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ABSTRACT

The objective of this work is to optimize direct injection, single cylinder diesel engine with respect to brake power,
fuel economy and exhaust emissions through experimental investigation and response surface methodology (RSM).
As far as the application in rural agricultural sector of a developing nation in concerned, such engines should
preferable utilize alternative fuels of bio-origin. In this test, the mustard biodiesel and diesel blending with diethyl
ether (DEE) in the ratio of 0:100:0, 20:80:0, 30: 70:0, 40:60:0, 15:80:5, 25:70:5 and 35:60:5 by volume were tested
in Cl Engine. The results shows that compared with neat diesel, there is dightly lower brake specific fuel
consumption (BSFC) for diesel-biodiesel-DEE blend. Srong reduction in emission is observed with diesel-biodiesel -
DEE at various engine loads. Methyl ester of mustard biodiesel of 25% and DEE 5% blend with diesel gave best
performance in terms of low smoke intensity, emissions of HC,CO,CO,,and NO.

Keywords: Diesel engine, SVO, DEE, Optimization, Responséasarmethodology.

INTRODUCTION

Several alternative fuels have been studied teeshbstitute the diesel fuels partially or conmgliet Alternative
fuels derived from biological sources provide a n®for sustainable development, energy conservaginargy
efficiency and environmental protection [1,2]. Soaighe alternative fuels explored are biogas, mthavegetable
oils etc. The high viscosity of vegetable oils dhelir low volatility affects the atomization andrap model of fuel,
leading to incomplete combustion and severe cadeposits, injector choking and piston ring stickii3j. In
particular, biodiesel has received broad atterdi®man alternate for diesel fuel because it is lgoatiable, nontoxic
and can significantly reduce exhaust emissions filuerengine when burned as a fuel [4,5]. Many reses show
that using biodiesel in diesel engines can redydedearbon (HC), carbon monoxide (CO) and opaaityssions,
but nitrogen oxide (NOx) emission may incre§6p Biodiesel can be used in the existing enginetiowit any
modifications and the biodiesel obtained from vabgkt sources does not contain any metals, aromgadiocarbons
and sulfur or crude oil residues. Biodiesel is apfeel; emissions of carbon monoxide and soot teneduce. The
oxygen content of biodiesel is an important fagtathe NOx formation, because it causes to highllmperatures
due to excess hydrocarbon oxidati{@fh. The use of vegetable oils as an alternativesft@l internal combustion
engines is limited by some unfavorable fuel prdpertmainly their high viscosity and density, whichuse
problems in poor fuel atomization, incomplete costlmn and ring carbonization in the combustion chamThese
problems can be overcome by four methods: blendmigro emulsion, trans-esterifaction and pyrolyg$
Additional research needs to develop diesel speaiiitives for better performance, combustion amissions of
diesel engines. DEE has required characteristidspaojected to improve low temperature flow projgsrt Earlier
studies have recommended that the weight perceakygfen content in the fuel is the most importattdr for
opacity reductiorj8-1(Q.

The most extensive applications of RSM are in theigeations where several input variables potdgtiafluence
some performance measure or the quality charatitsrisf the process. RSM has been applied for opdition of

249



M. Krishnamoorthi J. Chem. Pharm. Res,, 2015, 7(8):249-256

several chemical and physical processes [11-12&]ally, RSM was developed to model experimentapanses
and then migrated into the modeling of humericgdeziments [13]. The nonlinear optimization techmgsuch as
RSM, artificial neural network, genetic algorithmzty logic and Taguchi method were used for opfimizhe

performance and emission characteristics of diesgine [14,15]. Studies regarding the investigabdoptimum

blend ratios for vegetable oil blends were reporgdresearchers. But, the current literature caringrthe

investigation of the optimum diesel- SVO-DEE oilntary blend ratio at which there is high fuel comsien

efficiency and low exhaust emissions are absent1B]6 The main technical advantage of optimization

percentage of bio-origin components in diesel fgeimproving engine performance and exhaust emissand
utilizing optimization blends in a diesel enginethwiut any engine modification such as injector gues nozzle
diameter or injection time [19,20].

