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ABSTRACT

This research work indicatdbe analysis conducted to investigate the performance,
exhaust emission and combustion characteristics of a i€l engine fuelled with-n
butanol blendsat a rated speed of 150@m with 300 bar injection pressure at
compression ratiogf 16,18 and 20. The test fuel waseparedy addingn-butanol 10%
(NB10) and 20% NB20) to diesel by volume. The combustion characteristics
investigated wergise incylinder pressureset heat release ramymulative heat release

rate and mass fraction of fuel burned at all loads using three compression ratios. The
emission and performancgudy also conducted. The highwerat release rates, increased
cylinder pressures were observed for both the blends compared to diesel. Increased brake
thermal efficiency observed higher compression ratio foiB20 blend. It hadalso been
observed that the emissions CO,, HC and NOx were increased for both the blends
while CO emissions decreab# trend withanincrease in compression ratio and blend
strength

Keywords:Thermal efficiency; compression ratio;rmabustion; heat release rate;
ignition delay.

NOMENCLATURE
NB10 10% nbutanol, 90% diesel
NB20 20% nbutanol, 80% diesel
VCR variable compression ratio
CRDI common rail direct injection
CHR cumulative heat release
CR16 compression ratio 16
CR18 compression ratio 18
CR20 compression ratio 20
BSFC brake specific fuel consumption
BTE brake thermal efficiency
CO carbon dioxide
NOXx nitrogen oxides
HC hydrocarbons
ppm parts per million
BTDC before top dead centre
MFB mass fractiorbburned
NHR net heat release rates
CO carbon monoxide
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INTRODUCTION

Since the utikation of diesel engines and their increased occupancy in all aspects
comprehensive research and experimental studies have been going on to reduce their
exhausting gaseous emissions. The primary concern is meant for reducing the
conventional diesel fuel usage to mingmiair pollutionandto boost efforts to reduce
greenhouse gases accumulation in the environrii@ete is also need fourb down the
depldion of fossil fueldoy utilising the alternate fuel usaidg with increased combustion
phenomenon technologies like HCCI, PCCRCCI and other technologita
improvements in engine designd operating parameters

The alternative fuel must be biodegradable andtogit with properties near to
dieselandit must bea substitute to diesel with little or no engine modifications. In this
concernnumber ofresearchesprocessesare going on by variougesearchers and
combustion specialistby using various alternative fuelBhis research work primarily
deals with the utiBation of alcohobased fuels in diesel engines because they are
considered as bioxygenated compoundwith low viscosity, high volatility and
miscibility with diesel In alcoholic based fuelbutanol ishemost suitable substitute for
diesel engines compared to ethanol because of its maximum energy density, less corrosive
nature and less prone to contaminatiothmpresence of water ctent[2]. This fuel is
also considered a clean alternative source for fossil fuels to rgreer@housemissions.
Several research works were carried by researchers to sthdiamol/diesel blend
combinations on engine performance and to regudatessions. The novelty of this
analysis is to study the performance, emission and combustion phenomenon at various
conmpression ratios usinglendsof n-butanol at different loads

Javed Rezaei et.gB] concluded Butanol anéthanol are promising alternative
substitutes for conventional fuels when séti in advanced combustion mode like HCCI.
Senthur Prabhu et.g#l] used the blend 20% preheated palm oil with diesel with additives
n-butanol 20% by volume and BHT 2000ppm. The resafesshown with improved
BSFC with BTE and reduced CO emissions cared to dieselAlpaslan Atman et al
[5] used blends ofcanolahazelnuicottonseed oil and sunfloweprnsoybean oil
separately with diesel 70&nd rbutanol 10% by volume. Theesults obtained were
decreased brake power with BTE and ioyed BSFC compared to dieseldaCO,, HC
emissions decrease with increased CO emissideseffect of pilot injection timing and
pilot injection mas®n highspeed diesel engin@asstudied byHaozhong Huang et .al
[6] usingn-butanol (20% and 30% by volume) and diesel blends. The results revealed
that the peak value ®HR decreased with advancing injection timing for-prjection
fuel but increased slightly for main injection fullOx and soot emissions were reduced.
And dso by increasinghepilot injection fuel maspeak value oNHR improved.Ashish
Nayya et al [7] utilised nbutanol bends in small VCR diesel enginfgr 20% ofthen-
butanol blend with diesel shown incredsBTE with decreased smoke and NOXx
emissions at higher compression ratios. Anil Bhaurao Wakal[&] alsed different fuel
injection strategies for diesekbutanol blends. By retarding the starirgéction (9, 7 to
4 BTDC) the incylinder pressurggeak HRR and NOx emissions were decreased. The
start of injection at BTDC led 3045% decreased NOXx levels.

