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This research study investigates the effects of using waste plastic oil on engine
performance, combustion characteristics, emissions and long-term operation for
unmodified single cylinder diesel engines using fuel derived from plastic waste. The
study focuses on comparing the basic physical and chemical properties of the fuel,
engine performance, combustion characteristics and exhaust emissions of waste plastic
oil that has been converted to energy through the pyrolysis process without fractional
distillation. The research examines the physical and chemical properties of blended
waste plastic oil, high-density polyethylene (HDPE) bottle cap plastic and polyethylene
terephthalate (PET) bottle plastic. An unmodified 4-stroke single cylinder diesel engine
was tested at a constant engine speed of 1,500 revolutions per minute under varying
engine load conditions. Long-term operation tests of 200 working hours are also
conducted to study the effects of wear on various engine components.

From the test results of the waste plastic oil's fuel properties, it was found that
the significant fundamental physical and chemical properties of waste plastic oil are
inferior to commercially available diesel fuel in several aspects, such as cetane index,
kinematic viscosity, density, and heating value. The engine performance tests revealed
that the brake specific fuel consumption (BSFC) of waste plastic oil is higher than that
of diesel fuel under all load conditions, and the brake thermal efficiency (BTE) is lower
when compared to diesel fuel.

Due to the combustion characteristics of waste plastic oil from the pyrolysis
process being different from diesel fuel, resulting from their distinct chemical
compositions, this research study examines the combustion properties and effects of
using waste plastic oil as fuel in variable compression ratio engines. From the test
results with variable compression ratio engines at a constant speed of 1,500 rpm and

load levels of 25%, 50%, and 75% of maximum power, and at compression ratios of



16:1, 17:1 and 18:1 it was found that increasing the compression ratio improved the
performance of engines using diesel fuel and blended oil. Moreover, increasing the
compression ratio could also reduce the ignition delay of the fuel. When considering
the maximum cylinder pressure and maximum heat release rate of waste plastic oil, it
was observed that the polyethylene terephthalate (PET) bottle plastic oil had a
considerably longer ignition delay. However, in waste plastic oil produced from high-
density polyethylene (HDPE) bottle cap plastic, it was found that the combustion
characteristics of the waste plastic oil from bottle caps are similar to those of diesel
fuel without engine modification. Furthermore, this research also investigated the
effects of using polyethylene terephthalate (PET) bottle waste plastic oil blended with
diesel fuel at ratios of 10%, 20%, 30%, and 50% on engine performance. It was found
that the mixed fuel increase the BSFC and BTE, which can be attributed to the physical
and chemical properties of the fuel directly affecting combustion. The results of
exhaust emission measurements showed that waste plastic oil has higher amounts of
nitrogen oxides (NOx), hydrocarbons (HC), and carbon monoxide (CO) than diesel fuel.
However, it was found that using engines with higher compression ratios increase brake
thermal efficiency and reduces the ignition delay, which directly contributes to
improved brake thermal efficiency and emissions.

The different sources of plastic waste directly affect the chemical composition
of the oil. In cases where there is no control over the source of plastic waste used for
fuel production, a fractional distillation process is necessary to control the chemical
composition of the fuel oil obtained from the plastic waste, ensuring its basic
properties are similar to diesel fuel. Using high-density polyethylene or polyethylene
terephthalate waste plastic oil in unmodified engines is not economically viable due
to the cost factors of waste plastic. Meanwhile, using unrefined waste plastic oil blends
in engines in the long term has been found to cause various problems, such as
increased wear and tear of engine components and affecting the properties of the
engine lubricant oil. This may lead to engine damage if the components of the engine

or the quality of the waste plastic oil are not appropriately improved.
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v o = a
2.1 AUANUAVDIUINULYDLNEN
°o w wa = T o & a & v a
AuddgvesnuaudivLaivarnMenmvesddugeiniadutadelunisuseiiy
r-ﬂy a a (% ¢l 1 = 1
ANANTBINAIRNKERS K UNTTUIUNTWU T UL eldlunsEuIuNISEIe 9 uanan
N913U189AUTENOUNILATILAD ATl RIsandanuaudAinIanNIen v fiud andeie
Uszillunaannmsdndemadsdananivldnuegiwninzaunme Inenuaudfnmnan lawn
2.1.1  ANUAWIUNIE
AAUNWTUNIE (Specific Gravity, SG) AB SRTIAIUNUILUUTOIANTHO
ANUTUILUWYDIUTENENIUTIR ST ular Niaaumgilinediy Inenaaeuneliuinsgiu
ASTM D1298 Falunisinmuminiuivestifiufioamall 15.6 samwai@ed d1uidiunn
wnAmusouseniisiminazanas Adnuazanasintiniswnindldauysel uasiadu
A Susuazalaun
2.1.2  ANUULAIAUAIENS
= 3 . . . . U d' [ td
ANunilnaaua1ans (Kinematic Viscosity) tJua9nnnudiuniuves

Unduwdendsreanisiua laumuinandnsidinvesanunianain (Dynamic Viscosity)

& @

AEAMUNUILIUYDIYRLINA AULINTFIU ASTM D445 anunilnaumansidunuaudn

q

dAgasduisinisnsziinansenuseUsednsnnvesgunsaldniiands Ngamiien

AAanunilnaziindudwainliyunszaeasduaznisnszanedivesdndudaimndady
azeedanal Aty anuniaveududemiieseglussdunmuizauiielviszuuin
Wowmdsanunsoaialesazeaiazden nanuviagaiullagyilvilesazasinssanela
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gunsnidaidoinds nissyamuniinaaumanssiufosszyaiug fugamgifivhnisg
NAFOU
2.1.3  Yr9gamgiinisndu

Fr9ganiin1snau (Distillation) Ao gaumglivesdminguld 90 Wedldud
TngUTuns Inennaeunelduinsgiu ASTM D86 Liu gamginisnduresisiufisa &
SUT 2.1 qaungfinsnduvesindufiealnevialeglurasUszana 250 - 350 asrisaidea
(482 - 662 asaisules) Tuogiuanifveshiufiwauasnszuiunisndudld nisndudu
nszvunsiiilunsusndiudsenovvenidiufisanninduiulnseduanuuandisesn
Fonvasdrutsznouss 4 Tuthifufiu mandwiliannsoadmisiufieadfauauda

wingandmsuldlueioseuinynseiiamenisonla

400
77777 Final Boiling Point (FBP) B
350 |- -
300
1 Mid Boiling Point (MBF)
v el RN \N\Vy LE AW e
T
=
= 250 !
| -
@ \
(=9
= |
e \
200 |
Initial Boiling Point (IBP)
ffffffffff | Y A ¥
150 [~ }
\
\
100 | | \ 1 |
0 20 40 60 80 100

Fraction, %

d‘ a & 26’ v A
E‘U‘W 2.1 RURNUNITNAUYDIUIUUALYE

9 Y

(N.K. Giri, 2011)



2.1.4 gauld
01l (Flash Point) fio gamgiishaniarsiaiiviethsudomasaslssy
anufeuaustimenaeniule uazaninlniudognivadlil Tasvaaoumeldunmsgiu ASTM
D93 gemulwFoidutiadefidrdylunsssiunnaonsevesmsedviothiudomas
dufuindufioa gamulrleglutasssana 52-96 ssrweaioa (126- 205 ssamisuled)
Juag fuautivosituiien gaulnldinalasnssoaussourvoaaiossud nsnsuen
nulidudshdgifiedostunaingtfummuninlniviensseidaiionafinduainnis
Safurdoldnuhtudomaniug
2.1.5 3aluaw

yalvawm (Pour Point) Ao fio aumngiimannunduendmsoasnlies

Y 9

ansalvale o AnuAuUNG vausiigamglinnniigaliam iduiomawseansiailagsy

Y

[J ]

iihdanmdu vildnnslnaduinuazdamanssnudenisvisuveaaisseudviegunsaidily
ihifudeinas ﬁ;@i‘mamﬁﬁmﬁm%’umﬂi’fmwfwﬁm%aLwﬁﬂuamwmmﬁﬁamau WSIETIN
ihfudemasiiyalvamgaiull oravilidhiudemdaduasyiliieTossudlaiannse
yhanuld lunsdlvesiiufien galvameglutasssann -20 f 10 esmuaiboa (4 §s 50
osrnviusules) Juagifuaummuarauifvasiviufien
2.1.6 Usuruniugau
USunafuzdu (Sulphur Content) Ao Usunaurusdudiindwluigiy
Maiainnswnlnsivennimznanadudameslaeenles (SO, wasdameslnseonlys
(SO5) %ﬂﬂ%mwmﬁwmzﬁuﬁqqLﬂuﬁaﬁiﬁﬁwszaqﬁ flosandaumeslnsoenlas (SO5) 1AANIS
saustufuinateadunsamuzsuianiewndoseusdwaviliiad eswudiinnisinvse
TneUSunuiusdunagaunieliuinsgiu ASTM D5453
2.1.7 MNANTOULKHUNDILAY
N13AANTOULNUNBILAS (Copper Strip Corrosion) A N15IANTISAANTOU
urunaILAITiAn Mt wdomas ilegnistansouresidudomasiauntmnliifiay
denasoszuumaiuitiy SsnafinnsinnseunasdnnseldanuSinarusiiu Tnevadeu
AelAuImnsgIu ASTM D130
2.1.8 Usmnaniuazaznou
USinaiiuagmsneu (Water and Sediment) Junsveaeuneliunsgi
ASTM D2709 InedSmashasiliineznsiluedesous wavazdnunanisivavesiiu

Wewmdwindunuludaienmlng dwalinfanisinnseuneludiussquazgunsaiideuse



f19 9 ddiAunesgiuasdusariliiAansgaduiindionsesisuld dansiidheg.du
Suneseszuutindomdnasiidald mmnduinailifnuadinmeedu
2.1.9  nINdIuRTININAISTUBU

nng1un3en1nA$UBY (Carbon Residue) Ao A3anA1aitluasuaud
wieegvdmnutudomasgnunluilunioseud nnarsueuninannsiwn vl
auysaivesihiudeimas shlviansueuarausguuausine veaedossus iy 1@, Wagu,
Wdndomas nnandueuiavauduilymdmsuinisseudinssaunsadealfiinns
dnuse, Madevnevesgunsal, mevhauilifiuszdvdamnisiaUiinaasefveuiinge

ANANNRINISHLEMAaaUNElANINTEIN ASTM D524 Fapuaumlaainaunisi 2.1

. AX100
Carbon Residue = —— (2.1)
w
g A AD 1UAYRININATUNTBNINANTUBU (NFL)
"% A9 1IAVBIFIDENNAERU (N5Y)

2.1.10 USanaudn

USanandn (Ash) fie Usunauansedunideing 9 Mmdeatudsainnisimlvgl
vosthsfudemasildannsawnlvildvun Tnenageuneliiinsgiu ASTM D482 Fadnlu
ihifufleaenaazeglusureudadoaysmanlavy (Metallic Soap) flagaetiduld Tudau
AeglusuvesudeenadsnariliAnsosd aruuuiilanzveanisssud wazduiduans
Ussamaysmanlangfiazaneisulfashlianasuagnownein Tuedosud

2.1.11 #

& (Color) Tnevhluihifufleaiidnsouniounnfsdonafimsdsuuvadly
19t ung fuumasinfufviivhasdiunssuaunandu dedlalddud s dydnsu nns
firsanauamvssiiudemas udldgnimusliluinasgiu ASTM D1500 Literuguns
Vuifouffuthiuwm

2.1.12 @vBmuLazAv Ny

.Uy (Cetane Number) Ao Aiililunistaguninuestihdudemasly

FruvesnmuaiRmsfnll vsuenivanuanusalunisialvvenidufins WewFeuidiey

AUAN591984 Ao woanLuialuns1au (Alpha Methylnaphthalene) @ snnuunliiiaiiay



10

Bty 0 wag uesuoaBinu (Cetane (n-hexadecane)) Fafmuslianasdmuminiy
100 Tuily dhifufeaiifiaetimmiedaifmugesrilinisuninddtu annsduasiiiou
anldesds uaziiulsyAvinmaeseiessudiivs Fuhtudemadiidenldmsdaiadinud
wangaufuaMuEiseureAIetsus Fraztauvindaedoseudlddng liiansien (Knock)
voudosud Unfudrhiufwafldtueglutiagtufidiastinuegludiassunu 40 - 60

w3 aafloflflunmsnaaoumeiiarimuvewhiudomasiuldied oseus
unsgruriaguiienfiannsausudasdaunissadald Ineisnimmeaouiuay iy
Lﬂ??aLwaqﬁéfaqmimmLasus?jmumﬁﬂmslﬁumémauﬁmmgm%ﬁmguLﬁm w13 admaildn
Wisudsufuifudemdanesguiiddunauvesuesuoadinuiunoariufiawunsiay

IWUﬁWLa%%L%u%SﬂﬁﬂﬂuLﬁ?}j@LwaﬂgﬂﬁﬁWQQﬁuﬁ%mﬁEJﬂ?’]iJ’iWGZJ'Nm’nJﬁ’I‘E’JJ’ﬂu
msnsednveshiudomasiusddivdoannsafisfalldietues fuhdudomnas
firardimusiniy 40 Weianswnindluedessudagilianaiuladeluliuiaunn us
idesnmsiasnaviimudesliieisseudiivaninsgiuguiiedves CFR Engine Wisuiiioy
aunmlumsgndnliiudemdusnsgudedaldiisgemnn uarduudesatlunvagoy
ey Saflenliimnaeenuidurdui@ivuuny (Calculated Cetane Index : CCI) 3o
annsasuAdridmuldanTulunsin (Nomograph) fnaeinaudimemen sy
e Wiy AnuruILdusasaude drddmuduisnsussiivadivulaglddosinns
NAERUNIMBIUURANTS

2.1.13 danufoudoinas

AAuSaudands (Heating Value : HV) fio Uinamdsuaiufoudign
UanUgeseenininnidemdsionilamiseina lnevaaoumeldiumsgiu ASTM D240 3aifn
MnmsvuATenalivendamadussninsyuiunisulng mawnlvsiftauysal vaneds
mfusuismungnivdsuliidumiveulnsented waglelasauimungnidsulududaies
noonles il manudeudemdsinanntiuansoutsesnifiu 2 Ussian fe

