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ABSTRACT

The depletion in fossil fuel and an immediate need for its replacement led to the search of various sources of fuel
like gaseous fuel, biofuds, ethanol, and many more. Environmental pollution through solid waste is also one of the
major crisisin developed and devel oping countries. In order to bridge this gap, a pyrolytic batch reactor has been
designed and developed to produce waste plastic oil from different combinations of used plastics. The PBR was
designed with a cycle efficiency of 10 kgs used plastic which yielded 450 ml of WPO. The GC/MS analysis also
revealed the presence of alkenes and alkanes with carbon number of Cgto C;9 which was favorable to be used as
fuel in Cl engine. The experimental investigation was carried out in a single cylinder compression ignition engine to
analyze its performance and emission characteristics. The BSEC of WPO blends was found increase marginally on
comparison with straight diesel whereas BTE showed a decrease of 6% to 8%. The mechanical efficiency of WPO
blends and straight diesel were almost similar at all loads. The UBHC, CO, NO, and smoke emissions showed an
increasing trend with a marginal decreasein CO, emission for WPO blends.
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INTRODUCTION

A large exponential growth has been witnessedermpthstic industrial sector for the past 30 to éarg which finds
application in home appliances, automobile produaisdical field, aerospace application, electrarad electronic
applications. The plastics like polypropylene, ptyyene, polyvinyl chloride, polyethylene broadhassified as
polyolefin gained mush importance due to theirdesgeight, corrosion resistance, ease to fabrigatemold, less
cost, reusability and higher durability. Generallgstics are composed of long chain hydrocarboreduition to
fillers, monomers, peroxide catalyst, release aggugments and thickening agents. India was egtian@ produce
larger quantity of high density poly ethylene irdditn to PVC and PP for its wide range of appliwas. As the
productivity was increased and at the same time,tduestricted usage period, problem of wastetiplaésposal
emerges at a greater scenario than production.gdliernment stringent norms and rules have beeringetp a
certain extent to save the environment but solidtevglastic management still to be overviewed witbuitable
technique like thermal degradation, thermal cragkirecycling, decomposition and many more [1,103eQuch
technique is called pyrolysis (i.e.) thermal degtah of solid waste plastic in liquid and gas fre tabsence of
oxygen. This process can be improved to a greattentewith the use of catalyst like ZSM, red mutngina,
zeolite, silica, and feedstock’s of soyabean, naardh others. Many researchers have developed pramnigys of
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pyrolysis with higher success rate. Cl engine aidibbetter performance and drivability charact@sswith the
use of WPO which showed a promising way of solidtealastic recycling[11,12].

The gaseous oil of low density polyethylene wadisth using thermogravimetric analysis in the preseof
catalyst like HZSM, HUSY, HBeta zeolite, FCC cattland AI-MCM-41. The results showed catalyst li#Beta
and zeolite was more active in decomposing theurgxand ZSM-5 zeolite produced coke at a lower tityaiT he
vacuum gas oil — polyethylene blend was produceautih thermal and catalytic pyrolysis relating apugrization
and degradation technique [15].A tertiary recyclprgcess of waste polymers in standard FCC LDPEsuadied

to produce vacuum gas oil in a Riser simulator fatwoy reactor. The reaction temperature were baivE0C to
550°C which yielded deoxidized gas, liquefied petrolegas, LCO and coke at various percentages. Twatgpe
catalyst were used namely conventional and regid tg which resid type catalyst showed best peréorce on
comparison with others[8,9]. Hydro pyrolysis andhieentional pyrolysis of mixed plastics was carroed between
150°C to 350C under nitrogen gas atmosphere which underwenintileand catalytic decomposition in single and
two stage reactions. The results revealed thatdheersion to liquid and gaseous products as niae 90% for
PDPE and less than 50% for HDPE, PP and PVC egkiltite production of VGO more than 85% proved t@abe
promising way to substitute petroleum derivatives][High-density poly ethylene was used to produteO in the
presence of kaolin catalyst. The catalyst was pilynacid treated with HN@ followed by acid digestion. The
HDPE and kaolin at 4% ratio was treated in a reafttmace at 45 and the outlet gas was condensed and
collected in a jar outside the setup. The derivitdvas subjected to GC/MS and FTIR test for itsreleterization
used in Cl engine to analyze its performance. & waticed that, the BTE was lower than diesel lablehds and
load were as exhaust gas temperature and mechefficancy was found to be increased with loade Bmissions
like NO, and CO was also found to increase with increasdeind of WPO were as G@vas found to be lower than
diesel across all blends and load [22-23].