Polyoxymethylene dethyl ethers considered as an excellbiufuel with n-
butanol/diesel blenda diesel egines[9]. Results indicate that by adding POEo the
blend of nbutanol with diesel can improve the thermal efficiency and combustion
efficiency with an increment in BSFC. A decrease indrevas observed in the emissions
of soot, CQ and THC whiletheincrease in NOx formatiol.he emissions of-butanol

6826



Selvan & Goteti International Journal of Automotive and Mechanical Engineefi&) 2019 6825
6843

blend with diesel wre studied on CRDI turbocharged engine by Byungchul Choi et
al.[10]. The results revealed that increased NOx emissionsldatanol blendsompared

to neat diesel and for 20%-butanol blend THC and Cmissions increased
significantly, and for higher blend ratio (>20%) HCH&@rmaldehyde)ncreased at low
loading conditionsZehra Sahin et al11] used blending and fuigation technique forn
butanol introduction into diesel engine. The smoke decreased significantly by applying
theabove two methodd.he above literaturis confirming that alcoholic based fuels line
n-butanol could be used in diesel engines with littla@engine modifications.

NO emissions were improved by using butanol, biodiesel and diesel blend
combinations in diesel engines. Tinerease odecrease of NOx emission depends on
the particular operating parameters. In some experiments by using texdesis
recirculation NOx emissions were controll§tR]. The RCCI concept was used by
Mostafa Mohebbi et al[13] by directly injecting butanefliesel blends into the
combustion chamber and gasoline ititeintake port.The results indicated that the start
of combustion delayed by-loutanol additionand it was compensated by adjusting the
injection timing. The CO emissions were reducdmit HC emissions were increased
because of4butanol high latent heat of vaporisati@nd it is controlled by exhaust gas
recirculation.

From the above literaturgurvey,it has been concluded thatntanol could be
used in conventional diesel engines with little or no engine modificatibaisle 1
indicates the properties ofbutanol compared to othefcohotbasedfuels and diesel.
The objective of this experimental aysis is to research combustion, emission and
performance parameters cbatanol blends at various compression ratios. The primary
objective of choosing-butanol as test fuel is because of its oxygen percetdagprove
its combustion efficiency14], low-pressure evaporationts better heating valuand
cetane number and also its availabilitygasnewable fuel.

MATERIALS AND METHOD

Biodiesel blends were prepared and tested accordihg$tandard of STM D6751 and
EN 14214using biodieseWith a densityof less than 859 kg/Mthekinemadic viscosity
of less than 4.1 ¢St amdaintainingthe calorific value for a blend higher the8b MJ/kg.

The test fuel rbutanolwas mixed wth diesel in volume ratios of ¥0 and 2%
and named a¥B10andNB20blends.Table 1 summasesthe properties of the-butanol
and dieselThediesel andest fuelblends were usedn VCR engine with compression
ratios of 16, 8 and 2(form no load to full load conditions

The experimental setup is shown in Figur@rd its technical specifications are
shown in Table 2. Experimental investigations were cawigdby using CRDNVCR
diesel engine with eddy current dynamometer at a rated rpm of 1500 with an injection
pressure of 300 bar and with an injection timing28f BTDC. The VCR engine was
provided with AVL DI GAS 444 N five gas alyaer and AVL 437CGmoke meterThe
setup enablethe study of CRDI VCR engine performance with programmable ECU at
different compression ratios.

Various necessary instruments were dusgong with experimental setup to
measurehecrank angle, combustion rate;aglinder pressure and temperatures and fuel
flow rates. The signals from all the measuring instruments were connected to a computer
through a data acquisition syste@eries ofthe experimentrial wereconducted on the
test engine with test fuelandtheaverage value of all trail readings from no loadutid f
load conditions was takeAfter allowing the engine to get stabdd with applied loads
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during eaclexperimental ial, the emission, combustion andrfsemance details were
recorded.