EXPERIMENTAL SECTION

2.1 Fuel preparations

Mustard (Brassica juncea) oil is obtained fromsbeds of Brassica family, including canola (rapéseead turnip,
have high levels of omega-3 (6—11%) and are a cametteap, mass-produced source of plant-base ohégty
acids. Flax (linseed) oil has 55% plant-based or3bat is uncommon as a table or cooking oil. Migstzil was
procured from an oil mill. The oil was filtered temove the impurities. Flash point and fire poistswletermined
by using of fire point apparatus. The viscosity watermined at different temperatures using redwascometer
to find the effect of temperature on the viscosifymustard oil. The viscosity of mustard oil wasiid to be
approximately 7 times higher than that of diesel.fihe flash point of mustard oil was higher tliéasel and hence
it is safer to store. It is seen that the boiliagge of mustard oil was different from that ofsdie[21-24].

These vegetable oils trans-esterified before inddel with diesel because of the oils have glycdtahust extract
from the bio-fuel because it will affect the engiperformance. Among these, the trans-esterificaisothe most
commonly used commercial process to produce cladreavironmental friendly fuel. Methyl/ethyl/butgbters of
mustard oil have been successfully tested on Qwgines and their performance has been studied.sTran
esterification is the process of conversion oflydgride to glycerol and ester in the presencdaflel and catalyst.
This reaction, also known as alcoholics in whomdtsplacement of alcohol from an ester by anottashel in a
process similar to hydrolysis except that an altéhosed instead of water. This reaction has beeely used to
reduce the viscosity of the triglycerides [25-2ZBhe properties of biodiesel, diesel and DEE as shiowTable 1
and the blended fuel properties are shown in T2ble

2.2 Response Surface M ethodology (RSM)

Response surface methodology is a collection dfsstal and mathematical techniques useful forefigving,
improving and optimizing processes. With this tegha the effect of two or more factors on qualitigeria can be
investigated and optimum values are obtained. IMRIBsign there should be at least three levelgénh factor.
RSM also quantifies relationships among one or nmeasured responses and the vital input factorslIVAB
software was used to develop the experimental &nRSM. By conducting experiments and the posterio
application of regression analysis a model of tagponse variable of interest is obtained. The melationship
between the response and the independent varighledgknown. For that reason, the first step in RSKb find an
approximation of the true functional relationshigtween the response and the independent varidtiiesobserved
responséy" can be written as a function of the independeribstes %, X,, Xs,...X, as follows

y= f(xl! X2, X3,...Xn) +¢
Wheree is random error.

Plotting the expected respongea surface known as the response surface obtafedemarked previously, the
form of f is unknown and can be complicated thisvisy an approximation is needed. Frequently, a @wder
polynomial function is employed in some region.the response is well modelled with a linear functithe
approximation function is a first order model.tH& system has curvature a higher order polynomédel must be
used, such as a quadratic model.

y =PBo+Xis, Bixi +TiC Pixi® +Xic; X Pij xixj + €

Almost all RSM problems use one of these modelsvéd@r, it is unlikely that a polynomial model wile a good
approximation of a true functional relationship p¥ke entire space of the independent variables;fdrusmall
regions polynomial models work reasonably well. WIRSM is used, the objective is not only to invgst the
response over the space, but also to locate thHenraghere the response reaches or near optimune.v&y
studying the response surface model, the combimatidactors (i.e., the values of the independemtables) which
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gives the optimal response can be obtained. The smfiware was also used to analyse the data tmdldny
following the steps as follows:

1. Conduct the experiment with the independent vaemblihrying around the present operating point.

2. Obtain a fitted equation with data obtained ing¢lperiment. Normally, regression methods are usekis step.
Frequently, a linear model represents the modékgritly well.

3. Move the experimental point in the direction ofegtest ascent (or descent if a minimum is sougtd)rapeat
the previous steps.

