for tkieladion. Smoke emissions of all fuels used areeased when the IT is
retarded due to sluggish and diffusion combustibasp caused by reduced rate fuel-air mixing duatéy injection (Sayin C
2009). Smoke formation is basically a process afvecsion of molecules of diesel fuels into soottipkes. The lesser smoke
emission of biodiesel are mainly due to emissiotoafer molecules of HC and particulate matter. 4 tT of 1GbTDC higher
BTE was resulted but the emissions of smoke, CONfgvere higher. However slightly retarding the IT B BDC lowers the
emissions with a small compromise in the BTE. Hosvd¥ of 10bTDC was optimized for diesel and EHO.
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Fig. 7: Effect of IT on Smoke at 80% load and 100% load.

Combustion characteristics:
Peak pressure and Heat releaserate (HRR) variation:

Figures 8 and 9 shows the effect of IT on variattbmpressure and HRR with crank angle for CRDI diesgine fuelled with
diesel and EHO for 100% loading conditions. From. Bi it can be observed that HRR gradually incréagi¢h advanced IT at a
given loading condition. It can be noted that dtedént ITs [20bTDC to 5aTDC] the peak pressure and the peak HRR of the
EHO are slightly lower than those of the diesele Plrak pressure is increased as the IT is advamgethis could be due to the
increase of the ignition delay period. More homaamrs fuel-air mixture is formed which results isteong premixed combustion
phase leading to a higher peak pressure (Narayar2006). Earlier start of combustion due to advdri@ereduces the effect of
slow vapourization and higher viscosity of the hésel that lead to poor mixing of fuel with airrdal S 2009). At 100%load
when the IT is 2%TDC, the peak of HRR is evidently higher than thas|Ts of 1% TDCand TDC. The main reason is that the
heat loss to the cylinder wall was not significeatause of higher wall temperature of cylinder ed@ugh cylinder wall surface
area was larger at IT of 25TDC. In addition more fuel was physically prepafed chemical reaction which increased the
premixed combustion phase (Joonsik Hwang 2014).
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4.2 Optimization of Injection Pressure

The experiments were conducted to study the infleesf IP on CRDI engine operation using electramintrol unit (ECU). The
fuel IP was varied from 600 bar to 1000 bar keepimgengine speed constant at 1500 rpm. OptimiZedds used during the
whole experimentation.

Brake ther mal efficiency

Figure 10 shows the effect of IP on BTE of CRIDbine operation using diesel and EHO for diffei®nodf 600, 700, 800, 900
and 1000 bar at 80% and 100% load respectivehhidtier IP the BTE improved due to efficient utiliven of fuel associated
with better atomization as well (Pundir, 2007; Bak#08). Amongst all the IP, the highest BTE whsayved with IP of 900 bar.
BTE values were lower for EHO than diesel operafmrall IP tested. Lower CN, higher viscosity dodier volatility associated
with EHO led to poor atomization and slightly inhogeneous mixture during the ID period which resuitsa later start of
combustion process. At 100% load similar trendsewarserved with lower values as shown in figure tiesfuel IP increased
from 800 bar to 900 bar the peak of the HRR as a&lthe combustion phasing of EHO advances dueetoeduction of the ID
through better air entrainment and fuel-air mixing.
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Higher IP led to faster ignition of mixture atite peak value of the HRR for EHO were lower coragdo that of diesel under
the same engine operating conditions. When the IRcreased ID decreased due to smaller sauter diaareter (SMD), shorter
break up length, higher dispersion and better atatiain of injected fuel (Puhan, 2009). At higheadocondition the mixing
process between fuel and air is enhanced by hilghelue to higher charge temperature. More combastitixture is formed
during ID as a result the peak in-cylinder pressurd® of 900 bar was higher than that of 800 hpaction pressure. Beyond 900
bar IOP there was no significant improvement in BTEis is probably due to higher IP led to wall tvey. Too high IP (1000bar)
led to a delayed injection negating the gain ingbgformance of CRDI engine.
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Fig. 10: Effect of IP on BTE at 80% load and 100% load.

Exhaust emissions:

HC and CO emissions

Figures 11 and 12 shows the effect of IP on HC @@demissions for diesel and EHO at 80% and 100%sloAt higher IP the
decreased trend of HC emissions for all fuels wsasl observed and it might be due to complete cotigmuprevailing inside the
cylinder due to better air-fuel mixing in the CCO@missions were affected by in-cylinder gas tempees and lower CO was
observed at higher IP. The HC and CO emissionsrgiypaecrease with an increase in IP which cowdddbe to the enhanced
atomization ensuring homogeneous fuel-air mixtund hetter combustion of mixture. Improved ignitiqnalities and higher
oxygen content of the EHO produced much smalleruarnof HC and CO emissions but they were compaghtiigher than
diesel fuel and the lowered BTE of EHO are respwador the trends reported. The highest IP of 1B80led to an increase in
the HC emission level probably because of redudticdhe BTE. Also a higher IP led to a considergietion of the combustion
of mixture to occur in the diffusion phase on actof the smaller ID.
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NO, emissions

NO, is formed as a result of the oxidation of nitrogaesent in the air during burning of the air-fueiture in the CC. Its
formation is dependent on the flame temperaturtaénCC. The predominant factors involved in thigrfation process are the
air/fuel ratio and the surrounding temperature.,@ission increased with the increases in IP duastr combustion process
and higher gas temperature in the cycle as showigini3 at 80% and 100% load. Higher IP causeglingel and EHO spray to
vaporize quickly with faster combustion rate rdsgltin higher cylinder temperature. The earlier S&@ higher heat release
peak yields longer residence times and higher lmdgr temperature that led to increased,N@issions of the engine (Charles J
2009). The increased fuel droplet velocity and dased droplet size due to increased fuel IP tidatddoetter overall mixing of
fuel and air and shortened ID (Chang Sik Lee 206byher HRR led to higher in-cylinder temperatuyiglding increased
NO,emissions. EHO have short premixed combustion amtdr showed comparatively lower MMissions compared to diesel.
In case of higher IP, the gas temperature insidex@ increased and consequently more free oxygensadf EHO combine with
nitrogen resulted in increased rate of Ji@mation. EHO has lower heating value and highscosity compared to diesel that led
to lower BTE. Lower adiabatic flame temperature @lof EHO resulted into lower NOx emissions.