Table 1.The basic test fuel properties

Details Diesel n-butanol NB10 NB20
Cetanenumber 50 17 46.53 434

Stochiometric A/F ratio 14.95 11.17 14.46 14.2

O2 (wt %) 0 21.58 2.158 4.32

Carbon wt % 86.12 64.82 83.34 81.86
Hydrogen wt % 13.87 13.60 13.84 13.82
Lower heatingvalue (kJ/kg) 43400 33100 42370 41340
Kinematicviscosity(cSt) at 4@ 3.9 2.63 3.773 3.646
Density (kg/mf) at 15C 838 810 835.2 832.4
Molecularweight(g/mol) 198.4 74.11 185.9 173.54

Table 2. Test engine specifications

Parametey Specification
Kirloskar, CRDI,four-stroke, singlecylinder,
naturally aspirated diesel engine

Type of engine

Power 3.5 kW at 1500 rpm
Bore x stroke 87.5 mm x 110nm
Compressiomatio 17.5 (VCR 12 to 22)
Injection pressure 300 bar
Injection timing 23 BTDC
Swept volume 661.45 (cc)
Dynamometer Eddy current type

1. Engine

2. Fuel Tank

3. AirTank

4. Computer

5. ECU

6. Dynamo Meter

7. Smoke Meter

8. GasAnalyzer

Exhaust

8 7

=

Figure 1 Schematic diagram of the experimental setup.
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RESULTS AND DISCUSSION
Engine Performance Analysis
Brake thermal efficiency

The lrake thermaegfficiency is described as the ratiotbé amount of heat converted to

the brake power to the total heat supplied or inverse product of brake specific fuel
consumption and calorific value of the f{g]. The variation of BTE with respect to load

is shown in Figure @) and 2(h)

The BTEs observed at CR16 are 34.65%, 32.77% and 34.79% and at CR20 they
were observed as 27.74%, 32.75% and 32.7% for diesel, NB10 and NB20 respectively at
full load conditions. The reduction in BTE was observed as 19.94% for diesehmwith
increase of ampression ratio from 16 to 20, which was negligible for other blends.
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Figure 2. Variation obrake thermal efficiency with loaat (a) CR16 CR20 and;
(b) CR18
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There is no considerable variation in BTEC®R16for both the blends compared
to diesel.Reduction in BTEs wasbserved for diesel and both the blends because of
increased BSFC witanincrease in compression ratias18 and 20. Increase in BSFC
wasdueto higher operating temperatuyegich in turn led to increased friction powers.
There is onlya small decrease in BTE observed for both the blends compared to diesel
because of their oxygen percentages and better evaporatiorjl&jtefhe decreased
cetane number of the blends can atsmsideras a factor for reduction in BTHE6]
because cetane number carfluence the combustion efficiencyThe improved
compression ratiosere furthedecreased BTEs for both the blends and diesel.

Brakespecific fuel consumption

It is defined as the amount of fuel consumed per unit brake power patgtiis the
effectiveness to convettie chemical energy of the fuel into useful woand it depends
on fuel properties like viscosity, oxygen content, density, cetane number and heating
value. Figure3(a) and 3(bshow the BSFC values for diesel antiutanol blends with
an increase in loadsConsiderable decrease in BSFC observed for both the blends
compared to diesel at all compression ratios. From the gtapbbserved that there was
a comparable result with diesel for BSFC wih increase in lad due to complete
combustion with elevated operating temperatures for both the blends.