1) AIAINTaUG (Higher Heating Value : HHV) i A1USu NG9
amufeufignuanudesoenannsunlndivestomasiinsduniuegsauysal uazaisain
mawlwiifigamglianasauisoumaiududnass thilfegluasanmawlviiveadomas
gnduegluanuzusavean

2) A1AuSausi (Lower Heating Value : LHV) fio AnuUSunamd s

1
& o

AnuFeuiivantasgoanannswilviiveadeinisniniswiviisgvauysal inndegluans



11

nnsbndveteindavegluaniugle Feaunsadunuainuseumvesdomadla

INAUNISN 2.2 (To89 ASNTUIAATY, 2558)

LHV = HHV - (m,)h,, (2.2)

A I

el LHY  #A9 Aweauseusii (k/kg)
HHV  Ag AAuseugs (ki/kg)
m, Ae wavesluasnmstvdeie 1 viiialenas (ke/kgse)

h Ao euatvesnisnateidulenanmniinisnnsivmetiu (k/ke)
'fo ) A 9

2.2 AuUsNNEITINUELTSOULVDIATDILURA

= &l [ = [ o v [ o [ 1% o
Lﬂi@\‘]EJ'L!GW]L‘ﬂaLUULWﬁ@\Wﬂﬁ‘VleLGULL‘UﬁQWﬁQQWu Immwa\‘mummmumﬂmiLml‘vm

=

Weudawnwdsudundsuna Jsbimaseenunluglrewsda elluldlunsduniou

6 1 % A = [J & sal o ¥ ! = A o n’lj

guUnIaleng 9 fLUsNUIuenieaussaugMITILYeATEUAAEITRuALNA TR

2.2.1 usein
a < ¥ o o A = [ r-il'

w59Un (Torque) 1uthdgddgivsvenisanuainsalunistuindounes

1A3 998U TatunIedaduuns (N-m) nie Yaua-na (b-ft) wssdauanadaussnanyui

LATOLUAANTOAS VU TGN U IVILE IBsgUnsalsellawne qaiunsadalalaeg

lfipTaailonisendt lawludlwes GellogvateUssuny wu lansednlaunluiives wislauly

fiwesuuuli JDudu wetnerusslnvenaioseud Inedndnn1snegui 2.2 @519nnse
PR% Y A a & v = A v

NTTUAAIUNI TN UL TATUINVRILSIT AT UAELAT B9dla TAuse (Load Cell) wag

o a dl
ANTUIUAILIIUAINNAUNTN 2.3

FAMUMTHYY

1id (F)

\ = Y

- &

Tvaaad

JUN 2.2 ndnmsiansslamelauluiwes
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T = Fr (2.3)

g T Ao k5909 (N-m)

A9 s (N)

'
=

9 I¥HLAINIATNAVBIUNUMIUAIULIUTS (M)

-
o))

[

2.2.2 A1A9UsN
A8 UsN (Brake Power) A9 MMadU89LAIDI8UANLANTUININAITIALTITAN
INATDLANEUDILATOIIUS en1TIAMadUsNALlYlaun Ui asaanuLASeUs Liadn

a d‘l ¢ = o o W ¥ A
wS90AVDAUATDIBUR TIFUITAAUIUAIRAUSALAIINANNITA 2.4

P = M (2.4)
b 60000 ’

1Y

Tneit P, AD MaRUTn (KW)

T Ao Ww3sdn (N-m)

N fio soumsvIUeLNa eI IEa (RPM)

223 anusulszAvsnanaaie

AnusulsyavSnalads (Mean Effective Pressure : MEP) i@usifivausn

Feaussauzvaandsssus o3 ossusiuiianiizsiieidy TaonsTafisumdwes
\A3esBuAreUIIAsnITUanguriliig 1ndessudavanunsandnauldinniesiiiosla
dmiuiniessuddia ¢ Sz uwuuihledidnlnesssumAaziliianudunaiadogegney
Tug99Uszu 700 - 900 kPa MnfiAsanannnIasiusm3eni ausudinaad susn

(Brake Mean Effective Pressure : BMEP) @411l9a1nanudunusasaunisn 2.5

BMEP = vb [\F; (2.5)

Tl BMEP  Aa enusudanawasiusn (kPa)
Vs Ae Usumsnszuengu (m?)

Ng Ao IMUIUTBUNINYUYBANAITOIIEINANET 1 ATwiagY
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224 anududoademasimnz
AU wUaoud aindednng (Specific Fuel Consumption : SFC) Ao
Snsmsauddendemadasmadeidmianheinanldanesessudnelussezinamis
Wiy (Toey ASNTuIAade, 2558) TngmsnaaouLIoseumAu Ao o Inass e an
Yaudusnsinsinaveasna %qLﬂ%"aaaueﬁ‘mmm’tmpjazﬁmﬁumﬁmLﬁ'z“?al,w 8907 Fatu N3
LU%smﬁsumm?ﬁyul,ﬂﬁamfwﬁw?}uaLwéwaqLvﬁ'aaauﬁﬁﬁmmmt,mﬂaiwﬁuiugﬂqusummm
dudendoimdssmeiusn (Brake Specific Fuel Consumption : BSFC) Fadudnsns

11aU99L7aDINA W aNUILANFUUINANARDNUT  IngmuIUMleaINaun1sh 2.6
BSFC = —— (2.6)

g9l BSFC  A® ANuEUUADWTeI WA wWIZLUSA (g/KW-hr)

1Y

; Ao OnTINTirauesnalTBLING S (kg/s)

2.2.5  Uszansnmideauiou
Uss@vsnmgernuseu (Thermal Efficiency 177, ) Fio Avmaunsalunis

=

WarunduAusauntaan@amadlmiundsnuna (Fess ASwsuanads, 2558) wse
[ 1 P 1 Y] Y a Y -~ ¢ = < 1 Aa o o o

SRTNAIUVDIUNAI0BARDNAIIUAIMNTOUN UaulrAupToseus FadudiunddiAgydn
P81 MTUNITIUT B UL TIBUANTIOULTDIAT 98UAYATLTAAIBNITONNI DA DIUUARLYR
7190 UTEANTNINLTIAINUS BUANUNTANANUIUINNATINFNIUTALB BN UTLANTAIMLTIAY

Souwusn (Brake Thermal Efficiency :7, ) Fauansbuaunisn 2.7

= (2.7)

a{' = a a a o
IWEJ'V] m, A9 UTLaNTNINLYIAMUTBULUTA

Q,, A® AIMNSBUTINGS (I/kg)
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2.2.6 anuaulunszuangy
anuungluiouIvenAIeEU (In-cylinder pressure, ICP) Ao wsedui
Aetuluduvenszuanguitisuifleutuasmmainisyudowiss susaiossudvey
parigang nelutisdsmnegdauardaneae enuduneluionsvenaioseud iudade

o w

arglumslieneidnvagmsiivgl wasduisnmngaulunisasnaeudinnunisuase
NWAIIUAINTDUIINNA N UATIVBUTBLNET N15TnTausavlalaeRnf UL IR
ensiaeulsnungluieuny anutunglunszuanguil 2 Ussian Ao ANUAUAINNTT
anUsunsTudomnedn wavanuduliesnnswilvlideinds dagui 2.3 asdiuladn nadi
dll ra 4 dy a % U v ¥ a o
wIpsgud ldinisunlndivesdamdnsuansanuvaranudulunssuanaudaudulse (Fan)
! 4 = a = 13 ~ v 9
nafe W eaUTuinsnszuangureas assunanasdnaliaudulunssuangy
& Y 9 = A= o | ¢
299 uludmIEN156NIUG NE ULAA BUT D4FIULNL I AR UE A18UY (Top dead center)
Lagiinniy anasvesnuaulunsruanguludmiznisaie el nydlvias eseudd
3 d’lj a < V1 [y 1Y [ = e = o 1
nswsivesdeindasiiuldianudundanguraundouniegn TDC W3eunign B
Ausulunszuenguargluegemnsuiesnnmsnlniveuends uaziinnsanas
YBIANUAUEIBLATEIEUALIIETMILNITANEUATENTIN TN VD LT DINGIANAT AR

% = a o
AIULUAAUNY (FA0)

H
]
1
1
1
50 ;
1
1
1
o 40 7
g i
=
2 30 - | Wi gl
g 1
o 1
e 1
& 1
20 T 1
1
1
1
:
10 7 ] \ o y
' \\Iummmhﬂu
i e~
0 T i T T
-120 -60 TDC 60 120

BIFLWAITBLIBY (°CA)

JUT 2.3 anusiulunszuenguuaaseseudynseilnmenisen (Stone, R, 2012)
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2.2.7 ansmslanlaseanuiou
snsnsvantassniudou (Rate of Heat Release : ROHR) o §m379i
Wéjﬂﬂ’mmﬁ%aﬂﬁ’lﬁm%aLW%QQﬂ‘dﬁl88aﬁ]ﬂll’]ﬁ]’]ﬂﬂ’]iLN’lVLMﬁﬂWEJGLuﬂiSUE]ﬂQU 1gATUINDIN
Awdtusvesmusilunszuengu uazUsimsiiyuearinandewriveing 4 sengded 1

manasiulauindneldauuigiunszuiunisindlnsda (Polytropic) F9a111504AAIAS

dunnsn 2.8
do g av 1 dpP
—= — p—+ —— y— (2.8)
dq g-1 d Q-1 dq
Y] Ao 9nsIN1sUanUassAnusSay
Y Ae dnmdvesAIAUTeudIg (c,/c)
o AD BIALNANTBLIEY (°CA)
P Ao ANusUluiaanlugl (Bar)
% Ao Usumsluvosnlvgl (m?)

s iigemdslunszuangureaeieseusd awsowusamsinaulidy

4 sz loun (1) Freiunniagn AB urnmuatinisgassdn (unisge A fe n1si3usiu
a S o & a Y v 2/ ! o ! ! £ ' <

vaansaniudemaatigreaniug) (2) Prsiuniean B-C 9ensinlviiognasiaga

(3) FaunRn C-D UM MTgnAIuAN Uag (@) Furiign D nauaanIsntug 69

Y 9

' 1%
a

JUT 2.4 lpelisgagidennssuiunisiindunal

v A a'

1. 2eei L3 uduainan Al oadmi udaundud awmd adlulu
wes bnilusdalaiianisknindaudegn B §eszusiigniend “¥13a191n159aseidn
(Ignition delay)” s¥agil auauluieanngdaza sy 10991 NguAFLAS DUN YU
\egnane uiludendsdngndadigreaniniinaeniiat uazilloazeaniugomas
a a a a d' ! I3 o a ] =1 Y]
gndnfivsinanunweanasuvdnazsemedulonsaunasmvg lugrsidadenanmeanin
wagLelvasugendzdwadon1synseidniandn dregedadenianmenin (Physical

4 1 SV g % d’l’ a aa v Z’ C% dy a
processes) laun n1snszaeiiduageswssvesiduemasmidadilu levesuntuiomas
WAZNITNALAUTENINDINIATULNTIURIBLNGS NTUANFIVDIUNTUTDINAIIAYE A DINTTLTIAU
Tunsiafigs sveahidanfivunindn uiudeunddannumilaiian inseseudlsnsnadiunisen

a al ::’l’ a o [ A & 1 1 al . [
g9 uazesmnsAneandsdmsuaseseud fmedrsladenani (Chemical processes) LUu
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[ 1 a

J238NTANUAAFADNITINTLLUAPIBA/DIVDIUNTUTDLNE T AIUUANUAVDIUNT UL DLNAITS

o a

finanannuatilunisyasude wazauifveinisyeszilndmsuinsoseundisaazldiumm

= N o aa =

LAUTNUNT O LT INY Faardmuisuniudemdnsiinauaitilunisyasede wazly

v
IS a

nsflmhdfuemddinnavdinungwiatunmsanssiinzduataldvemdsieslunisya

[V

sziln lnefdnsinisuanldesninuseuasiuegiudnsimBadeinduasnsnaniusening

ANNNANULNTULTBLNES

I IS

2. szezd 2 wWolevusuialiuaziinniseniniog195iais viliAnAu

v A v

suneluresnbndfgwiuiviulaainga B ludsgn C seaeilisundn “dunswilngdagng

Y

597157 (Rapid combustion period)” %38 2315 lvsivesanswa (Premixed combustion
[l dy [~ 3 dill a d‘ [ 1 % a
phase, b-c) lugsilidumsinlvdvesramdsiinauivainidluduardilunisyeseide loy
V3 Y A ;4 % o Y a ¥ 1 3 <) Ya v
nsubtif ez bmiisundouiu viliiAan s ludogsnasuazilunalviisnsinig
Uanuasuanuseulutiaias

3. 5eedl 3 sip9nga C Wuenddililarnlndsauduinduionidg

¥
=1

gnaneenunanidnedwraiiesaziansenindy anusuusswesnswnindlugniay

[ YY) 1

Fuagiiudnsnsamhdudemansznauiiunsuniniyaeveendauiiivaeey seuzqn C

Y 9
(%
|

Tga D WSend1 “Yansimlvdiignaauns (Controlled combustion period)” &dugnasl

9 9

1%
a

0 D wioufuAugnmsinmindudiomas dumuaunsunindimiudueigduviensiivie
sasiild Tnsagiinmawnlviindsinnsunndvoadomdsiignuautueinidlutaadily
nsyasudaldnninlvsiawn Tudsdazgnaiuanlngiinaudomasingomsnl Snsn
nsuanUdesarmouttagsnitlutasmawnviiuesansnay udrazanaile
nswivgdandusely

4. s¥gdl 6 99100 D gniSendn “dramasnisinlu (Period of after
burning)” #3® 1191151114 (Late combustion phase, d—e) Mé’ﬂmﬂﬁaﬁwqmﬁ@ﬁwﬁu
Homdaud titudemdsifinandoegluioumviesmiiuooniiauiivasviosgudi
Aansunlvgise lndosuazidunismnlniveausitiinannsilnduesdunaumund

a &£ v & Ao 1 o A o o A o
LAY UABUAUTU 3J'E')miqﬂqiﬂaﬂﬂaE’]EJ@'J'HJ?@U‘WC°']'ﬂuﬂﬂ'ﬂ'ﬂg‘ﬂilﬂ']ﬁsUEﬂEJG]'Jﬂ']EJIUﬂﬁgU@ﬂQU

v A

nswnlniilugasiaghivmnguudunsinszdunanfeiuiviignauindeunias Usuins

Y Y

Tureannlniazvenaninaurinlranusuluieaun lusianas
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— tsardilunisyasedn