When little improvement is obtained, the optimumésr.

Conduct a 3- level factorial experiment around gamt.

Obtain a fitted quadratic equation by regressiothous.

Based on this quadratic equation, determine thienopt.

Conduct further experiments to verify the obtaineslilts.

© N O A

Previously, if there are a lot of possible inputtfas, a screening experiment should to be conduaterder to
eliminate the less important factors. Obtaining tpimal values of the independent variables canvéey
complicated if, instead of a simple response, ntbe:n one response is sought (multi-response). Reathe
optimum is even more difficult when the responseives several independent process variables tiean @are
constrained to a certain range in certain parameter the case in which more than one responszken into
account, a surface model is built for each respomben a set of operating parameters that optimitkeshe
responses within their range is selected. Findhg, contour plots of all the responses are ovewaid the best
operating point or range is selected. With the éase of both the number of responses and the nuafber
independent process variables, the search becomes complex. In addition, the optimal values of firecess
variables can differ of contradict one another.ohsequence of this is that the search space isravem complex
with multiple constraints and many local optimaims. All these facts make it more and more difico apply
traditional mathematical methods (such as the stegscent) that search for the global (or nedragj@ptimum. In
this study three parameters have been chosen &ysi; They are percentage of biodiesel, percentdgliethyl
ether and applied load (kg). Several trail runsenenducted to determine the range for parameléeslevels for
the parameters finally chosen are shown in the€él4bl

2.3 Experimental Setup

Test has been conducted on a Kirloskar TV1 Endme, strokes, single cylinder, water-cooled, dirneggction and
naturally aspirated diesel engine with a bowl tpton combustion chamber. Specification of tegfimais shown
in Table 3. For high pressure fuel injection, ahhpgessure fuel pump is used and three hole intojenozzle. The
injector nozzle was located at the center of thatlmastion chamber and has an operating pressur20bf?.

2.4 Experimental procedure

To estimate the performance parameters i.e opgra@mameters such as engine speed, power outpmlitfuah
consumption were measured. Significant engine pmdace parameters such as brake specific fuel ogstsan
and brake thermal efficiency for the test fuelsenvealculated.

* In the first phase experiments were conducted métdt diesel

* In the second phase of the work, the engine wasatgxediesel- BD blend ratio of 80: 20, 70:30 aQd!6.

* In the third phase, BD and diesel blend with DEEhim ratio of 15:80:5, 25:70:5 and 35:60:5.

RESULTSAND DISCUSSION

The principal model analysis was based on the aisabf variations which provides numerical inforioatfor the y
value. The different models for the response wesekbped in terms of actual factors and the oypawameters in
experimental work as a function of biodiesel, lodiéthyl ether and it can be expressed as

T=f (L,BD,DEE)

For the three factors, the full quadratic equati@s developed using response surface methodolagynitab 17 as
follows

Brake thermal efficiency (BTE) = 0.507 + 7.301 IgYk+ 0.0237 BD (%) - 0.196 DEE (%) - 0.4811 L (kig)kg)-
0.001212 BD (%)*BD (%) -0.00136 L (kg)*BD (%) +@.41 L (kg)* DEE (%) + 0.00707 BD (%)*DEE (%)

Brake  specific  fuel consumption (BSFC)=0.6703- 097L (kg)- 0.00047 BD (%)-0.00016 DEE(%)

+0.002722 L (kg)*L (kg)+ 0.000029 BD (%)*BD (%)-@0009 L (kg)*BD (%)- 0.000125 L (kg)*DEE
(%)+ 0.000092 BD (%)*DEE (%)
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Hydrocarbon emission (HC) = 26.41 -0.755L (kgD.066 BD (%) - 0.624 DEE (%) - 0.0431 L (kg)*L (kg)
+0.00273 BD (%)*BD (%) - 0.0037 L (kg)*BD (%) +@60 L (kg) *DEE (%) - 0.0006 BD (%)*DEE (%)