Figure3(b)indicateghevariation of BSFCs at CR18 with loads. For diesel it was
observed as 0.54 kg/k\Wr, 0.33 kg/kWhr, 0.27 kg/kWhr and 0.276 kg/k\Whr at 3kg,
6 kg, 9kg and 12kg loads respectivelyGraph for NB 10 shows 0.5 kg/k\wr, 0.33
kg/kW-hr, 0.27 kg/kWhr and 0.26 kg/k\Ahr and for NB20 blend 0.55 kg/k\hr, 0.33
ka/kW-hr, 0.27 kg/kWhr and 0.25 kg/k\Ahr respectively for &g, 6kg, 9kg and 1Xg
loads.BSFC decrease in trend from low load to paad conditions because of reduced
heat loss at higher loada/hich can influencehe evaporation rate of the fuel. The
decrease in BSFC wittinincrease in load may also due to variation of mixture strength
from leaner to stoichiometric rat{@5]. The similar trend was observed for both NB10
and NB20 blends because of improved fuel combustion phenomenon with increased
loads. The BSFC was slightly increased at full load condition for diesel due to increased
radiation losses and decreased mechamffadiency. BSFC almost same for both n
butanol blends compared to diesel due to its higher evaporation rates even at lower
pressures caused thorough mixing with air. This means brake specific energy
consumption (BSEC) decreased compared to diesel. BSEQoroduct of BSFC and
calorific value of particular fuel. It indicates the energy consumed for unit brake power
output per houfl7].

BSFCs obtained for CR16 at full load conditions were 0.24 kegtk\W0.26
kg/kW-hr and 0.24 kg/k\hr and at CR20 observed as 0.31 kg/kvW0.26 kg/kwWhr
and 0.26kg/kW-hr for diesel, NB10 and NB20 respectively. The inseemn BSFC was
observed for NB10 at lower compression ratio compared to daselit was rectified
soon aftemnincrease of compression ratio because of increased operating temperatures
that allowed complete combustion.
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Figure3. Variation of BSFC witHoad at(a) CR16 CR20and; (b)CR18
Emission Analysis
Analysis ottarbon nonoxide

The main reason for CO emission is due to decreased oxygen percentage, rich mixture
and incomplete combustigi]. Heterogeneous mixturdrmation decreased reactive
rates or slow flame propagation are also considereda a®llective reason for the
formation of these emissions.is observed that CO emissiorasmore for diesel at all
compression ratios compared tdutanol blends fromigures4(a) and 4(h)They were
in a decrease trend withn increase in blend strength because of improved oxygen
percentages and evaporation rates. Another factor also influencing CO emissions is
carbon content. The carbon content thutanol is ~64.9%and for dieselit is ~86.4%
on amass basjswhich also can lead lower energy level for #butanol based fuel and
lower CO emissiof2].

It also has been observed that CO emissions were improvetheititrease of
compression ratio. This may be due to decreased penetration of injected fuel droplets at
higher compression ratios withesame injection pressures led to heterogeneous mixture
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formation. At CR16 and full load conditions the CO emissions were 0.375%, 0.40% and
0.175% for diesel, NB10 and NB20 respectively and at CR20 they were observed as
0.777%, 0.645% and 0.571%.
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Figure4. Variation ofcarbon monoxide emission withad at(a) CR16 and CR2@nd;
(b) CR18

Analysis of carbon dioxide

The CQ emissionis an indication of increased reaction rates with improved oxygen
percentages or conversion of CO intoL&@er complete combustion of fua elevated
temperaturg48]. It is also considered aschemical residue after the combustion of
hydrocarborbased fuels. Homogeneous mixture formation and improved flame
propagation rates are also considered as another factor for improyennidSions.

The variation of C@with respect to load is shown in Figugga) and 5(h)There
is no considerable change in €@missions at CR16ut as the compression ratio
increased to 18 and 28nincrease irthetrend of CQ emissions wsobserved for both
blends compared to dids&he CQ emissions at full load conditions for CR20 were
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7.63%, 8.54% and 7.9% for diesel, NB10 and NB20 respectively. The improved CO

emissions for both-butanol blends were because of theipércentageandincreased
evaporation rates.
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Figure5. Variation ofcarbon dioxide emission witload at(a) CR16 and CR2@nd;
(b) CR18