[

QRN PR)]

Y295 lsivasansHay

Yrnsenbifaualnen ey
A ‘ |7 Baamsunlwltn
1 e e le ole N
I g

SOl EOQI
1 1

Jaal

BRAIINT

[

] 1 ] ]
160 a b 170 180 190 200 210
2IAMMNAN DI (°CA)

JUN 2.4 g5 nsuantaesanuseuluinTossuiuudneings

o o £ v
2.2.8 &uUIZaNsvaInULUINY

FuUszansvesmnuLUsEU (Coefficient of Variation : COV) iWunisiines

< o o o A

wilaf @A ldTnaunlsduvesigdng deldandeyaninudulunszuengu tnedu

AU ANTVRIANULUTEUVDIANUAUTINARALUIY (Indicated Mean Effective Pressure

: IMEP) (John B. Heywood, 1998) Fernnaldnaunisi 2.9

s
COV = —*" 100 (2.9)
imep

23 unsfuvezwanann

mslimanadnilanduilsnsiiivduetesoiiios 99nnsdrsaaisumimu Tuus
azﬁﬁaianﬁé’mwmﬂ%’wmaﬁaLﬁ'mqﬁu 4 1Jasidud (Miandad et al., 2017) wagun
firnsanlutag 40 Uik gramnssmanadnilanduiinaduladusgienn lneewy
NARAUNINNINNOALUBSTFUATITI WU Inalediauw (PE) Tndlnsiau (PP) Indlediaunisn
vuan (PET) Twdalasu (PS) wavlnalhilanaslsd (PVO) fuwalduilfinguieu 100 i
paoATEELIA 4 NAsTY Geanadnuaiigninanldesianiinndudiouseitu ond
Wy ity ussAwet 13 eslE i lut iy ndndusioiusud uagoiniasu 1iudy

(Othman et al,, 2017) iHasnnaradnilnuaudandaiununiy dmdniun kagsiagn
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nanunsaifinanisneliAnuTuuesnanaing wu S uiuimaadassnanain
waniduvesihiausadesaasldiesnussaued wagdedldinamarsfoslunistos
aany driu Bnsdansvesnanaindulngiadunsinaulunauinaundewmnvianslu
ey Juduisdanisfidmansenudedandessgian ludagtuldininives
wanadnuUszanInAauenLitetnduluinunszuumsiluAadusiananaindmiuidy
fngaululssundananadin uinisdansfinandsdisamdnldundefisuiuliinaes
vgrnanaRnfiintu diulssmelnedousd wa. 2551 - 2559 wud fUSuuvsraRosd
gnidnedragnéesiosas 22 - 35 Wesliud wazUSinamesyadosdigninanldUsslom]
dies¥eray 14 - 21 Wesidudviniu (nsumunuuafiy, 2559)

ag1slsiay sust‘wmaaﬂmaﬁ’gugﬂﬁwmwigﬂL“f]wf’]ﬁm%mwﬁw%1‘7i
Funi1 dituveznanain iesnadasusinanadndundsiideaindlasdendady
ansusznoulelnsnsuau dmsumaudssusndundsruiuiinissndunsinglfinalulas
ognane®s o nszurumImseaou nszuaunImstuell waznszuLmIaAl B
uiazimaluladidefuasdodadrafuluduey fuanumnzauvestadenig 4 1y
Usslnnvesuey anuifilidnnisuey wansenusudaunnden daeu waganamiousung
aevu %ﬂéﬂLLﬁi?ﬂ?ﬁ?ﬂuﬁﬁmgﬁﬁu nissAndewnasnnveyldsuauaulasgnaunivansly
Usewelny dusznaunisuatesiglaineinseuaunisasnanituldlunisudandeauly
stuuusng 9 andluginandussduaiesuuuiignasdunnfionaaounissdn v
nsudelulssnurundn uasnandnitldduiaggnue

a L3

1< Y ) = Y & [ Y & a av a 1%
WU T unaunud1dunIn3 o - Una 9 I Un AUl g U ol na (AT39U AMNN1TAN, 2551)

¥
L% IS a

waziwAlulagndouiuniniign Ao nszuaunmsmuanuseuiiondnduiiudomaarad

a o (54 a

2.3.1  NISHYUINDAUAIVSUNAAUNUVEZWATERN

q

1<l v 1 a [ 3

= o a Y ° A v
maLmammqﬂuLﬂumLL‘UimﬂtymamaGmme?/l‘wlmmﬂﬂﬁsmummﬂigﬂmz
a I [ dy a dl’ a a I3 1 = [ 96’ LY =
panaRNUNAINUTDIWEY Faveznatainilaisusenaulalasasusuiuiein Uiy wad
USunuasuauteenIn neNuNTuAatanuIUAISUBUN 12 — 20 9v@aN LAz L UUTY
d' dl> a I ld' a o 3 I3 9 I~ d' d’f 1
N 6 - 12 agmoy Fananainlulgnenundduuaniveuduiulunivesneuiusgiv
’N a X P ° v a = Y Yo & v ] Y v
wiinvesnediuasuy 9 n1snagvinlinatafnuinduladndudesinlgiuseliduas vey
narafny Ul vansUszinniaiuisaiuinanuisule Inge1aliusSuiuwasnanani
LANAINNL
lngugukavingAunatainusiazUseinniziesdusenaufiuanseiu 91

NATIE4IUNTTIATIERUVYUSEUNN (Proximate Analysis) U135 unsnsiainauauds
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PUATYDIRIAUTENBUNANERN botkA USuamudu (Moisture Content) USunauasuau
A98 (Fixed Carbon) Usunuanssewe (Volatile Matter) wazuUSunaian (Ash Content)

(Anuar Sharuddin et al., 2016) K597 2.1 TneuSunaanssemenazUSinandndudese

'
v a v 6

nannidnsnasendnsuaniduindumailunszuiunisinlslada nanfe d1dUSuiaans

'
= 1

szeigeaztielilindndarinduinduma Tumeanduiudivsunasdunazdmalila

a [ sa & Y o v & o Y a [ ca ¥ a [ [23 <@ a dy .
nandunludiumalanas ey lindasusnlanaduiiswasye waanuay (Abnisa
et al,, 2014)

A15199 2.1 ANFIASIZILUVUTLUUVDINANERN (Anuar Sharuddin et al., 2016)

Moisture Fixed Volatile Ash
UsZLANUBInaann Content Carbon Matter Content
(%wt) (Yowt) (Yowt) (Yowt)

Indleidumsnnan 0.61 13.17 86.83 0.00
Indlefitunnunruliugs 0.00 0.03 98.57 1.40
ndlhlanaslsa 0.74 5.19 94.82 0.00
Tndlefiduanuvuiuiue 0.30 0.00 99.70 0.00
Inalwslndu 0.18 0.16 97.85 1.99
Indalniu 0.30 0.20 99.50 0.00
Indloviau 0.10 0.04 98.87 0.99

Bedainmidiulerin ﬂ%mmmissmEJGUEJqwma@nﬁwmﬁﬂ%mmgﬂmﬂ YU
USunaudniivinareuinei audhungiuiteonimarafnidnenmiigdunisimndu
oAvdmsundmduhifudemaavailaeiiunssuiunsinlslada

232 weluladmsndaiduanesswaiain
nszurunaAsurey i fundinuiy aunsouwiseantdiiu 3 Ussianie
NTPUIUNMTNIAINTOU NTEUIUNTNT AT waznszurunImIaadl fagudl 2.5 Tg
nszuuNIMeALfeutiy wauengeseanidunisnlugd (Combustion) nszuaumauia
Filatu (Gasification) waznszurumsinislada (Pyrolysis) nszuiunisnadauaiiiunislé
Paun3glumsgenvezlagruufiondedaadl deannsoutsesnliidunszuiunsdos

aaelagldldo1na (Anaerobic Digestion) wagn1smiin (Fermentation) @1UnsguIunIg



a a2 A

Waaddudunisdsuveglinlunandalaerulfnsenad Gejaseidiuladnde
UfAseneamesinduinlduasuhduiivwioihduiialdudlidululefiss el Tusuide
Tauladnwinsidsuveznaradnludundsnuiemastaeiunssuiunisludnnusou

fenszuIUnIsnlslada

¥ y . P - Legy
mmsauua:wmﬂu, '} lﬂw

JUT 2.5 nszurunmsivdeuvesfundinuuiasuandniile

Ay 6 a

(AS55%1 ImN15AN, 2551)

NTEUIUNTHARITNIINMIAvEENANARNAzgnERLazaslUT ummasim e
fusussuFRzeilienadounananainluslavgnasiman anadeuilifvunnuiunang
flgaumndl 400 - 800 eariwaidea Fagnliimnudeulnsufaildanninmindvondomas
uagnaradnyasumalaziinnisuandlindndarinidunia vieleesnunfigumaiives
U381 (350 - 450 earaaidua) ndsannarafnaaesiduuiaudanazgniniivain
duvureanlugmizeliaudu iemuuivlenatsiduinfumari feualuana
TalasAsuauLINniT 5 axAeu (WNA71 Cs) daundaniaimunuu (C - Cy) ggnaanauly
wrlndlianufeutunmaonsioly dsiudoufinnésitlivasumamdovaouivarlinun

gnidneennIEenNTUaNdes AU 2.6
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Anufoudiliunnszuiunisinlslada 19unnufeumsdendiliunieieq
Uinsaflwlslasaudnaremlulifiuingivingdu samailneviluvesnszuiuns nlslada
FoUszanas 400 - 800 asAeadya Ty axdwaliiAondndnelis 3 Ynaa fe e
younan uazvosds FeiiseiAntulunszuaunisinlsladausznauie duusn deo s
aneiavesansfiazivedigesnaningiu ulaes fo Wunauendavesingivies Inei
psAUsznoUfiannsauandaldfianingilddazunndaooniniduluanadidnas wazidnag
S0 9 munaniilviuiegaumgifidivue aunseiafanisuandiiauysalvesingdiv I

¥

gaungiluwsiazduneuunnisiuludusgfursiavesingiu uinsliaufeunasaaiitun
lansildannsuandmesingivasndumnudsudulmanavuelng) fody anedld
Tunszuarumsinlsladaasdostuogiustiavosingiuiitanld @nd Innnsé, 2551)
n1sinlsladauvseandu 3 Uszian As nastnlsladauuud (Slow
Pyrolysis) wuuL5a (Fast Pyrolysis) wagnistulsladauuuisaunn (Flash pyrolysis) ns
Inlsladauvutasifnaunaluuinatuau laednnislvanufoussdme lagilviin
anuaunaluUnTuey Tunsdivsinauasnisnsznevemaniasiaziusgiuuuive

a a . ] a <@ o = = aaa A a X
gauniliAx (Temperature History) d@aunislulslaganuuriniiasadedaufisenintu

a aAa

Tursnslinusou InlsladawuuiSauan (Flash pyrolysis) Ae nsyuiunisinlsladan

Fasnslianuioudmiunszurumsuinndy 100 °C/min gumgililunisvinufazen
guunRld gefia 1,000 °C wdnsasindnitldanduufauandomdanan vl Jadondniid
wafoRMANYBINAn AT ldaInnInszuIunsinlslada fulunsviuiise vlinves

MsaUise snsinsiianuieu wazuiinvesingdu (Yagoob, H. et al., 2021)

-

Crude Oil
Transfer Pump

Gas Return Line

Final Product [ ceotios wm:::[ling Unit
Liquid (Cs-Csy) T D
Crude Oil

T
@ Cooling Unit D Storage Container

C_ 1] —
Electronic Safety Wall
Controller Final Product (Vapor with Gash

PP, HDPE, LDPE,
LLDPE

Catalyst
Ty Self
{ ——— Cooling Cleaning Unit
Feeder Water autlet Reactor
[E: ANNANANRNRANANY ®)
Saan SW
Heating System
Heater Gas Cylinder

Hydraulic
Power Supply

g‘dﬁ 2.6 nszuunshnlslada (Pyrolysis Process)
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Tagnlunaniueiatnainnszurunisinlslagaduaiunsontseanidu
3 UeeNANE AD NARSUTTIIULAE VBUMAT WASTBILDY FIDNTIAILVDINANA IS
Tuegivanigild wu ssuunisleuingiv gamall anudy aamglgavine dnsnsaluns

Tinnusou wazussenaludfinsal 1udu Inedndruveswdndueinledainnszuiuns

aanannelateulynng 9 uansinsned 2.2 Welwdndusifiduresnainnausiiusiu

(%

WaleNaIRUTENaUMIUNTILITN1S AU TuAULaEIReAUsznaum duLunn YR
Yiuniaessarianun Unsiukiaepsdsinntn wazninusuy
A5 UUITAS LA LU UYEENa1ER NN TSI URA AU T U NV

a _a

Wawammnmumzmumﬂw‘lﬂa%mmqua‘mwmﬂmﬁﬂmaéfm%ama LN INEaenALULag

q3u3 Aagun 2.7
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mi’m‘ﬁ 2.2 mzmumﬂwiﬂa%amaﬁléfﬁaulwm 9 (Anuar Sharuddin et al., 2016; Miandad et al., 2017; Othman et al., 2017)

aanzitlélunszuaunis NANAAEIEN
Uszinnuasvezwanain \3esufnsal gunnd ARG ansnslianuiou | 1aan viifu ufia VDU
(°C) (°C/min) (min) (Yowt) (Yowt) (%wt)
Polyethylene Terephthalate : PET - 500 1 atm 6 - 38.89 52.13 8.98
High-Density Polyethylene : HDPE | Horizontal steel 350 - 20 30 80.88 17.24 1.88
Polyvinyl Chloride : PVC Vacuum Batch 520 2 kPa 10 - 12.79 0.34 28.13
Polystyrene : PS Pressurized Batch 425 0.31-1.6 MPa 10 60 97.00 2.50 0.50
Low-Density Polyethylene : LDPE Pressurized Batch 425 0.8-4.3 MPa 10 60 89.50 10.00 0.50
Polyethylene : PE - 450 - 10 75 25.00 62.00 13.00
Polypropylene : PP Horizotal Steel 300 - 20 30 69.82 28.84 1.34
Mixed Plasetics (PS / PP) - 450 = 10 75 25.00 69.90 5.10
Mixed Plasetics (PS / PE) - 450 - 10 75 54.00 38.30 7.70
Mixed Plasetics (PP / PE) - 450 - 10 75 24.00 51.20 24.80
Mixed Plasetics (PS / PE / PP) - 450 - 10 75 49.00 47.10 3.90
Mixed Plasetics (PS / PE / PP / - 450 - 10 75 40.00 42.00 18.00
PET)
Mixed Plasetics (Over all) - 400 1 atm - 240 80.00 5.00 15.00

x4
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2.33  AMENUANINIEAINILAZNIWAL