Carbon monoxide(CO)= 0.04947 + 0.00525 L (kg) 0Q@B0 BD (%) - 0.00093 DEE (%) - 0.000689 L (kg)Hg)
+0.000023 BD (%)*BD (%)+ 0.000006 L (kg)*BD (%)-@D0178 L (kg)*DEE (%)+ 0.000046 BD (%)*DEE (%)

Oxides of nitrogen (NOx)=83.0- 12.28 L (kg)- 2.0BB (%)- 0.88 DEE (%)+ 6.939 L (kg) *L (kg)+ 0.04®8D
(%)*BD (%) + 0.0013 L (kg)*BD (%) - 1.010 L (kg)*BE (%)+ 0.042 BD (%)*DEE (%)

Carbon dioxide (C=1.967+ 0.1302 L (kg)- 0.0385 BD (%)- 0.0771 DEE)(* 0.01760 L (kg)*L (kg)+ 0.000738
BD (%)*BD (%)+ 0.003453 L (kg)*BD (%) + 0.00586 (kg)*DEE (%) + 0.00276 BD (%)*DEE (%)

Opacity=0.719+ 0.610 L (kg)-0.0255 BD (%)+ 0.028B@b)+ 0.0971 L (kg)*L (kg) + 0.001039 BD (%)*BI4)
+0.00268 L (kg) *BD (%) - 0.0558 L (kg)*DEE (%)3:00005 BD (%)*DEE (%)

By using above quadratic equation predicted oupaumameters is calculated and compared with therampetal
values.

3.1 Performance Characteristics

Brake specific fuel consumption: The BSFC variatidrthe test fuels with respect to load is showrfrign 1. The
fuel mass flow rate is calculated from the respectheasured volume flow rate value and the fuesiierBSFC of
D80+M20 oil blend is 1.5% lower than neat dieseloaid 4 kg and D80+M20 blend is approximately samité
diesel ant 6kg load. BSFC of D80+M15+A5 is 1.3% dovthan that of neat diesel at 4kg and almost aimbd neat
diesel in remaining loads. D70+M25+A5 fuel has ##amBSFC values up to 4-8kg load and slightly higfe
higher loads compared to neat diesel. The mairoreamy be due to the higher volatility of DEE whigteeds up
the mixing velocity of air/fuel mixture, improvelse combustion process and increases the combusficiency.
Brake thermal efficiency: The variations of BTEd#ferent loads for various fuel blends has besows in Fig.2.
BTE for diesel is higher than that of all otherridled fuels up to 4 kg applied load. BTE for D70+M25 blend
has 5%, 2% higher than neat diesel at 6kg, 8kg [dhi is due the addition of DEE reduces the \sggowhich in
turn increases the atomization and leads to tharer@ment of combustion.

3.2 Emission Characteristics

Opacity: The smoke is produced due to incompletalasstion of fuel. The variation of opacity with théor the

fuels is shown in Fig. 3. It can seen that higlad| the smoke intensity for blended fuels lowanparing to neat
diesel. D70+M25+A5 blend has 24%, 19% lower opattien neat diesel at 6kg, 8kg load. The improvenmen
spray atomization and air fuel mixing with the datgli of DEE decrease the rich mixture and also smerkission.
However DEE added blends, the smoke intensity ials@ase but it is still lower than biodiesel-dieskesel. This
may due to phase separation of the blends whiclitsds incomplete combustion.

Carbon monoxide (CO): The variation of CO emissiafith load is shown in Fig.4. At full load, the Ggnission
decreases by 30% for D70+M25+A5 blend comparecttd diesel. The improvement in spray atomizatiah fael

air mixing reduces the rich region in cylinder aeduces the CO emission. The high temperature gemtbe CO
oxidation in the cylinder. Biodiesel-diesel blenaktslightly higher CO emissions due to poor atotiinaand do
not have time to undergo complete combustion.