In the present investigation, a pyrolytic batchcteawas designed and developed with the overaiedsion of 458
X400 X 200 cm. A combination of HDPE, LDPE, PVC d&H was mixed and fed into the reaction chambethfor
pyrolytic gas yield in the absence of catalyst. Thermal degradation behavior of waste plastics stadied and
analyzed using GC/MS technique. The resultant WR® blended with straight diesel and subjected ter@ine to
estimate its performance and emission parameters.

EXPERIMENTAL SECTION

2.1Design of Pyrolytic Batch Reactor

The PBR was designed and fabricated using SS31&hi&¢s steel by forging and rolling techniquese Berall
dimension of PBR was 458 X 400 X 200 cm as showfrigire (1). The PBR consist of conical lid on tbp with
an exhaust chute. The reactor cylinder is compoa$eédio compartments, inner cylinder at a radiu$5fcm and
outer cylinder at 76 cm as shown. The intermediat@partment between the two cylinders was compdidityl
with glass wool with 2X2 m dimension to reduce tieat loss to atmosphere and to enhance thermatliregy
process. The capacity of PBR was designed to lie 1@ Kgs of waste plastic for a single cycle. Bxbaust chute
was equipped with a temperature sensor which isexted to a cutout relay to maintain the workinggerature
between 25{C to 450C.The heating of PBR was accomplished with thrego&dlexible induction coil upto a
heating limit of 650C to 700C. The temperature controller with a sensor waspgga in the PBR setup interlinked
with heating coil to avoid over heating issues.€kbkaust chute was directed towards a condensdimmlizer made
of fiber glass through 350 cm SS pipe to admitdim®ke into the condensation chamber filled withliogowater.
The condensed smoke in the form of WPO occupiesafpéayer of the chamber is carefully separatedugh an
outlet arrangement as shown in Figure (1).

2.2Conversion of waste plastic into WPO and its properties

25 kgs of waste plastic consisting of HDPE, LDP¥CPand PP was collected from a local yard in Pa@hennai,
Tamil Nadu.The plastics were made into pieces ofi Xc1cm size using crushing/grinding machine andhea
with flowing water to remove impurities and theredr 10 kgs of processed waste plastic was platéke inner
cylinder of PBR reactor and the temperature waseamed gradually in four step ratios (i.e.) Z50280C, 330C

and 370C. The effect of reactor temperature on yield dfdsohar, liquid and gases are shown in Table The

crude WPO was collected through the exhaust chmutieei condensation chamber fitted with fiber glasshown in
Figure (1) and subjected to fractional distillatiprocess to remove moisture. The Table (2) revelmental
analysis of WPO which exhibits 81.58% C, 12.31% bl23% 02, 0.17% N2, 0.41% S and 0.1% Ash [3-6].
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Figure 1. Detailed and Pictorial view of PBR

Table 1. Effect of Reactor Temper ature on the Products Yield

Typesof Products Productsyield at different reactor temperaturein (wt %)
250°C 280°C 330°C 370°C
Solid char 40 33 26.5 23
Liquids 50 56.5 62.5 65
Gases 10 10.5 11 12

