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ABSTRACT

The main purpose of this research was to discussitaihe optimization of spray characteristics afdiesel fuel in

a spray chamber. Three factors fuel injection puess fuel temperature and fuel blends were chosertha
influencing factor for the set objective. Threeelewvere chosen in each factor and spray tip patietn (S), spray
angle ¢) and Sauter mean diameter (SMD) were taken asebgonse variables. Experiments were designed by
employing Design of experiment method and TagudHiaictorial array was used to conduct the tesithwifferent
levels of the chosen factors. Multi response Sitm&loise ratio (MRSN) was calculated for the rexggovariables
and the optimum combination level of factors watsioled simultaneously using Taguchi’'s parametrisige.

Keywords: ANOVA, Spray characteristics, Design of experinsetRSN

INTRODUCTION

The Taguchi method helped to understand the eff€atontrol parameter and to optimize the experimlent
conditions from a limited number of experiments amwhtribution of each noise factor calculator by @A
[1].Design of experiment consists of a set of ekpents which is the setting of several productspoycess
parameters to be studied that are changed fronerperiment to another. Design of experiments so ahlled
matrix experiments. Parameters are also calledrfmand parameter settings are also called led®&VA which

is a statistical technique can be employed to iflettt identify the significant parameters and itadfthe percentage
contribution of parameters on the performance dtaristic [2]. ANOVA was performed by employing MINAB
software for a level of significance of 5% to stuflg contribution of the parameters. In the ANOMfalyse there
is a P-value which is computed from the F ratiodach independent parameter in the model. If Rievis have
less than 0.05,the parameter can be considerddtasically highly significant. Each one contribstwith variables
percentages in the production of desired respoASEOVA also helps to know the variables that are mos
contributing and least contributing. A parameteaied F- test shows significance and insignifi@ao€ involved
control variables. The parameters that have Eviadge lower than four is consider as insignificparameters and
effects over desired response is meagre. Similtrgy/variable that has highest F- test value msicered as most
significant variables and its effect over desiresponse is higher. The purpose of analysis of ve@&idANOVA) is
to investigate the percentage contribution parame¢atically, there is a tool called an F- temtned after Fisher to
check the significance of variance on the outpuatratteristic. Usually when F>4 means the changheidesign
parameter had a significant effect over the outfhdracteristic [4].The Taguchi method was appledind an
optimal setting of the fuel delivery parametersgass. The result from the Taguchi method choosespéimal
solution from combinations of factors of it givestionized combined S/N ratio of targeted outputs5[5,

In spray study, the inertia force and air drag doare more important factors compared to the vsdotce and

surface tension force [10].Droplet size and itdritistion follows the vibration and breakup procgkk].The effects
of spray flow rate, spray height, and inlet tempge on spray cooling were investigated, and theesponding
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droplet axial velocity and Sauter mean diameter D3Mere correlated with mean absolute error of 1224. As
the ratio of biodiesel in the blends increasedawgyiip penetration increased, but the spray comgeatecreased
[13]. A reduced fuel viscosity leads to a slim gptiaat is characterized by a reduced spray widthamincreased
spray penetration [15].Spray characteristics offtlet mainly depend on fuel injection pressure| flensity, fuel
viscosity, ambient pressure and temperature [16].pknetrating speed during the initial stage isnarily
controlled by the competition between the inertid aurface tension [17].Atomization and mixing pfays are key
parameters to successfully describe and predicbastion in direct-injection engines [14].

EXPERIMENTAL SECTION

Taguchi based Design of Experiments (DOE) methosl evaployed to design the experiments to be condwoid
the steps involved are Selection of factors, Seleaif number of levels for the factors Multi resige optimization,
analysis of results, confirmation experiment.

2.1 Selection of Factors

The fuel temperature and fuel injection pressuectlae two important factors affecting the sprayrabteristics such
as spray tip penetration (S), spray andle gnd Sauter mean diameter (SMD).The fuel temperaamd fuel
injection pressure has greater influence on sprmeakup and spray atomization process. Hence fum| f
temperature and fuel injection pressure are seledehe factors for the present investigation.

2.2 Selection of Levelsof Factors

Factors chosen for the present investigation atelisarete and can be measured on a scale. TaHedffects of
fuel, fuel temperature and fuel injection pressanespray tip penetration (S), spray andgle §¢nd Sauter mean
diameter (SMD), their levels have to be chosen feominimum value to a maximum value. For the presenk,
standard value or zero was chosen as a minimune ¥atuthe chosen factors. The maximum value forféotors
were chosen based on the earlier research workuctetl with those factors individually. For the pmeswork,
three levels were chosen for each factor to ctifiexamine the effects of selected factors ondhesen objective.
The three levels of the chosen factors are givérainle 1.