840
820 ) <
800 — /
780

“ - 80% EHO o <
w0d € —<— 80% Diese] = « 100% EHO
780 —<— 100% Dies|

740

(ppm)
A
(

NO,

720 740 T T T T T
T T T T T 600 700 800 900 1000
600 700 800 900 1000 Injection pressure (bar)
Injection pressure (bar)

Fig.13: Effect IP on NQemission at 80% load and 100% load.

Smoke emissions:

Figure 14 show the effect of IP on smoke emissi®B0& and 100% loads respectively. Smoke emisgidnaed with increase in
IP which could be due to enhanced atomization amaller droplets obtained. The smaller dropletsugi can improve mixing

with air inside the CC resulting in complete comtinrs of mixture that reduced smoke emission (YakR0p3). EHO has heavier
molecular structure due to higher viscosity comgdcepetro diesel fuel that resulted into largesl fdroplet size for the same IP.
The improper air-fuel mixture achieved in CC resdlinto higher smoke emissions compared to neaedmperation. Lowest

smoke level was observed at the IP of 900 bar.
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Combustion characteristics:
Peak pressure and Heat releaserate (HRR) variation:

Figures 15 and 16 shows the effect of IP on vanmatf pressure and HRR with crank angle for CR@kdl engine fuelled with
diesel and EHO for 100% loading conditions. Inceebfuel droplet velocity and decreased droplet size to increased fuel
injection pressure led to better overall mixingEHlO and air. Increased IP with EHO facilitates iearBOC and higher heat
release peak yields longer residence times andehighcylinder temperatures (Mueller C J 2009). Tdwmbustion of the
biodiesel starts slightly later than that of thesdil due to its longer ID compared to diesel andibsel has higher viscosity and
hence generate higher friction around the injene®dle which led to a slow needle-lift movement Emgjer ID (Wang X 2010).
The combustion starts earlier as the fuel IP irswdaand the in-cylinder pressure peak increaseld migher fuel injection
pressure. As the fuel IP increased the peak offRR as well as the combustion phasing of EHO adz@uitie to the reduction of
the ID through better air entrainment and mixingghér IP lead to faster ignition and the peak valtithe HRR for EHO but
lower compared to that of diesel. Lower CN, higkiscosity and lower volatility of biodiesels lead poor atomization and
mixture preparation with air during the ID periodhish results in a later SOC. The peak pressurepaat HRR of the EHO are
slightly lower than those of the diesel. The peakylinder pressure mainly depends on the combusade in the first stage,
which is influenced by the fuel taking part in fr@mixed combustion phase. The amount of fuel dedig during ID period could
be increased due to enhanced atomization of fugsleahozzle outlet with high IP which leads to arendistributed vapour phase
and better combustion facilitate increase of prewhikiRR especially at high load condition. Similasults were reported in the
literature (Labecki, 2012; Kegl, 2006; Ozsezen,&@an, 2004 and Ye, 2010).
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Fig. 15: Effect of IP on Peak pressure at 100% load.
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Fig. 16: Effect of IP on HRR at 100% load.
5. Conclusion

The existing single cylinder Cl engine was suitafngdified to operate on CRDI mode to facilitateyiag IT and IP. From the
experimental study, the effect of IT and IP on pgegformance of CRDI engine operated with diesel BRtD the following
conclusions were drawn at both 80 % and 100% loads.

> For EHO fuelled CRDI engine the BTE showed incregdiend with retarded IT up to @DC and beyond this IT BTE
reduced. Biodiesel showed poor performance in tefniswer BTEcompared todiesel.
» HC emissions reduced with retarded IT while CO anmbke emissions decreased drastically up fbTIDC and increased
beyond the said IT. However NOx emissions increagétdadvanced IT as usual.
» With increased IP, BTE increased up to 900 barkaybnd this pressure the BTE reduced due to sylatatation.
» HC and CO emissions showed similar trends for bo#ids with minimum values at 900 bar. These emissiacreased
beyond 900 bar.
» NO, emissions increased with increased IP.
> Higher peak pressure and heat release rates wiia@d with advanced IT and higher IP.
On the whole it can be concluded that the develdpR®I single cylinder Cl engine operated with EHOrleed satisfactorily
similar to neat diesel operation. This experimematk showed the capability of EHO to replace dieggch is the need of hour.

Nomenclature

aTDC - after top dead centre bTDC - Before tepdicentre
BTE — Brake Thermal Efficiency CC - Combustidramber
CRDI - Common rail direct injection CR - Compsim ratio

CO - Carbon monoxide EHO - Ester of Honge oil
HC - hydrocarbon HRR - heat release rate

IP — Injector opening Pressure IT — InjectiomiFig

NOx - Oxides of nitrogen PM - Particulate reatt

SOC - Start of combustion
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