ﬁﬂﬁuﬁamaammﬁiﬁmﬂﬂﬁzmumiLLUigUﬁustwmaamﬂuﬁwﬁw%améaéha
nsvuaunisinlsladadu Tnevalludravilesdussneuadeiuiniuiu §avennsal anoes,
2555) 991nnsinwnisesiuseneunaailvesisiureswanain Tnonsinluasieia
aaRUsznaUYaIaTUsEnauUd S Eiewns aaudalasulnsns - uiaa paralnsiwes (Gas
Chromatograph — Mass Spectrometer : GC-MS) Wu31 difureznanainaziesdUsenou
asUsenouBunIdeglutae Gy - G winfiansandadiulaeyszanaudiauisodunduy
Cyp (61%), Cip— Ci3 (2.4%), Ciz — Cip (8.5%), Cis— Cyp (4.19%), Cyp — Cos (7.6%), Cypz —
Cso (16.4%) (Mani et al,, 2011) %91l 9MnsiAsziasiUsenouvesansUsenoudunsses
Usfursznanainuseneusivansuseneudunsdiiamunsiuiy 15 odn uasiesifudues

ansUsznovelsunfinegds 39 wWesidud s 2.3

7x107 4

19.1
1757 1833
6x107 -
16.73
15.73
2 o
g 5x107 _—
]
£
)
= 4x107 14.17 16.18
=
g 14.55
= i
] '
] H
c 3x107 :
) '
3 z
kS ;
2x107 4 0
H
H
H
H
1x107 4 :
Retention time (Min) i
9 10 1 12 13 14 15 16 17 18 19 20 4
T Ll T 1 1 T T i T 1
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Scan (m/z)

JUN 2.8 N11571AT181 4R UTENBUNMIUATYRIUTUVEENAAANAI8LAT 89 GC — MS

(Damodharan et al., 2017)
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AN5197 2.3 89AUSENBUNNLALIvRIUNTUTEENad@Rn (Damodharan et al,, 2017)

Molecular Retention
Molecular Composition
Chemical Compounds Weight Time
Formula (%)
(g/mole) (min)

2, 2, 9 -Trimethyldec-5-ene-3, 8-dione Ci3H20, 210.3126 9.77 5.934
Ethyl dodecyl ether Ci4H300 214.3874 10.12 4.411
1-Dodecanol, 3, 7, 11-trimethyl Cy5H3,0 228.4140 10.45 10.905
1- Hexadecanol, 2-methyl Cy7H360 256.4671 12.43 2.472
3-Chloropropionic acid, octadecyl ester Cy1Ha1CLO, 361.0020 12.78 3.141
4-Octadecanal CigH360 268.4778 13.37 11.025
2.5-Dimethyl-4-benzyl-pyridine CigHi7N 199.2884 14.17 10.691
2-Hexadecanol Ci4H340 242.4406 14.55 4.972
4-[1, 5-dimethylhexyl]-1-

CisHa0s 238.4100 15.02 7.484
cyclohexeneccarboxylic acid
Z-5-Methyl-6-heneicosen-11-one CyoHaO 322.5683 15.73 8.057
cis- 1-Chloro-9-octadecene CygH35CL 286.9230 17.57 9.836
1-Methyl [tetramethyllene]

Ci6H3,05i 268.5100 16.73 4.448
silyoxyundec-2-ene
Sprio [TH-cycloheptalblfuran-7, 2°(5'H)-
furan]-

CysH200s 280.3200 17,57 9.836
2, 5’(3H)-dione, octahydro-8-hydroxy-6,
8-dimethyl-3-methylene-(9Cl)
Xylofuranose, cyclic 1, 2:3, 5-

Cy3H24B,0s 281.9487 18.33 9.207
bis[butylbonate]
Toluene-4-sulfonic acid, 2, 7-

CysH150sS 310.3650 19.10 3.996
dioxatricyclo-dec-10-yl ester

woNINt AaNUANUFIUN1INIEAINYDIUT U B HAERANT biaN

a a

nszuunstnlslada lngldingAunatafinuszianeng 9 du wuin duavitlinuaudsinig

9
14 (% '

Wendaewdndainluinfiudemdalnuaudinuwandieiu ieswinlassasianugiumig

[y

wilvasingAuuazanneildlunszuiunisnia uanmanadinanlainisfnwiwagiy

AuauURvesifiurggnarainann st ingAuUssnneing 9 lnenegeuanaudRnugIuves
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Pafurgznatann 919U AIAMUSDULTBLWAY AUDILONED ANUNLA AUNUILLY

a &

U3uauen taveeninu 3atvain 9aauln yeeziidu wazavildwa lagldingauniduaes

WaaANUIzLANAIG 9 tawn Indenaumisunias (PET) Inalwsiau (PP) Indefiauaiu

WULUUES (HDPE) Tnalefidurmunuiuiusi (LDPE) uwaslndalasu (PS) fans1sdi 2.4

M15199 2.4 aanUinsendvesdluvegnatadin (Damodharan et al., 2017)

A USTANYBIVEENAERAN
GRIGEREIVRFIERIRIER

PET HDPE LDPE PVC PP PS

AAudeudomnas (MJ/kg) 28.2 4050 | 3950 | 21.10 | 40.80 | 43.00

AvwEaaeiile 1 60 °F N.A 27.48 4ar.75 38.98 33.03 N.A

AU (Mm?/s) 0.90 5.08 5.56 6.36 4.09 1.4

AYATIMAY 71 15 °C (g/cm?) N.A 0.89 0.78 0.84 0.86 0.85

USunauen (%owt) N.A 0.00 0.02 N.A 0.00 | 0.006
LaveaALNY MON (min) NA | 85.30 N.A NA | 8760 | NA
\aveaALNY RON (min) NA | 95.30 N.A NA | 97.80 | 90-98
lvawmn (°C) N.A -5 N.A N.A -9 -67
Ul () N.A a8 41 40 30 26.1
naraiu (°0) N.A 45 N.A N.A 40 N.A
AuilALa N.A 31.05 N.A NA | 3435 N.A

nee) NA niaeds lilavinnisiiasient (Not Analysis)

Audnvazvasdiunlslagavioundures natafindlevinin1siesen
! ) U 901 L b A ] 1
waziUSeuisuiuindiufea toun anumila anuvuiwiy galvam 91Ul wazAAy

[

Souonds Fadunuaudfnd Aydmsunsinszinunnveniudamas

M15°99 2. wansnaianURnstamdwestnduvesnaainiiiunssuiunisinlslagasin
WAARNUTEANAN 9 WU wanaRnUseiavnindiefifuanuvuiwiugs Inalnsiau uaving
AN ANUTUILLLAT TA1rnuseudondannnit 40 Mi/kg Taetiodnduaindeanud
gauagdanunAnunuILgu (0.78 - 0.89 ¢/cm?) A1uwnila (0.90 - 5.56 mm?/s) Lag

ANE  Lefile (27.48 - 47.75) dalndAesiuindufiee Jadunndnuaend Ayl
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asmmmfamiﬂszmaﬁaLﬁuazaaawaaiumﬁaﬂL%@LW%@L%"@ﬁaamluﬁ ag1alsAny
AaLTRTadaInaswesiturssnanainududnsimidinulleisudouty it
e 917ty galviawm amnulil 9eesddu wazdviliwa 1Dusu
2.3.4 amiauzmaaLﬂ‘%laaﬂus‘iu,azqmé’nwm:mﬂm‘lﬁﬁ

nstnae Sasiituresnanadini ldainnseuaunisinlsladaunldidu
Fomadluadessudmeatiu s1ududesiinisdnuinansenuiiing uneaussousuas
ANy v F991nemddediinum wudn Misweaedessudannmsliindures
wanad nidud oma sl fianuunnstsegedTedrdaannstdiiuiwalaeialy
(Hirdogan et al, 2017) uazihsuvpsnatainiuszansnmdsrnudeuannnidiofieudy
Uhstufiea LﬁmmﬂﬁﬂﬁwﬂUzwaﬁaaﬂﬁmmmgam%@Lwﬁaﬁqmiwfﬂﬁuﬁma Tunnamnsany
$1u gsfuveznatafndanuaudssdamaunnninigdufiea (R, Kumar et al, 2016;
Mani et al., 2010, 2011) agalsfAnu rAseunsaunuIn s saaRn Tl s aviE AW
Bernudeumninisuiiea esnnanuruuiutas Aanuniafiunnniivesingduey
waafnuil et s Ui suiutsudiea (Kaimal et al, 2015; V. K. Kaimal et al., 2016:
Kalargaris et al., 2017)

L% 1

wenINU wavesnuanBAENITN U anudulunseuenguatan uag

a a1 |

gnsnN1sUanUaesauseuvesduvgznaafindAtganinindudiea lnedavnuiain

= 1

AaautAvesintusgnanadnidainuniaigedsaliif anudrdilunsgaseida
(Ignition Delay) 78130310 sTufwa sauisUszans ammswn s aninvesinsiuses
wana@n (Kaimal and Vijayabalan, 2015; Senthilkumar et al., 2016) Fe929Auand1ng
wlndifienniesidurssnarainiuduameliaruslunssuengugsgadiuia
qﬁuﬂazmu 5 U9 laSsudisusuisufioa (Mani, Subash, et al, 2009) LagsnIINNg
Uanuaesaruieuggaresuisursgnatadindaganitundufies il ssandasidan
L%@Lwﬁqsﬁiamﬂ'mﬁmqqﬂ’h (Othman et al,, 2017) ua@nsNan1sIeefii UL o Ty

S. Kumar et al. (2013) l§vhnsAnwaussousvenndessud wasuafiv a1
nslitueznanainidundndausiannnssuunmsinlsladadudamadmsunioseus

a5t Unmen159n 4 Famie 2 gu ssuuaiiamdwsadigreanilng wudi Usednsam

Y

a0 o

LWaANU TR (BTE) vasudndiuvgsnaadniaidininidunieann n1senssy 1lesin

oY

1 C

YUTgENANERNTAIAINNSDULTBLNAINAININUNTUADE UINAINTUIANUAULUADUTDLNAS

FWNELUSA (BSFCO) 989118 LY8zWaNdfnazdaadanItilatUSguneunuunstumea wagdan

Y
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[
v a

dtudlodudnsdmauvenidurssnatain sl anvAuuFendomasuniziusnd
wnliuanaadloifiumsznsslyifiuindoseud

Kaimal and Vijayabalan (2015) l#@nwiaadnuwazniswnlvivesindeasud
Aalagldthiureznanaiin Sahifusenanainduameinningivegnanainiiindu
Tuguaulaerunszuaunsinlslada dwiunsmaaevagyiinisuausduseznanaindy
ihifufleaiisosay 25, 50 waw 75 laeUians Srvdafuthiuiion Tasnismaaeuiianiuis)
soulnaasusasiineldideulunisidsuutasasznssy anuanisnadeuyadliiiuin
ﬁfwﬁu%zwmaaﬂLLazﬁfwﬁum8zwaqaaﬂmamqﬂé’m’mumamﬁmﬂﬁzaw%mm%amm%’awﬁ"w
e uagmnfinnsand ssznssugegannudulunszuengugsgn snanis
Uanudesanudeu szoznanswnlnl wazearuanilunisnlndvesiduvsswanain
wazthurssnanafnuaniidigeininiduiiea Tsannsaduneliin audnvaznaildd
ﬁ?uﬁmmawé’ﬂmmﬂ@mauﬁ’amamstwsuaaﬁﬁﬁm%aLwﬁq

Kalargaris et al. (2017) l@nwin 15w lug dussousvend osous uas
nsziuafivronesesuinea TaeldhilnlsladaannaainUssamsing o neadeuiu
\3esudiea 4 au ssuudalemamsndiresmlud dansmaasuldthiudomdma
semnasulnlsladaruinsufisaisnsaiunansng 5 Aioseeay 25, 50, 75 waz 90 lay
Usuns neaouiinuisisounsiinneldGeulvnisivasunnsznssui 25, 50, 75 uag100
Wesldudvesnisenssn amuddiu 9nsansaaeunandliiiuiiinsenssugsanssauy
youmsessudlndifosiutunslihdufeadudomduazUssansamdsnnudouuan
yoshiulnlsladadiadniniduiiwadndes

2.3.5 uadivlaidevaniaseud

Tnohlluduaiessudqassidnfmensdavideiriossudfisaazyiaunield
AM9HANUA (Lean Mixture) A3y angusutauanles (CO) Femrsfiufumiian &
asvouseuanlediundnsasiinmarnivivendomadslnsmivon uasfiotuluasiy
fisedldsunismunu Tnetinainnisiwnlndiiliauysalluie s lnive e aseud annua
nsAnwuandlififiuin msususeusnladresihturssnanafiniuimagenitudies
wapaiaanmsenindiliauysalfsnanluieiu Wemnsamgilufeannsiidanas
uarlalasafvouanfinduluaniizansznssugad u ndasnisTiidudomasfiinnty

Qo o 3

dmsumiveulaeenled (CO,) iniuvsznatafndusunageindniiufion WsEn15iH

'
(%

Ingdanthdawmaliiinuisereendintuiliauysalvesmiveutousnlen
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sl naAnoenleduedlulasiau (NO,) Tuduegfuguugiimelunszuengu
USU0BNTLAU LALYINLIATBINTSIARUNNTEN Fanun eonledveslulasiauiiuiuim
dindudlelisiussnanadin laswgnafieenledvaslulpsiau Whuduty ilewindnsinig
Uanudesnuiou wargumniniawlviiigedu (Mani and Nagarajan, 2009; Mani et al.,
2010) warlelasasuau (HO) Usznaudoid oindedl wrlvsdlaauy saf §sludiuvos
lelassueutunnedeansuszneudunidluaniieuia waglelnsasueluanne iy
voufs Ao duazess MnuanisiTedunalii lelnsasusuresthiuresnarainazgen
drsfumioa (Mani and Nagarajan, 2009) FauanINanIFITe7inILLs Ui