Table 2. Elemental Analysisof Waste plastic oil

Elements | Ratio proportions (wt. %)
Carbon 81.58
Hydrogen 12.31

Oxygen 5.43

Nitrogen 0.17

Sulphur 0.41

Ash 0.1

Table (4) shows the comparison of physio-chemicaperties of waste plastic oil, tyre pyrolysis wiith straight
diesel. The density of WPO was found to be 835 Mnkahereas straight diesel and TPO showed 840 kghm
937 kg/ni respectively. The kinematic viscosity at’@0for WPO lies intermediate between diesel and TP@
flash and fire point was also found to be comparaith diesel fuel for its use in Cl engine. Thépsur content of
WPO was found to be lowest as 0.030% on compasgtindiesel and TPO which removes the desulphudnat
process. The cetane number of WPO was found tmlbaomparison with diesel and TPO.The Table (3yshihe
comparison of WPO blends at WPO 15%, 25% and 33#dsrdt is also evident from the literature survbgt
WPO blends with completely with diesel and can beduin Cl engine without any modification. 1S1448ting
methods was adopted to estimate the physio-chempicglerties of diesel-WPO blends like density, kia¢ic
viscosity, flash & fire point, calorific value, qlur content and cetane number decreases withaseria WPO
concentration whereas kinematic viscosity and canssidue increases to a marginal level. The inira final
boiling point of distillation temperature lies betan 126C and 368C for WPO blends [13, 14, and 19].
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Table 3. Comparison of Properties of WPO Blends

Properties Units | Testing Methods | WPO 15 | WPO 25 | WPO 35
Density @ 30°c kg/f| 1S:1448 P:16 834 849 858
Kinematic viscosity, @ 40°¢ Cst 1S:1448 P:25 2.47 .602 2.65
Flash point °c 1S:1448 P:20 48 42 38
Fire poin °c 1S:1448 P:2 60 56 58
Gross Calorific value kJ/k 1S:1448 P:6 43,216 82,6| 40,477
Sulphur content % 1S:1448 P:33 0.02 0.01 -
Carbon residue % 1S:1448 P:122 0.03 0.06 0.0
Ash content % 1S:1448 P:126 0.01 0.01 0.01
Cetane Index - 1S:1448 P:9 51 49 43
Distillation Rang °c 1S:1448 P:1
Initial Boiling Poini °c 12C 12¢ 13€
Final Boiling Point °c 365 370 368

Table 4. Comparison of Diesel, WPO and TPO

Properties Units | Diesel | Wagte Plagic Oil | TyrePyrolysisOil
Density @ 30°c ka/th| 840 835.5 937
Kinematic viscosity, @ 40°¢  Cst 2 2.52 3.22
Flash point °c 50 42 44
Fire point °C 56 45 52
Gross Calorific value kJ/kgl 46,500 44,340 42,855
Sulphur content % 0.045 0.030 0.41
Carbon residue % 0.35 82.49 2.14
Ash content % 0.01 0.00023 0.1
Cetane Inde 55 51 53

Experimental Procedure

The schematic layout and pictorial view of the tesgine is shown in Figure (2). The engine is eggipwith
performance measurement, combustion and emissialyzan. Kirloskar DM10 single cylinder, direct ioj#on,
naturally aspirated compression ignition enginehviibre and stroke of 102mm X118mm was used ingtudy.
The cubic capacity of the engine is 948cc with caragion ratio of 17.5:1. The detailed engine sjmtibn is give
in Table (5). U-Tube manometer and burette setiggjispped on the engine test panel to analyzentia&e of air
and fuel.

Initially the engine was started with diesel and @B ends was admitted through a three way coclpsetthe fuel
tank and fuel consumption for 10cc was measurethusistop watch. The loading of the engine wasraptished

by electrical dynamometer coupled to the enginesta®vn and the indications was taken from ammeter an
voltmeter arrangements. The engine was also equippin Crypton 5 gas analyzer and Bosch smoke mteter
measure emission outlets through the exhaust prdte engine was warmed up with diesel initially & min
before the admittance of WPO blends at 1500 rpre. &tperiments were conducted with WPO15%, WPO254% an
WPO35% blends at no load, part load and full lo&the engine.