TABLE 1 Factorswith chosen levels

Factors Level of factors
1 2 3
Fuel KB20 | KOME | COME
Fuel Injection Pressure (baf) 180 20( 220
Fuel Temperaturé'C) 50 | 60 70

2.3 Design of experiment for the optimization

The Taguchi method is a structural approach foerddhing the best combination of inputs to prodwtéch based
on a Design of Experiments (DOE) methodology faedwrining parameter levels [7, 8]. In full factdréxperiment
for three factors with three levels the numbengfegiments to be conducted will b2327.

2.4 Experimental setup

A schematic diagram of experimental setup showfigifre, the setup consists of a spray chamber, ifyettion
system, high speed video camera and data acquisjistem. In this experiment, the diesel spray alzserved
from a constant volume chamber along with fueldtifg;n system and temperature control system. Tékifijection
system having electric motor (0.25hp), fuel pumg &rel injector with delivery opening pressure aetl80, 200
and 220 bar. The temperature control system coagisticrocontroller, relay coil, thermostat and tezaThe fuel
temperature is varied by the microcontroller. Athgpeed video camera, Fastec Motion to capturartage and it
will be further processed and analysed by usingdPRalyst software). The high speed camera is fittétth
boroscope to enlarge the image. The Mie scatteecignique is applied with camera on one end ard §gurce on
other end. A 1000 W halogen lamp is used to illleriior clear and visible images. The region of sgray been
illuminated by lamp and light scattered by fuel gled has been collected by camera at frame rag50fps with
resolution of (800x600) and the images are analysedroanalyst software. The purpose of preheatmsis to
maintain a pre-set temperature over an extendeddoef time. It consists of a microcontroller in iwh the required
temperature is set. Microcontroller is an integiatéosed circuit which receives the input from thermostat
placed in fuel tank and controls the relay coildzhsen the input signal. The thermostat sensesthpdrature of the
fuel in the fuel tank and converts the temperaint@ an electrical signal which is fed to the mmoatroller that in
turn compares it with the reference temperaturthdffuel temperature is below the reference teaipes, the relay
coil closes the circuit and the heater remainsiiticiied-on state. In case the fuel temperaturelequeexceeds the
reference temperature, the relay coil opens thedigonnecting the heater from the preheating tirdinus the

727



R. Parthiban et al J. Chem. Pharm. Res,, 2016, 8(2):726-732

fuel is maintained at desired temperature for dareded period of time with the aid of this setupeBpring tension
of the injector needle with setting screw was \éiti®get the different fuel injection pressure.

Temperature control

S 10,
6 E .

1-Power supply 2-Controller3-Heater 4-Fuel tank 6t 6-Pump 7-Halogen lamp
8-Cable wire 9-Glass box 10-Camera 11-Laptop 12tRgacoill3-Thermosatl4-Fuel injectorl5-
Boroscope

Figure 1 Layout of experimental setup

2.5 Analysis of Data

Three variables (Spray tip penetration, Spray aagkk Sauter mean diameter) were chosen as thensespof the
problem. The responses obtained for each triaifferent conditions were analysed to get a resiltlie formulated
problem. In the analysis, average values of thpaeses measured at different conditions were cermidas the
responses for that trial. To optimize the comboratof the level of factors for the formulated prabl Multi
Response Signal to Noise ratio (MRSN) was calcdlaiée procedure employed in the optimization psede get
the desired objective is explained below.

2.5.1 LossFunction

Loss function is used to calculate the deviatiotwken the experimental value and the desired va&ioe.each
response variable, the corresponding loss functian be expressed as given below. As per the Tdguchi
categorization of response variables, smaller tbtteb principle [9] is considered to minimize ther&y tip
penetration and Sauter mean diameter. For Sprdg,darger the better principle is considered tximdze it.