Carbon dioxide (Cg): As could be seen G@missions increase when increases of biodieseleiseld biodiesel
blends. At lower engine loads ¢ lower than neat diesel and higher loads it bexohigher than neat diesel. At
6kg load, D70+M25+A5 blend has approximately 13%hkr CQ values than neat diesel. This may due to better
combustion taking place in higher loads becausmefatomization and very high G@missions are undesirable.

Oxides of nitrogen (NOXx): nitric oxides emissiorsisown in Fig.5. The NOx emission is function dadrefuel with
higher temperature, high peak combustion tempe¥aand spray characteristics. A fuel with high HRRrapid
combustion and lower HRR at mixing controlled costimn will causes of NOx emission. NOx emissiorré@ases
with increase in load for all experimental fuel§@M25+A5 blend has 37%, 28%, 13% lower NOx emissithan
neat diesel corresponding to 4-8kg loads. The imaddf DEE in blends increases the evaporationlaners the
charge temperature. It makes beneficial effect @xMmission level. In biodiesel- diesel blends, NEmission is
higher due to high HRR and excess oxygen suppleuddiesel.

Hydrocarbon (HC): Fig.8 shows the variation of H@hwespect to load. It can seen that the HC eonis®r all
the fuel blends are lower than diesel for mediumh kigher loads. The addition of DEE in blends, Hflission has
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been reduced. Initially, the increase of HC maydhe to higher latent heat of evaporation of DEEseauower
combustion temperature, especially the temperataee the cylinder walls during the mixture formatidn this
case higher HC will be produced from the cylindeumdary. D70+MA25+A5 blend has approximately 20%do
HC emission throughout the engine operation compgauo diesel.

Tablel Properties of diesel, mustard biodiesel and DEE

Property Diesel Biodiesel DEE
Chemical structure fHz4 Ci17:H340, C,Hs0OC;Hs
Density (kg/r) 830 882 713
Kinematic vis. 38 C (cS) 2.7 18.1 0.23
Auto ignition point { C) 200-400 - 160
Cetane number 48 55 >125
Boiling point ¢ C) 180-330 - 35
Pour point {C) -20 -2 -110
Lower heating value ((MJ/kg) 42.8 38.0 33.9
Stoichiometric A/F ratio 14.9 13.5 11.1

Table 2 Properties of fuel blends

Calorificvalue

Blend Flash point °%c  Firepoint °c  Density in g/cc at 32°c MJ/kg
Diesel (100%) 68 78 .8878 42.80
Biodiesel (100%) 146 156 .8930 38.00
D80+M20 71 80 .8901 41.84
D70+M30 75 84 .8920 41.36
D60+M40 82 91 .8950 40.88
D80+M15+A5 42 52 .8900 41.63
D70+M25+A5 45 53 .8910 41.15
D60+M35+A5 49 60 .8923 40.67

Table 3 Specification details of kirloskar TV1 engine

Type Vertical, water cooled
Number of cylinders/ Number of stroke 01/04
Rated power 3.7kwW/ 5 hp @ 1500rpm
Bore (m)/Stroke(m) 0.08/.11
Piston offset (m) 0.00002
Con-rod length (m) 0.235
Piston head ratio 1
Compression ratio 16.7
Speed 1500 Rev/min

Surface Plot of BSFC (kJ/kWhr) vs BD (%), L (kg)

0.60
BSFC (kJ/kWhr)
045 P

25
50
L (kg) ud

Fig.1 BSFC VsLoad, BD
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Surface Plot of BTE (%) vs BD (%), L (kg)

BTE (%)

Fig.2BTE VsLoad, BD

Surface Plot of opacity (%) vs BD (%), L (kg)

Fig.3 OPACITY VsLoad, BD

Surface Plot of CO (%) vs BD (%), L (kg)

Fig.4 CO VsLoad, BD

Surface Plot of NOx (ppm) vs BD (%), L (kg)
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Fig.5NOx VsLoad, BD
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Table 4 Experimental design matrix