Murugan et al. (2008) lénaaeuifioUsyiiuaussausvaas oseus uadfiv
loids wozandnvaznmamindvonnisssudfeaguifior ssuvdadomdamsaditens
st Tneldaulnlsladaanenssasusraufuinsiufivaiisnsiaiunausing 4 fs 10, 30
WAy 50 bUBTLI UM MIUEIFU HaIINNITNAEBUNUI1 oanladvaalulngiau (NOY
lalasesuau (HO) asuaunauanles (CO) wagaTus (Smoke) fUsaigenintsufios
HoswnUineslaninfiguasarmariilunisgnssdefiunnhudenisudeutuigy
Aa

V. K. Kaimal et al. (2016) l#@nwmdsnuidemdsanussnaain wagnns
UssifiudnanwlunsilUlfdudemdmadondniuiniessus Tnsvaaauiuiadoseud

¥
a =

a ! a a a A o N 1A
ALYANANTIINATDUNUIN UiiJ’]m@JaWUbL@LﬁEJVlLﬂﬂsﬂuqﬂﬂﬂqilﬂql%mcﬂaﬂLﬂi@ﬂﬂu@]&l‘uiﬂqm

€

o w a

4' v o o a ~ a ) = '
anaudslgundunatannnay lnalsusuiuditiuanveznalain saudatnag NOX
ANAIDN 22% WAy 17.8% AIUEAU

2.3.6 n1sUSULAaLATBIBURNE IEUAULNTUYBZWANERN
a v ] = Ve aa 1 ~ a 1 o ’o’ C%
nuATEdIUnslaAnwIsn19e o tiaiinanudulilalunisidididuann
wanaRnulidudamamadend msuinisseuiniea lnonisusuidsunalnawazaunsal
YOIUATOIWUAABAMUTHN ¢ DINLTU T2821781N152ATINES N1stURsuLUasasAILay

o a & a o | o = = P Y a a a
ANUAUNITRATOINGS Sn1dUN15TR wazn1suyuieulowds (EGR) iiieliAnUssd@ngnimn
gegauazann1sUaesuaiivladeiiintuainnisunlndilueseseud

Ananthakumar, S. et al. (2016) 1o A n¥1n15he U UINVeENaadnlu
a &al [ v [y a v 1 o v w 1 = =
SoBURRLaTUIAANAE AT TRNERTIAUAAIR LY 12:1 83 20:1 1E9991NN1T
a LY 1 o v w [ a R o a a a ¢ a gj v &
indnsdmmddadunatanilanldlunisusulidssaninmuesaseseud anviedady
wailatiganauartilumsiaamdaieannsgadeUseAnannmannuseuninen

AU LINVEENANERN
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Sharma, A,, et al. (2015) fl#Anwmansznuressnsd@ufddnaInn1sii
UsfunnuesnanadnuauiuluTedia dananisAnudanananuinaiunsarasanatanii
Tunsgnsuidauazanszazinainisuiivg wonaind Ssdswaliuszansamideeuion
mmﬁ'ﬂumzuaﬂqu gm31n1sUandansainuseu wagn1slanlassuaiwloldy (NOX)
qaﬁ'ﬁu Lﬁaqmﬂqmmmumzuaﬂquﬁqﬁu Uszneufumsifiudnsdiunissnaunsagisan
vafiwlowde HC, CO uazthiintunmsldinureswanadnduisiuidomas

Pal, S., et al. (2019) l4AnwINANTENUIDIN158 AU ULE BLNE SuUUER
Fomdsarmiuaznisindomasuuvaidivesniossudiwailduinuveswanainidy
Fomasmeldnsdsunansznunuin nsdadamasuualmingaelissansam
voudousigsdulunn 9 nMszauiivhimaneaey wasdsanunsndisanuafivieds HC, CO
ez diRatuanmslrveanIaseusly ogdlsfny nsUdesuafivlerds NOX ndu
funlufigedudensouieutumsindomasuuuandn

Khatha W., et al. (2018) TyinsUSuusisesrmnnsantainaua i seus
Mwavunn 1 qu iilefiuyszansamuagiidsweaniosud Inonanisuiuudaei oseud
‘W‘U’jﬁa'qNaeiaé’mwmﬂ%l,%aLwﬁqﬁqqsﬁwﬁaﬂ%’ummmiamL%@LW%QLLUUmwﬁmmﬁﬁu

TngannnsAneuasnumuaLdSefiiedesiuisiuvss wanadninuuly
Hadeduaussnuzveaiotens andnunenswilvel uasuafivleids anmsliintuses
wanadnlu oA dluLad oo udfwa 115ENTIULAL AIIULEITO UTDILAS DBIBURANA q

AIAuasaasURalafemIsen 2.5
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M1397 2.5 aguran1TIdefnettesiuiiuregnaadin

S RTON auijnuw?q AMENEAENW I uanulade oL
¥ o X - LAIDIYUR #1994
UNUULYBLWEN
BSFC BTE ICP RoHR NOx CO HC  Smoke

Mixed plastics oil A A A A 4 A A A Devaraj et al. (2015)
Mixed plastics oil A A - v v A A - R. Kumar et al. (2016)
Waste PP oil 4 v - - A A A A Panda, A et al. (2016)
WPO-Diesel A v A A A A A - Kalargaris et al. (2017¢)
WPO-Diesel A v A A 4 A A - Kalargaris et al. (2017a)
WPO-Diesel A v v A A a A v Somkiat et al. (2017)
WPO-Diesel v A - - 4 A A v Damodharan, D., et al. (2017)
WPO-Diesel A v A A A A 4 A Bridjesh, P. et al. (2018)
WPO-Diesel v A A A A A - v Geo, V. E. et al. (2018)
WPO-Diesel A v - - A A - - Verma, C. (2018)
Mixed plastics oil A A v v A A A v Kaewbuddee, C. et al,, 2020
Mixed plastics oil 4 v v A A A A A Khatha W., et al,, 2021

= P = = v 5 v oa = a X d' ™ = v o o oa
* NULDY aNALUBDLUTIULNEUNUUINUALYE f NGNS LANYY  LUBLUSHULNBUN VLN UALYE
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Womdsnenszuiulnlslada Tunsldduwemdanuiduiiwaiuieseseunnseidnnie
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LsednvseaLATatEUARa tnefnykaridetoyaluniusin q vesdiduainvesnaain i
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Sadudan thifunnanafindmaasaznanainuaela Aludiunisndugidudau andurhms
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Paausneandu 2 @ dud 1) msfnwmansenuresnsliidursznaafnaauiowuy
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ewanaindlindusidudn ilemdeagufinnsundonsiavesiturssnanaindmsy
unlunaasuluszazend lneiansunds ﬂmamﬂ’ﬁmaaﬁwﬁm%@mﬁa AUTTOULYDLAT BIUA
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3.2 1T daRENURYanuYRLNES

nsnegeuanaNURvesihduemas lngauauTiveshiudemaanininisnsiaia

=

Usgnaumig ANNANT NN ANUNLILLY ANuvdadaurans nsnau Il dell

De

By eemufoudeinds mMsUspifiugandAnisvdedy JelineaziBesisnmaaoudl
3.21  ANUENTUWIZUATANNEINEN LD

NIINAFDUAINNNNTNNIE (Specific Gravity : SG) gt ound

1A5FIU ASTM  D1298 waznssuinanuiedile (AP Gravity) neldiadesiie Density

APl & Specific Gravity — Tempering Bath Lﬁ'aﬁ’m’mzqm’]wﬂﬂmemﬁﬂﬁumaauﬁ

gamndl 15.6 esrwadoa gunsaifildlunisinusznevludelelasiimed (anaszdu

0.700 - 1.000 fiAnuaziduainiu 0.005) éﬂdﬁﬂmuamqmmﬁ N3LUBNAN LAWY

381

'
1 a1

AeulaanunsadunAulandusinsiaualseiile (APl Gravity) lag
WIGULYINAUAMINAE TINU8AINUALN baTlAUaLd gANINANNAT NIz waz kil

ABIBIUALAVNEIANATENVAIEAMNUY d1XNT0AIIMMANARIENNTS 3.1

C 141.5
ANNaenle (APl Gravity) = - 1315 (3.1)

ANUDIDUNIL15.6/15.6 °C

3.2.2  ANuulnauAans
nsnAdeuAUninvaurans (Kinematic Viscosity) vesuinfudoinas
aelduinsgiu ASTM D4a5 Taeldias esfion  Viscosity - Kinematic Capillary
Tempering Bath High Temperature G'ffwizﬂaué’awaaﬂLLfﬁ”ﬁgLﬁﬂﬁm%’Uﬁmeﬁmm
wiln U1BAnaenRNIFEN a'wffwmu@mqmmﬁﬁm%ﬁmiwﬁmwwﬁ@ wazUIRNITULIAN
323 gumgiin1anay
MsnAaeUgAMATinIsndu (Distillation) ﬁuaﬁﬂﬁm%}mwﬁmmmmgm
ASTM D86 laeldiasesiia Distillation at Atmospheric Pressure DU 4 - Economy
(Manual) UszneusieyainAigamginisndu 11an13ndu nszuenaie uIRndua
wosluilmes wazyneedalay
3.24 anuld
nanegeugn Uil (Flash Point) lumsvegeumeldunasgiunisvegsy

ASTM D93 Junisingamgivaziiomdnininulnlumausla wissdenlddmsunis
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NAaaUUTENOUAIY m’%aaﬁamaauqm']ﬂmwu Pensky — Marten Close Cup Apparatus

meldiegrnndunagey weilulivwes uazuianwiy lnensiainmihdiuneaeunilgamgd

yuleglurng 40§ 360 asrwalBys

3.2.5 AYUYNU

ANSNAFDUNIAIATUT L NU (Calculated Cetane Index: CCl) v09uHU

WOLNAIUINTIIUASTM D976 Taglaunananuduiusvegaumaiinisnauniesas 50

lagUSuns ¥39ANINaweInIsien (Mid Boiling Point) WagANUNUILIUNTEAIINAIN

leilegaumgil 15.6 ssmwaldea Ferdsldnuaiunsamiaantulunsm As

a

JUN 2 viseAnalanaunisi 3.2

CALCULATED CETANE INDEX

49 ) 300 570
Based on Equation: i
Calculated CI = —420.34 + 0.016 G? + 0.192 G log M 290
+ 65.01 (log M)*> - 0.0001809 M? 4 550
0.79 vis 5ol
47 280
- 530
270 £ 520
0.80
4 65 E-s10
260 —£- 500
60
- —+- 490
& . e 250
, - 480
55 S 4
’ 3
b - 470
41 0.82 i
- so & 240 3
E Z - 460
39 g
E o83 ¢ P s £ 50
] o 4 a 230
] < 22 g E
o ’ E
g / 40 E- 440
< 32 0.84 E %L § e
, E
5% 3 E
2 £ 430
il 35 220
353085 7 E
/, =
r E- 420
4 * E
33 3~ 0.86 E
210 — 410
31 0.87 =3
T 400
29 - 0388 E
200
- 390
0.89 E
27 E
EXAMPLE: E
MID B PT. 550 °F AT 700 MM Hg E
0.90 API GRAVITY 33.0 380
2 CORRECTION FOR MID B. PT. = 1.19 x 6 = 7.14 =
CORRECTED MID B PT = 550°F + 7.14°F = 557,14°F 190 &
0.91 CALC. CETANE INDEX (NOMOGRAPH) = 48.5 =
23 CALC. CETANE INDEX (FORMULA) = 48.52 =4 370

5U7 3.2 Tulunswl (Nomograph) dwvisunismeanduiizinu

CCl = -420.34 + 0.016G% + 0.192G log M + 65.01(log M)?— 0.0001809M12

MID BOILING POINT (°F) TEMP. FOR 50% RECOVERED-ASTM DISTILLATION

(3.2)
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g CO A9 AvaBmnu (Calculated Cetane Index)
G fe anuaiedile (APl Gravity)
M Ao guuilfignnnaaveInsivieniisevar 50 lngUsuing

Ty oF

326 mAnudeudiomds
AsNAdBUATIANSBULT BINE Y (Heating Value) vinmisnageunield
1IATFILNITMIAEU ASTM D240 lneldia3eailovauiuaasafiines (Bomb Calorimeter)
fe IKA $uC5000 PKG 1/12 Tan1svndeuiiay indurnufeugavierianuouna
521 nafe manufeuiildanmswluisdniusanuSeuuwesnsndusananedu
levasih
3.2.7  23aUszNauUNIaAl
nsseiansUssneumaaiiluiiudemadmivmaseiidmadauia
lasulnsns i -wuaaunlasiuns (Gas Chromatography-Mass Spectrometry, GC-MS) s?jd
Junedaniefideuldlunsinszsimasussneumaailuasuausislugauzvouds
VBINAT haglid G’hsm'ﬁLﬂﬁxﬁﬁ?’?ﬂu@qﬂ%mmLLazL%mmmw lngedenuandfluns
azanguazmNansolunsgaduiuanAsiuYesansuRazdauLigaaLdeuR (Mobile
phase) warnn1Aasil (Stationary phase) Fsdrmuseneureaisufalasulnins @l oz
Usenauluale wian (Carrier gas), @3u@nans (Injector port), Aodutkagzsouaad Ul
(Colurnn and Column oven), §an539a (Detector) wagapuiiunesiitgonusamsuldly

nsUsENIaNa Auuanslusun 3.3

U7 3.3 inseaufalasaninsnsil-uuaaiunlasiams (GC-MS)
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dnsuiupoulumalieneiassznoumaedluthfudemaannsonam
lelnedaauie ameluszuunfalasunlninsiil (GO) szdufamindouiiegluszuu Tag
fhogaindudomanrgnindigsruy 6C nMsdndnasiiogngluiesmunigunnivag
Buszuule Genneligamgiiigumesddnasiiudomdngnviliiudsuaniugan

goamadnarelule uazindeuilumunsduinsouutaninigluneduil Fdigniamed

=l

\ndaveguLTDILNTRsUMSaIndevaguLYie ansBuvdludiegnasiinusinsyiniuignia

'
= 1

AN A8AUTRAVDIANTDUNS INLANA1IT UV IAANTDUNS SmazIRaTlLSINSLYALANAIAU

Wunaliigaansfiuiensansdunidunazedalalivindu asdunidiufnnisuensenain

¥ 1

Aunelumeduiiluazgavingansdunigasiauniseaniatnaeaulidngiingiainluniaii
v o A o vy @ o Y a & a ¢ |

sariu dygrainiainldasgnuuasludyaamaliiiniegssuudidnnselinduazdanaly
fadulszinanauasiuiinug a1sdunidillelfumeinudinsaindyyiunazgnsuieds
28n9MN3¥UU GC lUnFoufuuiani lngszuu GC Ainanuntuagyinumeldnisaiunuay