For larger the better [Spray ang](

Z 1
yzijk

n
k=1

3=

L,:]' =

For smaller the better [Spray tip penetration (8)8auter mean diameter (SMD)]:

Z yzijk

n
k=1

3=

Lij =

where n is the number of repeated experimeljisjs the loss function of théth response variable in theh
experiment angt is the experimental value of tit response variable in tligh experiment at thith test.
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2.5.2 Normalising the L oss Function
Since the measured units of the response variatdes different, the loss function was normalizedhe range
between zero and one. Normalization of loss functias done as follows:

For smaller the better [Spray tip penetration (8) &auter mean diameter (SMD)]:

. min Ll]
ij = L—u
For larger the better [Spray ang](
L::
Sij = J
max Lj

whereS;is the normalized loss function for the responseatste in jth experiment,;is the loss function for the
ithresponse variable in the jth experiment &nid the average loss function for the ith respamsable.

2.5.3 Assigning Weighting Factor

In multi response optimization, the relative impmite of each response variable on the set objastilierespect to
others will be fixed by assigning proper weightiiagtor for each of the normalized quality loss fimt [9]. By
including the weighting factor the total loss fupat(TL;) can be expressedas:

m
TLi = Z Wisij
i=1

wherew;is the weighting factor for the ith response vdgabd m is the number of response variables. Weight
factors for the response variables are to be déddsed on the priorities among the various regsons

If equal importance is given to all the responseatdes, the weighting factors will have equal wabuch that the
sum of weighting factors is always unity. In an iopzation process with three response variables, tfie
combination 0.6, 0.2and 0.2, the importance onracesponse variable is more when compared tottier two.
In this way different combination as per the chogbjective can be taken to get the optimum comtgndevel of
the influencing factors.

The most influencing factor in achieving the obijeetfor each combination of the weighting factorswamalysed
through ANalysis Of VAriance (ANOVA).The main obje@ of the present work was to increase the Spragle
with minimum Sauter mean diameter and Spray tigepration. Hence higher weightage was assignedet&fray
angle when compared to the other two. Initially(@.4, 0.3fw-) and 0.3w3) were assigned as weighting factors for
the response variables Sauter mean diameter, $mglg and Spray tip penetration respectively. Furih was
varied to study the effect of weighting factor bl set objective.

254MRSN
In multi response optimization of Taguchi loss flime, Multi Response Signal to Noise ratio (MRSNjsho be
maximized by using the formula given below.

MRSN = —10log(TL;)

Optimal level of combinations for the obtained MR&itio with the assigned weighting factor was deteed by
following Taguchi parametric design. Variance ofe ttMRSN ratio was analyzed through ANalysis Of
Variance(ANOVA) and the level of importance of edabtor on the response variables for the assigreghting
factor was identified from the ANOVA table. Thisogedure was repeated for different combinationseifjhting
factors to predict the effect of weighting factorthe set objective.

2.6 Analysis of Variance (ANOVA)

ANOVA is a statistical method used to interpret exmental data and make necessary decisions @&staiblishes
the relative significance of factors in terms ofithpercentage contribution to the response. Simee factors are
involved in the present investigation it is necegga evaluate the significant and percentage dmution of each
factor. This analysis is performed on signal teseaitios to find the contribution of the factors.
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The total variability of the MRSN ratio is measureg the sums of squares of MRSN ratio by usingftmenula
given below:

N
Z vt
i=1

where N is the total number of experiments, T i shum of all experiments response variable and yhé ith
response variable. The total sum of squares insltlde sum of squares due to each faci6y) @nd the sum of
squares of errorsS$.). The ratio ofSS¢ to SST is the percentage contribution (P) by #etdr. MSF is equal t8S¢
divided by the number of Degree of Freedom (DFpeissed with the factors. The F-ratio provides atistical
value that can be compared to a probability distiilm table for a given confidence level to identifie significant
effect of each influencing factor on the responsBsere are infinite number of F-distributions basgubn
confidence levels, degrees of freedom for factans| degrees of freedom for error. F-rafig, is compared to a
value Fwp) from the F-distribution table for 95% confideriegel. The larger th&., than theF.y, the greater is the
effect on the response due to the change in thairfa

TZ
S8 = -—
T N

RESULTSAND DISCUSSION

3.1 MRSN Ratio

Table 2 shows the MRSN ratio for the experimentsdaated for the weighting factors of w 0.6, w = 0.2 and w

= 0.2.From the table, the combination which hasrtaimum MRSN ratio will be taken as the best coration
among all in achieving the objective. It can beesbed that experiment number 21(3-1-3) is the bestbination
amongthe nine. ANOVA was employed to analyse theSMRratio obtained with different combinations of
weighting factors.