Table 5. Test Engine Specification

Name Description
Make Kirloskar
Model DM 10
Bore 102 mm
Stroke 118 mm
Cubic capacity 948 cc
Compression ratig 17.5:1
Engine speed 1500 Rpn}
Injection timing 28 BTDC
IVO (BTDC) 4.5°
IVC (ABDC) 35.5°
EVO (BBDC) 35.58
EVC (ATDC) 4.5
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Figure 2. Schematic Diagram and Pictorial view of Experimental Setup
RESULTSAND DISCUSSION

4.1Gas chromatography M ass spectr ometry analysis of WPO

The GC/MS analysis was carried out to charactehiee/ VPO obtained the PBR. JEOL GCMatell data systéim
high resolution, double focusing instrument maximresolution and calibrated mass of 6000 and 15060B=a
respectively and chemical ionization technique wasd on WPO. It was noticed that WPO contained 14
compounds mainly composed of n-styrene, n-hexamk pdrenolic hydrocarbons as detailed in Table (6)e T
characteristics mass spectrum of WPO is shownguarEi (3) with retention time between 2.97 min atdb2 min.
The compounds identified in the chromatogram wekerses and alkanes with carbon number betwegnoC
C1424-25].
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Figure 3. GC/M S M ass Spectrum of Waste Plastic Pyrolysis Oil
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Table 6. GC/M S Analysis of Waste Plastic Oil

RT (min) Name of Compounds Molecular Formula | Scan | lons
2.97 Spiro[2.4]heptane,1-ethenyl-5-(1-propenylidene CiHie 79 1809
3.27 1.6-heptadien-3-yne,5-methyl Ci2H1z 91 1768
4.07 2-nitro-1-phenyl-ethanol CsHoNO; 123 | 1583
4.98 Methyl styren: CoHaic 15¢ | 152(
9.15 1,5,5-trimethyl-6-methylene-cyclohexene 1cHGs 325 | 1666
9.57 5-Caranal, (1S,3R,5S,6R)-(-)- CioH1:0 342 | 1626
10.28 1-propene-1-amine,N-benzylidene-2-methyl 11HGN 390 | 1643
14.35 Methanone, (3-methylphenyl)phenyl- 14K5,0 532 | 2771
14.62 1h-inden-1-one 2 3-dihydro-3-phenyl 186640 543 | 1990
15.4¢ 2h-1-benzopyran,3-dihydrc-2-pheny Ci5H140 577 | 175C
17.1% pentadecanoic acid -methy- methyl este Ci7Hz40; 642 | 191z
18.92 2-hexadecanoic acid ,2,3-dimethyl,methylreste C1gH3:02 714 | 2139
19.12 heptadecanoic acid 14-methyl- methyl ester 15H40, 722 | 2004

21.65 methanone,(4-(2-hydroxy-5-methyl benzylidestgnyl) (phenyl) @H1405 823 | 1998

4.2Variation in Performance parameters

The variation in brake specific energy consumptbstraight diesel, WPO 15%, 25% and 35% blendsdldbads
are shown in Figure (4). The BSEC of straight dieddow load, part load and full load was foundite 22.5
MJ/kWh, 16 MJ/kwWh and 16.8 MJ/kWh respectively. WBIBnds showed increased BSEC than straight dasel
all loads with similar trend as shown.
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Figure 4. Comparison of Brake M ean Effective Pressurewith Brake Specific Energy Consumption
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Figure 5. Comparison of Brake M ean Effective Pressurewith Brake Ther mal Efficiency
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=
N

—&— Straight Diesel
WPOB15

—A— WPOB25

>\ —— WPOB35

/

///

UBHC (g/léW hr)
. . °

¥

o
[N}

o

0 1 2 3 4 5 6 7
BMEP (bar)

Figure 7. Comparison of Brake M ean Effective Pressurewith UBHC

The BSEC of WPO 15%, 25% and 35% blends at pad Ve&s noticed to be 26 MJ/kWh, 27.2 MJ/kWh and 26.5
MJ/kWh whereas full load showed 18.1 MJ/kWh, 19.3/lMVh and 19.5 MJ/kWh respectively, which may be du
to decrease in calorific value with the increas&\RO blends between 43216 kJ/kg to 40477 kJ/kip évident
from the graph that with increase in BMEP, the comgtion of WPO blends continuously increases acatistie
blends and it can also be seen that BSEC decrgeadisally with an increase in load for all WPO hls}16,17].