Uszaianamessuunouiames delayalouluasannisnsiasieinmisei 3.1

d' v a 3 4{' & = a
#1519 3.1 ‘Uaﬂgaﬂm’gzﬂ’li?miw%maLﬂiENLLﬂﬂIﬂimiﬁ/ﬁﬂﬂW—LLuaaL“LJﬂIGliLﬂ,mi

wialasuansnsail (GC condition)

gaunilgeumadutl (Column oven temperature) 50 °C
1unAN1320 (Injection mode) Split
dn51d@mN1THeN (Split ratio) 20:1
USu1msn152m (Injection volume) 1l
9auMQIIN152A (Injection temperature) 350 °C
YUIALAEAINY1IVBIABAUY (Diameter & length column) 0.25mm /60 m
dnsnsivaluaeaui (Column flow) 1.0 mU/min
WA@W" (Carrier gas) Helium

wudanlasiuns (MS condition)

YUANIFELNY (Scan type) MS1 scan
gaun il (Source temperature) 250 °C

114800 U5¥U0INTI99M (Mass to charge range) 35-550 m/z
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33 msnAmisuanveswatain

duainveznanadniildlunisnaaeunts senléidu 2 dw ldun 1) dafuaee
waraRnuuuRaNnlssuRAnuInveE Nk unszUaunsInlsledavosgud
anududanmsiuiaue sninedemelulafann’ 2) hiuainwanainuszinmuan
uazthwemanainfindnanyandntnifuanwesnaraindieiaiesinsallnlsladauuuiu
sl (Pyrolysis Fixed-Bed Reactors) summLﬁﬂLLazsqmmﬁmﬁflﬁumﬂ%gwmaaﬂﬁwm%q
Uinsallnlsladauuuiunmafivuiamdanisudn 100 Alandu

33.1  WSYBENAIARNUUUNE

dursswarafnuuumaldifuilinnlssmudnihduanveznanain

AudAnududanianiudauia unInerdemaluladasuns nszviunisndnuiiuaes

a a

wanaRnisudunnsi ingAudendsesnanainiiunineion sudsadiginiesou
LuUINaEfisnsUszann 250 Alanfudedaluslasfidiangazdnnslianusoudierili
wanafnuasuimauazsvveoonduledialdsuanufeugdiundsantunanainmeaslva
ihgwnsaiuuudsnuiiflunwihnuethsedeniiefiugnsnsiemanuoulaed
sMUANEAMYIT 350 -400 sarniwallea ewanaRniasuanuzanvesmanduleas
nadulugvenduiigumnfisruio 300 esaieaidoauariivenduasshmifiuenlevhiiy
Tuenandnuaziieonantundsntuletiiuasdiginiesmuuiundavaasgiusni
ponniniu Insiazuendiuasinuanuasiniuaraostuduuuresduiotsiudl4d
Usnaiineudnaznadnuilugamindrufnefimasidalimuuiuas naasluginiasniuuy
ydlufiRadsoguilediminduigimihiinuuilotiufiviowsrangumniveuia
uiafindeandunfasssunduarargnmibnduindudomasdmiumslianudouunion
Ufnselselulasituitlininnszuiunisiena nanlivhdunaudsfosiuseneundnde
ihsufatesay 50-60 wuwvniasay 15 w30 20 Uisfuimiasay 5 - 10 Jsanursarily
nduBnseuvdadielilshiufiannsnhluldouiueieswudld duaavineilissmeluenm
Ugnsalagldiduninadusudesay 10 - 25 saunsarnluldmaunuaduiiulusu
gaamngsuld andeyamaassgemansdunulunismdnidursswaraf nuuunay dae
nszuunsinlslafavesaudnrunduiansinuiama wui diiuanveswanainaaudi
ndunazdlsirunszuaunsnduidunueg 10.9 uas 8.4 Umsedans muddu TasAndy

AuuNIHantiuAIINYENaNaRnNaNs oSN R NaNaRNKNENREN 6 - 7 Umsenlaniuy
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A a 8w a % a 3 & a %
EUV] 3.4 ﬂ']imaG]ur]l]u%ﬂgwaqamﬂNaﬂJ@’)EJﬂi%U’JUﬂW{LWIivLa%a QUUQ’JWNLUULaﬂVHQun

=l a U = a
e uienaemalulaggsuns

332 dnfuannanafndivanssnuindeiifunnuvuuiugeazwansin
valausznnlndienaumisnmiian
ifuninvegnarafindvinuasaannananin Nﬁmmﬂﬁqmmﬁmﬁéﬂﬁumﬂﬁuﬂs

wanaRnsneiniesfnsailnlsladauuuiunasil (Fixed-Bed Reactors) TunaLdn AsyuIunng
Nﬁmﬁﬂﬁuﬁmﬁmmﬂi’mqﬁuﬂisLﬂ‘mmmwmaﬁﬂ drvaawanaindesivsznatainia 2
Uszuandifauenssninudmazihuvinsunges Tdaduduinsal melufidnuasiuds 2
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JUN 3.5 Mswanuduvesnatadinalgiasesunsallnlslada wuuiunaasil (Fixed-Bed

Reactors) YUIRLAN

nsnAnthuanussnataRnUssanvIaLazETIANaNaRn AndnanY
wﬁmﬂgﬁﬁumﬂ%zwmaﬁﬂﬁwLﬂ‘%‘laqﬂﬁﬂim‘iw‘[ﬂa%al,LUULU@mﬁmumﬁﬁé’qmimém 100
Alansusends findnnshauruietugasdaihiuanveswanaindeedosfnsailn
T5ladauuuiunasi (Fixed-Bed Reactors) wunaLdnifigawsivensvuindsujnsaiuazyn
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JUN 3.6 NMswAnuduvsenaainalgaIasunsallnlslada wuuluamei (Fixed-Bed

Reactors) 9UIAN1A9NNSHER 100 NtaNSuAaAsa
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Engine

Specification

Engine Model

KAWAMA 500D

4-Stroke, 1 cylinder, Air Cooled, Direct

Engine type

injection
Bore x Stroke 68 x 54 mm
Total piston displacement 196 cc
Compression ratio 22:1

Rated power

3 hp @3,000 rpm




M5 3.3 Yayan1snadeuUan

aaq

U QR168F
daaTeseud 2.9 usadh
Foyaifisifn tuuna 3 17 Augsluiawiniu 27 uy. 99w 4 ATy
Head (m) Flow rate (m®/h) Efficiency (%)
0 45.5 0.00
2 a4.5 11.01
4 a2 20.79
6 39.5 29.33
8 36.5 36.13
10 334 41.33
12 29.3 4351
14 252 43.65
16 19.7 39.00
18 14.6 32.52
20 7.7 19.06
21 3.6 9.35
22 0 0.00
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d{' 3 [ d' & a PN v v ] o v w 1%
Lf"li@ﬁEJ‘L!GWW]EIE]‘ULUuLﬂiE’J\‘lﬁJuWﬂL"UﬁQULG]EJ’J“WﬁWiJ’]iﬂUTU@Gﬁ’]ﬂ’)ﬁﬂ’]a\‘iafﬂlﬂ

910 12:1 89 18:1 19gvnnAINUUOLATBIEUAWNNY 661.5 T SpUUTTUIEANUTBUAIUY A

c{' o d' s a o c{' 1Y a
SUN 3.10 LAANANWUZUDIATBDILUALAZNITAARNT A1V 3.4 LEAIVDUALALIIEALLDUA

Y

= s
bATDIYUR

Y



a5

JUN 3.10 TesguRRwagungILuuLUsRundmassnldlunisnaasy

:ai ¥ o di &al a LYY ! o v w
#1379 3.4 ‘ZJEJ;;IJﬁf\]WLWW%%@QLﬂi@ﬂUUWQL%ﬁQULG]EJ’JLLUULLUiNuami’lﬁ’JUﬂ’la\‘iﬁJﬂ

Engine Specification

Engine Model 240PE
4-Stroke, 1-cylinder, Water Cooled, Direct
Engine type
injection

Bore x Stroke 87.5x 110 mm
Total piston displacement 661.5 cc
Compression ratio 12:1-18:1
Rated Power 3.5 kW @1500 rpm
Fuel injection timing (BTDC) 23 degree

3.4.3 launluiiwas

5 &

launlufimesidugunsaliililunissraesnszvoaaiessud Feendemdnnis
¥93n3gAndundssuanaioseud launlufiimesmnuusmunisiansuisnis gandu
wsnuannsnuUseenidvaresia Tnslumiadedaddder 2 oln WWud louludiweudeldii
(Water brake) uaglaulufimesldnszuanid savr (Eddy current brake) waz Ingdoya

nuazdunilfanalUll



a6

1) laulufiwesvialdudusiusn (Water brake) dmsunaasuiy

LATDIUUAGULALINIINITINYAT

U7 3.11 lawludwessaldindudaiusn

ni 1% o a ¢ a v 3 Y
19799 3.5 ‘U@Ha’iﬂLW']%“UE]\?GZJE]\{LWH']IQJQJLG]’E)T‘UUG’II‘UU']LUHGDLU’iﬂ

Model/Type DYNOMITE/ Water Brake
Maximum power 7.5 kW (10 bhp)
Maximum speed 10,000 rpm

Cooling system Water Cooling

2) lauludwesvilaldnssuamieinludiusn (Eddy current brake)
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A15°99 3.6 Teyadumzvaslawiluiwesldnsewanileni

Model AG10

Maker Saj Test Plant Pvt. Ltd.
Hot coil voltage max. 60 VDC
Continuous current amps 50A

Speed max 10,000 rpm

344 \aesedinnsiinelody
105 e93ns1ziudalowde (Flue Gas Analyzer) #1m3unisnagauasly
Usznouseinsasiledn TESTO 51 TESTO 350 La3osilo¥n HORIBA $u MEXA - 584L
\3esilainit MAHA $uMDO 2 LON waziaesileinsuiliutn TESTO fu TESTO 308lne

yazidndoyainIeileinmal

U 3.13 in3ediiaszviufaleide (Flue Gas Analyzen)
(n) w3eatio¥a TESTO Ju TESTO 308
(@) 13eailadn TESTO Ju TESTO 350
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Measurement

Parameter

Measurement

Range

Accuracy

Resolution

O,

0 - 25 vol.%

+ 2 vol%

0.01 vol%

CO, Hy-comp.

0 - 10000 ppm

+ 10 ppm (0-199 ppm)

+ 5 ppm of reading (200-2000
ppm)

+ 10 ppm of reading (rest of

range)

1 ppm

CO\ow», Ha-comp.

0 - 500 ppm

+ 2 ppm (0-39.9 ppm)
+ 5 ppm of reading (rest of

range)

0.1 ppm

NO

0 - 4000 ppm

£ 5 ppm (0-99 ppm)

+ 5 ppm of reading (100-1999
ppm)

+ 10 ppm of reading (rest of

range)

1 ppm

NOLOW

0 - 300 ppm

+ 2 ppm (0-39.9 ppm)
+ 5 ppm of reading (rest of

range)

NO,

0 -500 ppm

+ 5 ppm (0-99 ppm)
+ 5 ppm of reading (rest of

range)

0.1 ppm

CO;, (IR)

0 - 50 vol.%

+ 0.3 vol.%
(0-39.9 vol. %)
+ 0.5vol.% + 0.5 vol% of

reading (rest of range)

0.01 vol%
(0-25 vol
%)
0.1 vol%
(>25 vol %)
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50

100 - 40000

ppm
Propane:

100 - 21000

pPpmM

Butane:

100 - 18000

pPpmM

(100-4000 ppm)

+ 10% of reading (rest of range)

Measurement | Measurement
Accuracy Resolution
Parameter Range
HC Natural gas: + 400 ppm 10 ppm

M15797 3.8 Toyadnniziaedlelnsvilivdiniy Testo 308

Technical Data

Sensor Type Photodiode
Measureing Range Oto 6 RZ
Accuracy 1 digit *02Rz
Resolution 0.1 RZ

General Techical Data

Pump Capacity

1631011

Reference Filter

At 990 mbar and +20 °C Amblent Temperature

Display

Segment display with background Illumination

Norms and Tests

1.BlmSchV, METAS, EU-Guideline 2004/108/EG

Operating Temperature +5 to +45 °C
Storage Temperature -20 to +50 °C
Protection Class P40

Interfaces

IR / IRDA Interface

Gas Sampling

Stainless Steel Pipe ca. 220 mm, Rubber Hose 100 mm
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371971 3.9 FeyadimnzueaadosileTn HORIBA fu MEXA-584L

Items Specification
Model Opacimeter - MAHA MDO2-LON
Measurement principle Absorption photometry
Wave length of the spotlight 567 nm
Measurement chamber length 430 mm
External/Internal diameter of test chamber 28 mm / 25mm

Warm-up time of the measurement

180 s
chamber approx.
Measurement range turbidity 0 - 100 %
Measuring range absorption coefficient 0-m"

M31971 3.10 Teyavirluvesinieaiioaiain MAHA u MDO 2 LON

Items Specification

Model Horiba MEXA-584L

Standard norm 1ISO3930 / OIML R99 (2000) Klasse 0, CE

Measure the composition CO: 0.00% Vol. - 10.00% Vol.
HC: 0 ppm Vol. — 10.000 ppm Vol.

0 ppm Vol. — 20.000 ppm

Vol

Measure the composition CO,: 0.00% Vol. - 20.00% Vol.

Lambda: 0.000 - 9.999

Option Oy 0.00% Vol. — 25.00% Vol.
NO: 0 ppm Vol. - 5.000 ppm Vol.
Precision CO: 0.01% Vol.
HC: 1 ppm Vol.