TABLE 2 MRSN ratio for w; = 0.6, w, = 0.2 and w3 = 0.2

Iil)i)p 9 Loss fugctlorLijSMD Normalizatiors;; Weightingw;s;; TL; | MRSN ratio
1 0.0047| 2352.25 1326ff 0.47 0.93 072 046 0.1914 0.0.79 1.005
2 0.0044| 2284.84 123.2b 0.42 0.96 0J/7 043 0.195 0.0.78 1.090
3 0.0041| 2196.8¢0 116.6f 0.7 1.00 082 040 0.2016 0.0.77 1.145
4 0.0050| 2489.01 11934 0.82 0.88 0/80 0[49 0.186 0.0.83 0.806
5 0.0046| 2327.10 1108¢ 0.76 0.94 086 046 0.1917 0.0.82 0.882
6 0.0044| 227434 10495 0.1 0.97 091 043 0.1918 0.0.80 0.956
7 0.0054| 2609.14 108.44 0.87 084 0/88 052 0.1718 0.0.87 0.611
8 0.0049| 2489.01 100.7p 0.81 0.88 095 048 0.1819 0.0.85 0.710
9 0.0045| 2330.96 95.36 0744 094 1p0 0j44 0Q.190 0.p.83 0.807
10 0.0055| 2724.84 15556 0.9 0.81 0J61 053 1612 D 0.82 0.870
11 0.0048| 2601.00 14365 0.9 084 066 048 1713 D 0.78 1.096
12 0.0047| 2518.03 135.70 0.17 087 0{70 046 1714 D 0.77 1.112
13 0.0059| 283343 13992 096 0.y8 0J68 057 .1614 D 0.87 0.630
14 0.0052| 2745.76 129.22 085 080 0{74 051 .1615 D 0.82 0.866
15 0.0050| 2620.42 122.06 0.81 0.84 0J78 049 1716 D 0.81 0.912
16 0.0061| 2988.81 127.14 100 0.y4 0{75 0.60 1515 D 0.90 0.472
17 0.0057| 2899.82 1174p 093 0.6 0J81 056 1516 D 0.87 0.603
18 0.0051| 2748.90 11092 0.84 0.80 0J86 050 1617 D 0.83 0.785
19 0.0054| 3156.19 151.20 0.88 O0.y0 063 053 1413 D 0.79 1.017
20 0.0045| 2994.2§ 13844 0.913 0.3 0J69 044 1514 D 0.72 1.416
21 0.0042| 2784.67 128.26 0.8 0.9 0{74 041 .1615 D 0.72 1.451
22 0.0058| 3278.71 136.00 0.95 0.67 0J70 057 .1314 D 0.84 0.748
23 0.0046| 3132.64 12453 0.6 0.y0 0{77 045 1415 D 0.75 1.260
24 0.0044| 3005.23 115.37 0.12 0.y3 0{83 043 1517 D 0.74 1.280
25 0.0060| 3470.39 12358 0.98 0.63 0J77 059 1315 D 0.87 0.597
26 0.0051| 322397 113.15 084 068 0{84 050 1417 D 0.81 0.935
27 0.0046| 3038.21 104.84 0.15 0.2 0J]91 045 1418 D 0.78 1.099

Table3 shows the effects of factors on measurgubress variables for the weighting factor of w0.6, w = 0.2
and w = 0.2. The level which has the higher value whemgared with other two levels is the optimum lefieel
each factor. It is observed that the third levelfusl, first level of fuel injection pressure ardrd level of fuel
temperature have higher value when compared witleroevels and hence the levels (3-1-3) are taletha
optimum for the assigned weighting factors gf=n0.6, v = 0.2 and w= 0.2.
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TABLE 3 Effects of factor on response variablesfor wy, = 0.6, w, = 0.2 and w3 = 0.2

Factors Level1| Levelq LevelB
Fuel 0.89 0.82 1.09
Fuel pressure 1.13 0.93 0.74
Fuel temperaturg  0.75 0.98 1.06

Table 4shows the effect of weighting factor on thgtimum combination level of factors and percentage
contribution of influencing factors on the set altjee. It is observed that the weighting factoryslan important
role in deciding the contribution of factors on gt objective. As the weighting factog imcreases, the percentage
contribution of fuel temperature on the set objectlso increases which ensures the influence @ftemperature

in Spray angle enlargement.