The variation in brake thermal efficiency for sgfati diesel, WPO 15%, 25% and 35% blend for all lagelshown

in Figure (5). The BTE for straight diesel variestieeen 10.2% to 23.2% for no load, part load ardidad
operations whereas WPO blends show variation betWe2% and 18.6% for all loads. Generally, BTE sb@m
increasing trend irrespective for fuel across Ehts and straight diesel. The BTE for straighseliat full load was
noticed to be 23.2% but WPO blends lied betweef%to 18.6% as shown in Figure (5). The BTE for WE
blend at part load was found to be 16.8% whereaO¥®» and WPO35% exhibited 17.9% and 18.3%
respectively. This huge variation between stragipsel and WPO may be due to poor atomization eddaed pre-
mixed combustion which is in turn due to reductiortetane number with an increase in WPO blend¢shaBTE

for WPO blends shows a decreasing trend, the hesge is lost to the surrounding to a greater extethout
converting into useful work.
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The effect of mechanical efficiency on straightséileand WPO blends at low load, part load andidaltl is shown
in Figure (6). Generally, the mechanical efficierstyows an increasing trend with straight diesel bieshds of
WPO for all loads. At low load condition, the menlel efficiency of straight diesel was found to¥b2vhereas
WPO 15%, 25% and 35% blends showed 53%, 54% amldbrespectively. As the load increases, the vanaiti
mechanical efficiency marginally increased betw&8&c and 63% for all blends. At full load operatiptise
mechanical efficiency showed minimal variation betnw 70% and 73% for all blends which proved thatONP
blend more suitable to be used in ClI engine ashatisute for straight diesel. A similar and mardimariation in
mechanical efficiency between diesel and WPO blaigtsfies that the frictional loss occurred duertoving parts
in the engine is almost similar when the operatirg is straight diesel and WPO blends[18].
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Figure 8. Comparison of Brake M ean Effective Pressurewith CO
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Figure 9. Comparison of Brake M ean Effective Pressurewith CO,

4.3Variation in Emission parameters

The variation in UBHC emission for straight diea®PO 15%, 25% and 35% blends at low load, part bratifull
load are shown in Figure (7). The main reason lktive formation of UBHC emission was due to incoetgl
combustion and flame quenching near the wall ald oegions. From the figure it can be noticed tb&HC
emission was higher during low loading conditioniehmay be due to lower operating and exhaust tesmbye
and availability of more oxygen which may not tgdat in combustion during starting. At low loadBHIC was
found to be 0.18 g/kWh for straight diesel wher#4BO blends showed 0.21 g/kWh to 0.68 g/kWh vanmtio
Another reason for higher UBHC emission during lm&d may be due to poor atomization and increase in
kinematic viscosity. WPO 25% blend showed 0.5 g/keithow load, 0.21 g/kWh at part load and 0.1 g/kéfh
UBHC emission at full load condition whereas WPO¥@3®Blend exhibited a higher emission of UBHC on
comparison of straight diesel and other WPO bldndg 0.68 g/kwWh at low load, 0.38 g/kWh at paad and 0.16
g/kWh at full load. It can be also seen from thguiré (7) that at full load condition, the UBHC egi@ of straight
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diesel and all blends of WPO were very low whichynb@ due to enhanced combustion and reductionaiméf
qguenching near the walls of the combustion cylif@ez0].
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Figure 10. Comparison of Brake Mean Effective Pressurewith NOy
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Figure 11. Comparison of Brake M ean Effective Pressure with Smoke

Carbon monoxide emission was formed as an intemtedgiroduct of combustion which may be due to poor
atomization and insufficient quantity of oxygen ithgr combustion process. With respect to compresigjoition
engine, CO emission is one of the most importactbfawhich is to be controlled effectively. Figui@® shows the
variation of CO emission for straight diesel, WP&d, 25% and 35% at low load, part load and fultleandition.

At low load, the CO emission was found to be 0.31&Vh, 0.312 g/kWh, 0.356 g/kWh and 0.504 g/kwh for
straight diesel, WPO 15%, 25% and 35% blends réispdc As the load increases, the CO emissionioaously
increases upto 0.652 g/kWh for WPO 35% blend wisttbws the presence of insufficient quantity of aetydor
CO, conversion at part loads. At full loading conditishe CO emission of straight diesel and WPO tdesttbw an
increasing trend between 0.752 g/kWh and 1.223 f/Két all blends of fuel which may be due to poor
homogeneity of air fuel mixture, lack of oxygen andomplete combustion at higher loads.