CO,: 0.02% Vol.
Lambda: 0.001
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Pressure Sensor
Items Specification
Measuring range 0 - 250/0 - 300* bar
Sensitivity =~ -20/ = -19%
Natural frequency ~ 160 kHz
Linearity <+ 03/<+ 0.5%
Temperature range -20 - 350
Mounting bore 05,7 (6054A..)
___Imln.!a7.5 (6052C...)
8d5
|
7|
| ~
o O I 1 MBx05
i
P18
= ! 9>
R
E
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15799 3.11 ToyadnmeinzodiaBnsein1svg (sie)

Crank Angel Encoder

Model Crank Angle Encoder Type 2614C11
Crank angle signal 720 x 0.5 degree
Speed range 0 - 12000 1/min
Temperature range -40 - 85 °C
Mechanical Interface/Mounting diameter 60 mm.
(mounting compatibility to Type
2614B1)
Encoder Electronics
Model Encoder Electronics Type 2614C21
Control & Indication LED’s Power, Rotation CWY/CCW?,
Trigger, Synchronization

Output signal to Indicating System LVDS - Signal

TTL - Signal
Temperature range -30 - 70 °C

3.5 ms?lm?l’g\mawmamﬂémﬂuﬁ
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- bt Air stabilizing tank

Fuel pipe
Do ]
Fuel tank i

Air hose pipe

Air flow rate

Exhaust gas analyzer

Exhaust pipe
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CR Indicator Chart

1 DIESEL
CR

JUN 3.20 IAuanidnsdun1sen
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AN5197 4.3 89AUSENBUVRIUNI LT BLINAIAALaTUNTuIsENaa@Rn Nl lunNSNadaU

) v o dsfuveznanadnfisdlaild | drsuveznwanading
AsUBURZABN | UNNUALYA . o . o e
NUNSNAUAIRUEIY AuNsNAUARUEIUY
c4 ND 217 ND
c5 ND 0.84 ND
@) ND 3.76 ND
c7 ND 5.38 ND
8 2.54 34.02 1.03
9 5.61 19.94 0.73
C10 5.23 28.49 2.28
c11 4.18 0.53 5.71
C12 7.08 0.75 9.78
C13 6.39 ND 10.08
C14 8.09 ND 11.03
C15 5.66 0.67 10.48
C16 5.95 0.19 8.71
c17 15.8 0.26 7.90
C18 4.30 0.32 8.88
C19 16.11 0.36 7.86
C20 3.90 0.24 8.10
c21 3.19 0.36 3.63
C22 ND 0.27 2.29
C23 2.36 0.20 1.08
C24 ND 0.18 0.43
C25 1.19 0.19 ND
C26 1.13 0.20 ND
c27 0.62 ND ND
C28 0.34 0.08 ND
C29 0.33 0.08 ND
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919 2 ¥UA ‘wm’mﬁi’]mﬁwﬁmaumam%asg'iuﬁiaqﬁm"ﬁﬂ'jwﬁwﬁuﬁuﬁa FINAIAINUNLA

P
s o

daumanishioraduamguiliidmalfiiensdnnsevestudiuniglufenlsigeniy
dewssuilsutumsdnmsennnslddniuiiea (Kaewbuddee, C. et al, 2020) agnslsh
Ay mEnineauransTisvesihTuvsrwanadin 2 wia wansdseuaansalunisssved
qmazﬁwa&famiﬁmﬁymwﬁq Tinsnsyanedduesazenslad (Kuszewski, H., 2018;
Keera, S. T. et al., 2018; Srithar, K. et al, 2014)

NVBYAAIAIUANTUNE (Specific gravity)m@aﬂfﬁﬁu%zwmaaﬂﬁgﬁ 2
sianuisuznaaininananmanaRni1van (WPBCO) ﬁﬁhmmdqﬁ%wwasﬂuﬁmﬁ
mnrAAEE I zvesituiiea luvasfidturesnanainfinanarnnanainvaela
(WPOB) fimmnad iz iideutnigs ilesnesduszneumaeiilasdnlvgvesmanain
wala (PET) iuansuseneveslswind dearsusynaveslsudndlasdulvg)szdany
fadunzeglugae 0.8 - 0.9

31NToYaAIAINNINBNLD (API Gravity) yosufuvszwaafinia 2 vie
wuinureznaania 2 3in waridufiea fienugedilewnnnitisanugane
floveanguindun (APl > 31.1%) Fetwenisesdvsznaulnsdilvgidulalnsesveu
3udn niedainu (Alkane) Fudulalasausunuuaensiwazwuuiafiddnsdnlalnsiau
som15UBLEY (Gaurh, P., & Pramanik, H., 2018)

9ndeyarianumuIULy (Density) ) vesunsiuveznatadniia 2 viawudy
diuwesnanainiinanainnataindvan (WPBCO) Slenaanumunutusnindaaumuiuiiu
yeaurEznataRniinanannatainviale (WPOB) wazAauvuktuvetuiioa
{esnanasddsznounmaaiivesiagAudsdu lns asdusznoumaniilnednlngves
wanainasila (PET) iuansuseneveslswind dsfimaramuiusiuegludissening 800 -
850 kg/m? Tnevininsiudondsiifinnumiugasisnmnsiuddondomsitosnd
i eumaafiianumLLush (Khan, M. Z. H. et al, 2016; Sarikoc, S., 2020)

Mndoyagamgianiulu (Fire Point) veshiuveznatafinis 2 vianuin

[% I
o w a Y o [

Wiluvggnatainia 2 9lia Tganuliiininuidiufiea Jddudedinnusednsyidunis
Aniusazvudaiadesiunsiindafdy yanulniiavesinfiureenatafinudliiud

Auasalunsszmenanalulovesdeindegnatafniinissewmenaneluleiainii
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ihsufwadadunaidenisiniiessuduaznisyasyaveadomadluionnnll (Gaurh,
P., & Pramanik, H., 2018)

mﬂﬁt’fagamﬂ’g’m%fauﬁaméa (Calorific value) Wt sfuvEEWATARNTA 2
¥iia w1 diuregwanaini 2 sladnnufeudomdsiigumnzdmiulunmstnnld

'
oA

Judeimdamadenluniessudynsedamenisdalasmanuseudamasiinaidelai
mnhmanudeudeindaesiiufwasgidntes Insunfnanuseuteindtuluegiv
s = 1 s s dy a =
peAUsENRUMILAlsenInasuaukazlalasiaulussAusznaul@ainds sauludiaainy
nkdureslulainds na1ife dnsdasveunazlalasiaungdnalvriaiuseu
Walndangemeuiu uananil Aanuseulenadinulduniindunuduiuezmney
AIsUBULAEANENIgluaNaiuT (Fernandez-Rodriguez, D., et al., 2021; Keera, S. T.
et al,, 2018)

Nndoyaraviigivu (Cetane index) vesihuvggwanafnita 2 vila wui
Wuvezwarainis 2 vl dendvidinuegludisiianindrdviddnuvesidudiea lag
diduregnarainiindnainnarainndivan (WPBCO) danuavidinuiigenininsduvey
warafnfindnannnaiainvaata (WPOB) dedunasinnisiiesduszneuresansiseney

a 6 QO’ LY a d‘ a a 1 Yal | v aa d‘ OI
pglswAndluinguvesnarafiniindnainnaradinvinla (WPOB) danalviliandyd@muiian
(Mangesh, V. L. et al, 2020) seuaarnasaidnuisivesiiiuveswaiain o1aduaims
ndsmadernuattlun1syessnlusyninnssuaunsi ndvesifiuemdanigluies
el Fadutiseninmssuiuresnisdmhduomdsdigionnilvliasnisisuduns
wlugd Wesandsi@nuluandfimadondsiiuansnunmnisgafialivesiiudeinas

(% ! dyl ! ! a a = a
wagnananalidmansenulagnsaianisvanUasuuaiuleidy des waviadiosninlunis
o < ¢ ) 1% d' saa | a A 1 v a
MwrenAIeseud Ingmlludiaisseuiniynanuartitunisyassdaiionnelinms
UanUaesuaiivladuussinnlalasasveunazivangs (El-Hagar, M., 2020; Srithar, K. et

al, 2014)
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AnauTAY Wite | 41M1gIUMS WEuaIamagaay
WaInAs 1599 G R
DF WPOB WPBCO
ANMUNUAIAUAIENT
- cSt ASTM D445 3.37 1.70 1.30
 guni 40 °C
AINAIT BN B
- - ASTM D1298 0.830 0.825 0.770
gaungil 15.6 °C
AMULILIN LD 0 ASTM D1298 39 40 52
AURUILUY B
- kg/m® | ASTM D1298 829 824 769
gaungil 15.6 °C
‘-gmﬁ‘UlW °C ASTM D93 78 28 32
meudoudomds | Mlkg | ASTM D240 | 43.48 39.45 36.98
AYNGLNY A ASTM D976 61.09 28.77 51.78
QMg 10 %
9@ ASTM D86 228 140 144
Volume Recovered
QaUMQAT 50
9 ASTM D86 290 196 198
%Volume Recovered
QaMQAIT 90
°C ASTM D86 342 294 294
%Volume Recovered
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Indeyar1gumnini1sndu (Distilation temperature) veau LY
waaRnita 2 wiawudn dndurszmanafiniia 2 wia Sgamgiinisnduvesduiinduldi
Yowar 90 lngU3ums(90% Recovered) aglutisgamaiinisndunnnsgiu (ithu 357 °C
pudeitmunvesnsugsiiandan) Tavgangdl m wadenanidugaienanineiirmualy
dotlestuldlihdudemdsiivdonnnauludifansinaniounsnfuasldsdniiu
grathifuedos Tedwmaliannmueshiuedondouadls

WeRsangumgiinsnauvesduiinaulanievas 10 lagu3ung (10%

= <)

Recovered) 138 auunndLsunaud (Initial boiling point, 1BP) a.lugaumaifigieUssiiiu
N19AALATONEUALAZUIUDNTINGANTTUNITIZNEVOIUIN UG DLNES TR ULy oL na sl
ANUENTalunssLretdINaliATasguRRne N U UTE IAINdAMNE NI TA T UATS
A 1 1 <@ A & a ] Y & a o 1 1
semenigl uiagelsnay nssewmenisuiulvazdwmalilovenhfugemasdawiueglu
v ) = s a & v = = i ) a o a
wauubniivieIessudiinnisteonls WeoSeuisussninaduvesnarafina 2 viie
wulnhdurggnarainindnainnaradnviala (WPOB) dv19gauugnives IBP uag 10%
Recovered anInunsiuvggnaiadningnainnatanna1vin (WPBCO) a1tnei1azdnain
Ao 1 a ¢, = & A A ° L3 Y
nsnfidnanvesasusenaveslawind@uduansusenauiiiyaiensilussalssnautidu
YENAFANTNANIINNANERNVIALE (WPOB) ROUTIILIN
Wienansangamiinsnauvesdmiinaulafifesar 50 Ineusung (50%

Recovered) #50 Mid-range U93UINUVLENANGRANTTY 2 FUANUI1 U UvBENAI@RNIS

(%
| o

2 3iln fgaumginisnauvesdiunnaulevisevas 50 lngusuinsindnidiufea aungll o
Y i I a | a v = & aa 1 v A ¢ v
yafananlugungivesdiuisemelauinduiaziluyieumiinglglviatesudsou

(Warm up) lit57 gaumgdnisnaui 10%, 50% uas 90% vesdruiinauls arunsatluly

< a 1 = v

[~ Ly o 1 v ala d; = wa ¥
Wudwdslunisawaadeildny faduautiniiivivenisnuanyaenskivdves
= ¢
LASDILURN
5.3.2  29AUSLNaUNILANVDNLULYBLNAY

A153LA1EA15UTENBUNILAL VDI LT UALaWA T U T UV L NAEFH NN

2 48 neltAses GC-MS FINANITIATILNE1SUTENDUVIMIDE19UNNWN 3 vTa LaAIRa

= B a I3 ~ $ o a % o A a a

JUT 5.1 Jeyanalinsigiarsusenouniaiiluddufiwa dnduvggsnatainindgnain

Nar@fnvInta (WPOB) wazuNuIgsnNaId@fninanannnwanafnuiIvin (WPBCO) hands

1599 5.3 - 5.5 3nuan1TieTeiasuszneunaeil Tngagudeyaiidifnlanadl
HIRANTUINANITHATIEVANTUSTENOUNBATUeIUNTUMwaNn gl e uIe Ll

Aananalums1en 5.3 wudn dnludwadosrusenavvesaistalasans voudaiulvaidu
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a1susznaulalasasuaududl usenisilu daduarsusenaundninulutndullnsdey
wazlAAsIINYF Te9asu L TuasusEnauialoamas lodfuwazozlsww@nd anuaisu siail

v a

nsmsranuasUszneviufialeamesluthiuiiea iosnnihdufiwadidulddmiuns
Arpituduhtudondedildludmnivdiidndunmnanlulofiva 7 wodidudlae
ysums

MnwanTeTeasUszneumaaiivesihifuresnanaiiniie 2 daegadlu
Benanmnuinlasiunsudldannsiessiisurssnanainfindannnanainuiald
(WPOB) F33U7 5.2 (b) wuindhsturegnatadndi wdnarnwarafnvanla (WPOB) &
paRUsEnavvesaistelasarsvoudulugidulssinveslswing (48.72%) sesasuniu
WIS (26.30%), ToATU (10.46%) wasdu 9 (14.48%) auasy luvued Vrifuaes
wanaRnfindnannataindivin (WPBCO) fanslalasasueudiulngidulssinnusann
Y517 (49.91%) sesasnTulodilu (46.96%) wardu 4 (3.13%) nuddu Fedfeyasanan
aamﬂé’aqﬁ’umﬁlmwzﬁﬂmamﬁamamsmwmmﬁﬂﬁuﬁaL‘Waq

dothdeyandeyassdvsznaumaedvesindufios wazdfurey
wanafinits 2 ¥iin diessidadiudesidudiuiilinsvosesdusznoumu fruoy
msueu Iedoyadauandlumssi 56 lagfiansandrdmounsueusylugie c6 - C31
wud thifuveswanadniindnanwanadinuasla (WPOB) flansuszneulnsdulngogluzas
Sruaumsuau C6 By C12 Usganm 69.33% Sedntiaglunduihifudomasdlnadouussom
hsuufaledu lurnefivuiursewarainfinananmataindiaan (WPBCO) flansusznay
Tneulngjeglurissuauaniueu C13 fis C18 (43.77%) Faudutrdnaumsueuvesngu
ihiufwanasiduilndifestunansienegiihduiieaiisasuuaiveusgludag