For the assigned mthe percentage contribution of fuel temperatune] find fuel injection pressure depends upon
the difference between the weighting factorsamd w. As the difference between,vand w for the same w
increases, the percentage contribution (P) of dnel fuel temperature increases while for fuel itipgcpressure it
decreases till wis 0.4. If w is more than 0.4, the increase in difference betwg and wg for the same wresults

in increase in the percentage contribution of fardl fuel temperature and decrease in percentagabegion of
fuel injection pressure. From the analysis it fetired that fuel temperature is the most influegdexctor for Spray
angle since change im\increases the P value irrespective gfand w. It is also inferred that increase in the value
of w; also increases the P value of fuel temperatureiwstiows that fuel temperature is the most inflirenéactor

for Spray angle. It can be seen that the changeeimveighting factor shows an effect in the optimeombination if
the difference between,and v is 0.4 and more. For all the valueglive P value of fuel temperature increases.

TABLE 4 Effect of weighting factor

Weighting factor Optimum level of Factors % conttibn (P)

Wi | W, ws | Fuel | Fuel pressur¢ Fuel temperatire  Fuel Fuetpres Fuel temperaturge
04| 03] 03 3 1 2 55.52 38.52 1.72
04| 04| 0.2 3 1 2 77.09 15.69 249
05| 03] 0.2 3 1 2 46.29 32.53 13.79
05| 04| 01 3 1 2 65.3% 11.15 15.72
06| 0.2 0.2 3 1 3 21.39 42.55 28.03
0.6 | 0.25| 0.15 3 1 3 28.8p 31.51 30.91
06| 03] 0.1 3 1 3 36.66 21.13 32.99
0.7] 0.2 0.1 3 1 3 21.27 26.54 43.71
08] 0.1 0.1 3 1 3 17.64 27.9 47.4

3.2 ANOVA

Table 5 shows the results of ANOVA for the weiggthiactor of w = 0.6, w= 0.2 and w= 0.2. From the table, the
percentage contribution (P) of all the factors ba set objective can be observed. It can be obddahat fuel
injection pressure and fuel temperature is the mfitencing factor on the set objective since percentage
contribution is higher. It is observed that theceisity of biodiesel is higher than that of petrafe®iesel which
needs higher temperature for better fuel atomimatibhis results in smaller droplets, increased w@tefuel
vaporization and complete combustion. As a restilthts spray angle will increase and SMD and spiigy
penetration will decrease.

The fuel temperature will have an effect on spipypenetration, spray angle and Sauter mean dianfstdigher
temperatures, spray angle is more with reducedysfipapenetration and Sauter mean diameter and wécsa.
When compared with fuel injection pressure, fuehgerature also has a considerable effect on alrébponse
variables and its influence on the set objectiveital as obtained through ANOVA. It can also besetyed that
with this combination of weighting factors.

TABLE 5 Results of ANOVA for w; = 0.6, w, =0.2 and w3 = 0.2.

Source DF| SeqS$ Contributign  AdjM$ F-Value
Fuel 2 0.3588 21.39% 0.179408 26.6L
Fuel pressure 2|  0.713¢ 42.55% 0.356848  52.93
Fuel temperaturg 2| 0.4701 28.03% 0.235063 34,87
Error 20 | 0.1348 8.04% 0.006742
Total 26 | 1.6775 100.00%
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CONCLUSION

This work explores the prospect of developing D@E &aguchi full factorial array and attempts todstigate the
combined effect of three factors on the three Wem with the experimental work. Experimental reswiere
analysed through statistical tools and the findioigthe analysis were used to make necessary desistince more
than one factor (fuel, fuel temperature and fugdtion pressure) were chosen in this experimembtarol three
response variables (spray tip penetration, sprglesand Sauter mean diameter), the most influerfeiotr for the
chosen objective was found out by using the Tagoetihod. The relative importance of each respoasahble was
varied by fixing different weighting factors foreahresponse variables and the combination of fdetcgls was
obtained for each combination of weighting factdrsthe present work, the optimum combination odlfdfuel
temperature and fuel injection pressure in increpghe spray angle was arrived by calculating MR@hio.
Different weighting factors were assigned to eas$ponse variable to calculate the MRSN ratio aedothtained
ratio was analysed through ANOVA method. From thsults of ANOVA and factor effects, the following
conclusions are drawn:

Fuel temperature appears to be the most influerfeicigpr in increasing the spray angle of cottonnodthyl ester
next to fuel injection pressure. Minimum fuel injen pressure and higher fuel temperature will e dptimum
combination for increasing the spray angle andetesing the spray tip penetration and Sauter meaneder.
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