The Figure (10) shows the variation of oxides afagien for straight diesel, WPO 15%, 25% and 35%\atload,
part load and full load condition. The main reasdnNO, formation depends on in-cylinder and combustion
temperature which results in the formation of mam@mic oxygen having higher affinity towards to form NO,
NO, and NQ. At low load operations, the NOx formation of WR&nds was found to be higher than straight
diesel and at part load conditions, Né&nission was noticed to be 1.83 g/kwh for straijesel, 2.305 g/kwh for
WPO 15% blend, 2.689 g/kWh for WPO 25% blend art8.g/kWh for WPO 35% blend. Generally, NO
emission shows a decreasing trend between 4.2 gai.12 g/kWh at all loads. At full load operaspthe NQ
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emission for straight diesel, WPO 15%, 25% and 38éfds were 1.1 g/kWh, 2.3 g/kWh, 2.6 g/kwh and2.8
g/kWh respectively, which may be due to less fumtumulation in the previous cycle which resultslésser
premixed combustion period. It was also noticed tha operating temperature and exhaust gas temperat full
load was found to be lower than low and part loperations.

Generally, C@ emission signifies the effectiveness of combustoil performance to a greater extent., @O
formed as a result of complete combustion in whilthhe carbon atoms in the fuel is oxidized tobcer-di-oxide.
With respect to the ideal combustion equation, @@ HO are the products of fuel and air in the preserfdecat
during combustion. Figure (9) shows the variatibl€®, emission of straight diesel and WPO blends. At load
operations, C®emission was found to be varying between 7.88 &yk@v10.25 g/kwh which may be due to poor
atomization and lesser operating temperature. Atlpad condition, the COemission is gradually reduced with
diesel and WPO blends which may be due to reduati@alorific value of the fuel. At full load opdrans, it can be
seen that straight diesel, WPO 15%, 25% and 35%dblexhibit 0.221 g/kWh, 2.158 g/kwWh, 1.869 g/kWid a
1.110 g/kWh CQ emission respectively which may be due to poor dgenization of air fuel mixture at high load
and lack of oxygen during combustion [2,16-18]. Magiation of smoke emission for straight diesel, WP5%,
25% and 35% blends at all loads are shown in Figuig. Generally smoke emission is formed due torpo
premixed combustion and incomplete combustion pHasan be noticed that smoke emission shows easing
trend from low load to full load across all fuel@thwstraight diesel being the lowest. At low loadjoke emission
was found to be 1.43 BSU for straight diesel wheMd@O 15%, 25% and 35% exhibited 1.20 BSU, 1.16 B6t
1.30 BSU respectively. As the load is increased,simoke emission was also increased upto 5.87 BEWPO
35% blend ratio. The variation in smoke emissianalbfuel shows minimal variation as shown in figy ).

CONCLUSION

From the experimental investigation conducted fotlewing results were concluded,

«+The designed and developed PBR reactor was capélpieoducing 450 ml of waste plastic oil per cyatean
efficient way.

“+The GC/MS analysis and physio-chemical propertie8/80 and its blends revealed the presence of akken
alkanes and petroleum derivatives which are maitedto be a substitute for petroleum diesel.

“The performance of blended WPO with straight diegat very effective in compression engine withooy a
engine modification upto 35% blend ratio.

“The BSEC of WPO with straight diesel was found &Hhigher than straight diesel which showed moré fue
consumption than diesel with relative lower BTE.

«+*The mechanical efficiency of WPO blends and striadjesel was found to be almost similar at all kachich
showed that frictional loss between moving paresaso same.

“+The UBHC emission of WPO 35% blends was noticeldettiigher on comparison with other blends of WP® an
straight diesel, CO and N@lso showed a similar trend with all loads.

“The CQ emission was found to decrease with increasing ROMIlends at all loads and the smoke emission was
noticed to be similar with all blends of WPO ancigiht diesel at all loading condition.
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