Analysis of unburnt hydrocarbons

The variation of HC emissions with respect to load is shown in Fig@agsnd 6(h)HC
emissions were increased for bottbutanol blends compared to diesas shown in
figures at all the compression ratios. The addition-béitanol into diesel influesed the
reduction of viscositywhich in turn influenced the atomization and spray formation of
injected fuel. The lower viscosity of the injected fuel resulted in smaller droplet size. The
addition of nbutanol also caused micexplosions after the fuelas injected into the
combustion chamber. The smaller droplet size and reixpbosions caused improvement

in volatility, which in turn influenced over mixing ofloutanol blends into the &jt9].
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This is considered as one of the factors for increased HC emissions. Another factor for
theincrease of HC emissionsfoimut anol bl ends was Al ean out e
flame was unble to travel which was due thehigh latent heat of evaporation of butanol

blends led to poor mixing of fuel blend with air, and increased spray penetration causing
unwanted fuel impingement on cylinder walls.
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Figure6. Variation of hydrocarbon emission withad at(a) CR16 and 2@nd;
(b) CR18

The HC emissions for diesel, NB10 and NB20 for full load conditions at CR16
were 72ppm, 102ppm and 949pm and at CR20 they were observed apf@f, 70ppm
and 96ppm respetively. With theincrease of compression rattdC emissions for NB10
and diesel were decreaka trend and there was no considerable variation for NB20.

Analysis of nitrogen oxides

NOx emissions are due tthe separation of diatomic nitrogeatoms (M) into
monoatomic nitrogen atoms (N) at elevated temperatures, which are highly reactive with
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O- and water vapours and form emissions like NO and. N@e NOx emission strongly
depends on Heylinder temperatures and resident time of nitrogeh@dd temperatures

and the oxygen availability in reaction regionglué combustion chamber, from Figure

7(a) and 7(bNOx emissions were more for botkhbatanol blends compared to diesel.
Another factor also influencing is the presence of high&centge in rbutanol blends,

show more effect than their high latent heat of vaporisatibich in turn led higher NOx
emissions. It also has been observed that lower cetane numbesutdnol blends
increased the ignition delay periadhich in turn causedigher in-cylinder pressures and
combustion temperatures. The more quantity of fuel accumulation and oxygen percentage
is also considered as another cause for increased NOx emid€lpns
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Figure7. Variation of NOx emission withbad at(a) CR16 and 2@nd; (b) CR18.
The NOx emissions for full load conditions at CR16 were 1@, 2000ppm
and 2200ppm and at CR20 they were 17ppm, 2008ppm and 208%pm for diesel,

NB10 and NB20 respectively as shown in Figlf&), intermediate results were obtained
atacompression ratiof 18 as shown in Figurg(b).
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Analysis of smoke opacity

The emission of smoke opacity is due to improper mixing of fuel pastieith air. The
emission of smoke compared to diesel is shown in Figd(e@sand 8(h)Smoke opacity
decreased for both blends compared to diesel at all the compression ratios. The volatility
of n-butanol is higher compared to diesel fuslen at low pessures. This causes n
butanol to break up easily and evaporate effectively compared to [di@kel

Smoke opacity alsdepends on the H/C nature and combustion process. As the
H/C ratio is lower for diesel compared tebatanol blendswhich in turn caused higher
smoke opacity for diesel compared tdoutanol blends. This emission also could be
decreased by promoting pretad combustion before TDC. By using thebutanol
blends the premixed combustion phenomenon also increasbath in turn led to
increased burned fuel, which is shown in NHR figures in combustion analysis.

The emission of smoke opacity for diesel, NB1d@d &lB20 at CR16 was 53.9%,
54% and 42%. And at CR20 it was observed as 63.7%, 51.8% and 56.4%. Intermediate
results were obtained at CRH% shown in Figur8(b).
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Figure8. Variationof smoke opacity with loadt (a) CR16and 20and; (b) CR18.
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Combustion Analysis
Analysis of blends cylinder pressure

The incylinder pressure is one of the usepdrameterdo analyse the combustion
characteristics for the fuel which is chosenciinder pressure directly related to the
performance parameters like power output and emission analysis. Variation of the in
cylinder pressure with respect to crank angle atléatl for compression ratios 16 and

20 is shown in Figure8(a) and 9(h) It has also been observed that peak cylinder
pressures are just after TDC indicating the combustion not deviating from its regular
phenomenon like using diesel at all compressionsdor both the blends. As shown in

the figure n-butanol blends resulteéd higher peak pressures at all compression ratios
compared to diesel combustion pressure rise because of its fast burning process and low
pressure vaporisatidg0].
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Figure9. Variation of cylinder pressure withecrank angle afa) CR16and; (b)CR2Q
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