SNo. | L (kg) | BD (%) | DEE (%) | BSFC (kJ/kWhr) | BTE (%) | opacity (%) | CO (%) | CO, (%) | NOx (ppm) | HC (ppm)
1 0 20 0 0.64 0 0.8 0.03 1.3 60 25
2 2 20 0 0.61 13 2.9 0.06 2.1 91 28
3 4 20 0 0.41 22 5 0.04 24 111 20
4 6 20 0 0.32 27 7 0.03 33 210 18
5 8 20 0 0.29 28 12.3 0.04 4.4 425 18
6 0 30 0 0.65 0 0.9 0.03 1.4 70 26
7 2 30 0 0.62 13 3 0.06 2.1 86 28
8 4 30 0 0.42 21 5.6 0.04 25 123 21
9 6 30 0 0.315 26 7.7 0.05 34 234 19
10 8 30 0 0.3 28.2 13 0.05 4.7 426 18.5
11 0 40 0 0.664 0 0.9 0.04 1.6 76 26
12 2 40 0 0.632 12.8 3 0.06 25 97 30
13 4 40 0 0.435 20.4 6.3 0.05 3 138 23
14 6 40 0 0.34 24.5 9 0.04 35 242 19.4
15 8 40 0 0.324 27.1 134 0.04 5 440 18.8
16 0 15 5 0.65 0 0.7 0.03 14 50 22
17 2 15 5 0.59 13.2 2.3 0.06 15 81 24
18 4 15 5 0.414 225 33 0.04 2.6 100 18
19 6 15 5 0.312 26.5 6.6 0.04 3.2 200 16.3
20 8 15 5 0.3 27.5 10.1 0.03 4.3 380 15.7
21 0 25 5 0.68 0 0.7 0.03 1.6 56 23
22 2 25 5 0.603 13 2.3 0.05 1.8 82 23.6
23 4 25 5 0.42 22 3.8 0.04 3 111 17.6
24 6 25 5 0.325 27 6.4 0.03 3.7 175 16.2
25 8 25 5 0.31 28.8 10.1 0.03 4.5 367 15.5
26 0 35 5 0.69 0 0.74 0.04 17 60 23
27 2 35 5 0.617 13 3 0.06 2 91 25
28 4 35 5 0.43 21.4 5 0.05 3.2 120 19.8
29 6 35 5 0.35 26.8 7 0.04 4 210 17
30 8 35 5 0.32 27.8 11 0.04 4.7 400 16.5
31 0 0 0 0.645 0 0.8 0.05 2 60 24
32 2 0 0 0.589 13.9 2 0.06 2.4 104 28
33 4 0 0 0.42 23 4.3 0.06 2.9 164 23
34 6 0 0 0.316 25.7 8.2 0.05 34 243 19
35 8 0 0 0.289 28.3 12.1 0.05 3.9 430 17.7

CONCLUSION

In the present study, RSM was used to investigaeoptimum blend ratios of diesel fuel, biodiesedl &EE in
ternary blend for the wide of operations of die=ggine. RSM powered to be a powerful tool for thémization of
biodiesel blends while used as fuel in diesel emgirhe main conclusions can be summarized as ifotloaving
points:

1.RSM based design of experiments was used to desidrcarry out statistical analysis to determineapaaters
which have the most significant influence on thefgrenance and smoke emission characteristics. Blaiity
approach of the RSM was used to find out optimumaipaters for optimization of performance and smoke
emission characteristics.

2.The optimum blend of three fuels was determinedidéing mathematical models of RSM as 25% BD, 5% DEE
and 70% diesel.

3.Mathematical models used in this study also enakdes to perform predictions for unexperimentetbfalevels.
4.Brake power of engine almost remains the samellfbtennds implemented.

5.Brake power, brake torque, BTE and BMEP of BD bfedécreased, however BSFC increased due to lower
heating values, related to oxygen contents of DEtEERD, compared to those of diesel fuel.

6.The formation of NOx, CO and HC emissions of BD,BD&nd diesel blends drastically decreased as 28%, 3
and 20% respectively.
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