C13 049 C18 99N 46.18%



Total ion current (TIC) intensity Total ion current (TIC) intensity

Total ion current (TIC) intensity

(a) Diesel

Retention time (min)
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U1 5.1 GC-MS chromatogram @9 uidaings
(a) WduBwAIRa
(b) Yndurszwarafninanannaainvinta (WPOB)

(0) Yndureznanafninanannnanainaivin (WPBCO)

88



AN5197 5.3 NAATIEITENSUSENBUNAT LTS uRLE

89

LI : w2aluana ﬁuﬁ
- YoasusEnaunIuAll gasluana ’
(1) (g/mol) (%)
4.35 | Octane CgHis 114.1409 0.78
4.49 | Cyclohexane, 1, 4-dimethyl- CgHie 112.1252 0.82
5.05 | Nonane CoHao 128.1565 1.67
558 | Nonane, 4-methyl- CioH2 142.1722 1.61
6.16 | Decane CioHoo 142.1722 3.62
8.10 Undecane CiHog 156.1878 4.18
9.13 | p-Xylene CgHio 106.0783 0.94
9.88 | trans-2-Dodecen-1-ol CyioH50 184.1827 1.09
10.93 | Dodecane CioHoe 170.2035 5.99
11.62 | Benzene, 1-ethyl-3-methyl- CoHys 120.0939 0.92
13.55 | Benzene, 1,2,3-trimethyl- CoHys 120.0939 1.62
14.50 | Tridecane CyzHog 184.2191 6.39
1556 | Benzene, 1,2,4-trimethyl- CoHy5 120.0939 1.40
18.49 | Tetradecane CiaHs3g 198.2348 6.52
20.11 | 1-Tetradecene CiaHos 196.2191 1.57
22.55 | Pentadecane CysH3s 212.2504 5.66
26.53 | Hexadecane CigH3a 226.2661 5.95
30.37 | Heptadecane Ci7Hs3g 240.2817 5.69
34.05 | Octadecane CigHsg 254.2974 4.30
37.55 | Nonadecane CigHag 268.3130 4.01
40.80 | Eicosane CooHaz 282.3287 3.90
43.18 | Heneicosane Co1Haa 296.3443 3.19
44.96 | Hexadecanoic acid, methyl ester Ci7H2405 270.2559 10.11
46.43 | Tricosane CosHag 324.3756 2.36
47.79 | Methyl stearate CioH350; 298.2872 2.06
48.07 | 11-Octadecenoic acid, methyl ester Cy9H3605 296.2715 7.59




AN5199 5.3 NabATIEa1sUsENauma Al luLnuRea (Me)

90

na: Jaansusznaumaadl gasluana waluang |
(W) ¥ ! (g/mol) (%)
48.68 | Linoleic acid, methyl ester CioH340, 294.2559 2.45
49.03 | Pentacosane CosHso 352.4069 1.19
50.44 | Hexacosane CogHsa 366.4226 1.13
52.10 | Heptacosane CorHse 380.4382 0.62
53.97 | Octacosane CogHss 394.4539 0.34
56.22 | Nonacosane CooHgo 408.4695 0.33
M51971 5.4 nadaTsasUszneumaainduverwanainannuanala (WPOB)
na: Yaasusznaumaiadl gasluana wnabuana |
(W) ! ’ (g/mol) (%)
391 | Cyclohexane CgHis 84.09 1.51
4.00 Heptane CiHy6 100.12 1.68
4.21 | Heptane, 4-methyl- CgHis 114.14 2.05
4.39 | Heptane, 2,4-dimethyl- CoHog 128.15 1.89
4.86 | 2,3-Dimethyl-3-heptene CoHig 126.14 2.09
559 | Nonane, 4-methyl- CioH22 142.17 1.40
570 | 6,6-Dimethylhepta-2,4-diene CoHig 124.12 3.80
5.79 | Cyclohexene, 3,3,5-trimethyl- CoHis 124.12 3.07
6.16 | Octane, 3,5-dimethyl- CioHa2 142.17 4.97
6.84 | Toluene C7Hs 92.06 3.04
7.38 | Acetic acid, butyl ester CgH120, 116.08 0.56
8.11 | Undecane Ci1Hoa 156.18 5.05
8.35 | 1-Decene, 2,4-dimethyl- CioHoa 168.18 3.43
8.80 | Ethylbenzene CgHip 106.07 4.51
8.97 | o-Xylene CgHio 106.07 0.82
9.14 | p-Xylene CgHio 106.07 3.45




AN5199 5.4 NALATIETA1SUSENaUNILATUNTWIsZNANdRN1NVIALE(WPOB) (519)
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LI : w2aluana ﬁUﬁ
- YaasusEnaunIuAll gasluana ’
(1) (g/mol) (%)
10.04 | Benzene, (1-methylethyl)- CoHys 120.09 3.86
10.36 | m-Xylene CgHio 106.07 3.11
11.11 | Benzene, propyl- CoHy, 120.09 4.30
11.25 | 1-Methoxy-2-propyl acetate CeH1203 132.07 3.09
11.63 | Benzene, 1-ethyl-d-methyl- CoHys 120.09 3.60
12.28 | Benzene, 1,2,4-trimethyl- CoHyo 120.09 2.92
12.61 | Styrene CgHs 104.06 2.46
12.84 | Benzene, 1-ethyl-2-methyl- CoHys 120.09 2.39
1356 | Benzene, 1,2,3-trimethyl- CoHys 120.09 2.16
14.36 | Benzene, 1-methyl-3-propyl- CioH1a 134.10 2.38
15.27 | o-Methylstyrene CoHip 118.07 1.48
1557 | Benzene, 1,2,4-trimethyl- CoHys 120.09 2.14
16.19 | Benzene, 2-ethyl-1,4-dimethyl- CioH1a 134.10 1.26
16.46 | Benzene, 1-ethyl-3,5-dimethyl- CioH1a 134.10 1.71
16.77 | Benzene, 1-ethyl-2,4-dimethyl- CioH1a 134.10 1.07
17.97 | Ethanol, 2-butoxy- C¢H140, 118.09 2.03
18.40 | Benzene, 1-ethyl-2,3-dimethyl- CioH1a 134.10 1.32
18.98 | Benzene, 1,2,4,5-tetramethyl- CigHia 134.10 1.84
19.41 | Benzene, 1,2,3,4-tetramethyl- CigHia 134.10 1.08
20.27 | Benzene, (3-methyl-3-butenyl)- Cy1Hiqg 146.10 1.61
20.99 | Benzene, 4-ethenyl-1,2-dimethyl- CioHi2 132.09 0.90
21.47 | Benzene, 1,2,3,5-tetramethyl- CigH1a 134.10 1.82
24.83 | Benzene, heptyl- CisHyg 176.15 0.47
25.78 | Benzonitrile C7HsN 103.04 1.10
30.96 | Naphthalene CioHs 128.06 0.50
31.83 | 1-Decanol, 2-hexyl- CigH340 242.26 1.04
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AN 5.4 NaATIEIEUSENBUNLATUNTUIsENaNd@RnaINvInLE (WPOB) (518)

walana | Wui

1381 < o
(uqﬁ) Yaa15UTTNBUNILAL gmﬂmaqa (&/mol) (%)
33.02 | Ethanol, 1-(2-butoxyethoxy)- CgH105 162.12 0.39
34.85 | Ethanol, 2{2-butoxyethoxy)-, acetate CioH2004 204.13 0.85
34.99 | Naphthalene, 2-methyl- Ci1Hio 142.07 0.33
37.50 | Nonadecane CioHag 268.31 0.77
44.68 | Phenol, 2-(1-methylethyl)- CoH10 136.08 0.67
4492 | Docosane CooHag 310.36 0.48
45.31 | 1,3-Diphenylbutane CigHis 210.14 0.48
45.43 | 1,3-Diphenylpropane CisHie 196.12 0.76
45.81 | N-Methylphthalimide CoH;NO, 161.04 0.30
46.38 | Tricosane CosHas 324.37 1.08
47.01 | 1,4-Diphenylbutane CigHis 210.14 1.61
47.69 | Tetracosane CoaHso 338.39 0.90
47.84 | 18-Norabieta-8,11,13-triene CioHog 256.21 1.82
48.38 | A -N-Normethadol CyoHo7NO 297.20 0.47
49.04 | Pentacosane CosHso 352.40 1.10
50.45 | Hexacosane CogHsa 366.42 0.50
52.18 | Naphthalene, 1-phenyl- CigHi12 204.09 1.04
56.22 | Anthracene, 2-methyl- CisHio 192.09 0.39
57.51 | Naphthalene, 2-phenyl- CigHi12 204.09 0.85
59.56 | Phenanthrene, 3,6-dimethyl- CigHia 206.10 0.33
62.20 | 9-Phenyl-5H-benzocycloheptene Ci7H1a 218.10 0.77
63.80 | Retene CigHisg 234.14 0.67
Strychane, 1-acetyl-20 O -hydroxy-16-
67.26 Co1H26NO; 338.19 0.48
methylene-




M15199 5.5 NALATIENANTUTENUNMLATI YT UvEENad@RNNNIvIR (WPBCO)
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LI “ - 28y tana ﬁUﬁ
(uqﬁ) Yaa15UTTNBUNILAL gmﬂmaqa (&/mol) (%)
3.92 Cyclohexane CeHiz 84.0939 1.51
4.02 Heptane CsHyg 100.1252 1.68
4.14 1-Heptene CoHyq 98.1096 2.05
4.38 | Octane CeHis 114.1409 1.89
4.62 1-Octene CeHis 112.1252 2.09
476 | 2,3-Dimethyl-3-heptene CoH1sg 126.1409 1.40
5.42 | Cyclopropane, 1-methyl-2-pentyl- CoHig 126.1409 3.80
6.16 Decane CioHoo 142.1722 3.07
6.88 1-Decene CioHzg 140.1565 a.97
8.10 Undecane Cy1Haa 156.1878 3.04
8.75 Ethylbenzene CgHip 106.0783 0.56
9.19 1-Undecene Cq1Has 154.1722 5.05
10.94 | Dodecane CyoHog 170.2035 3.43
12.34 | 1-Dodecene CioHaa 168.1878 4.51
12.57 | Styrene CgHs 104.0626 0.82
14.49 | Tridecane CyzHog 184.2191 3.45
16.11 1-Tridecene CiaHoe 182.2035 3.86
18.48 | Tetradecane CiaHs3 198.2348 3.11
20.16 | 1-Tetradecene CiaHog 196.2191 4.30
22.52 | Pentadecane CisHso 212.2504 3.09
24.21 1-Pentadecene CisHsg 210.2348 3.60
26.51 Hexadecane CigHza 226.2661 2.92
28.14 | 1-Hexadecene CigHso 224.2504 2.46
30.33 | Heptadecane Ci7Hs3g 240.2817 2.39
31.94 1-Heptadecene Ci7Hz2q 238.2661 2.16
34.02 | Octadecane CigHsg 254.2974 2.38
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AN 5.5 NaASIEVANsUSENaUNATINdusena1a@fna1nEvIn (WPBCO) (fia)

walana | Wui

na: Foansusznaumaadl gasluana

(W) ? ’ (g/mol) (%)
35.57 | 1-Octadecene CigHss 252.2817 1.48
37.52 | Nonadecane CioHag 268.3130 2.14
39.06 | 1-Nonadecene CioHsg 266.2974 1.26
40.79 | Eicosane CooHaz 282.3287 1.71
41.96 | 1-Eicosene CaoHao 2803130 | 1.07
43.15 Heneicosane Co1Hag 296.3443 2.03
44.04 | 1-Heneicosanol Cy1HaqO 312.3392 1.32
44.94 | Docosane CooHag 310.3600 1.84
45.68 | 1-Docosene CooHag 308.3443 1.08
46.40 | Tricosane CosHasg 324.3756 1.61
47.03 | 1-Tricosene CosHas 322.3600 0.90
47.69 | Tetracosane CoaHso 338.3913 1.82
48.35 | n-Tetracosanol-1 CoaHs00 354.3862 0.47
49.05 | Pentacosane CysHsy 352.4069 1.10
49.74 | 1-Pentacosanol CysHs50 368.4018 0.50
50.48 | Hexacosane CosHsa 366.4226 1.04
51.33 | 1-Hexacosene CyeHso 364.4069 0.39
52.09 | Heptacosane CorHs6 380.4382 0.85
53.10 | 1-Heptacosanol Cy7H560 396.4331 0.33
53.99 | Octacosane CogHss 394.4539 0.77
56.27 | Nonacosane CooHego 408.4695 0.67
59.06 | Triacontane CsoHe2 422.4852 0.48
62.38 | Hentriacontane Ca1Hea 436.5008 0.48
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AN 5.5 NaASIEVANsUSENaUNATINdusena1a@fna1nEvIn (WPBCO) (fia)

1381 4 - waluana | Wud
- Yad15UsTNauUNIaLAY gmﬂmaqa
(wn) (g/mol) (%)
64.44 | Bis(2-ethylhexyl) phthalate CoqH3804 390.2770 0.76
66.67 | Dotriacontane CysHsy 352.4069 0.30

A15199 5.6 dadullasiFusnuNldnsnyeeIAlsenauLTuY oA watazUuYes

NaaANNIGLUNITNAEDY

fndruUadidudnuiilénsw
ﬂqi‘uauaymau Y o & - ¥y - 4 - ﬂﬁﬁu%zwmaanﬁ
WduaWEAY | Unsiuveswanafniinanan | _ _
. R NARIINWANERNHIVIN
Ay walafanvInla (WPOB)
(WPBCO)
c6-C12 24.65 69.33 21.82
C13-C18 46.18 13.95 43,77
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Wduveendnanwarafnindie i uaunuIwiuge (HDPE) wavtduresfinanan
wanadnlndlefiaumisnvan (PET) udragnud Jadevanndwwanasunulunisuanidy
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lenansmaaeussuanslunssil 6.1 91nnamsnaaeunUin Annamiinlauaans A
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M50 6.1 Auaudinianen e iugendsilivadeu

AU INAINAFIU

o & VL
AMFNUALNNIULYDINE . | ¥1msgummagey

mem DF CWPO
muvineaumans o gamgi 40 °C | cSt ASTM D445 3.44 3.16
AUANTUNE Bl gl 15.6 °C - ASTM D1298 0.835 0.820
AUAUIAI U Baungd 15.6 °C kg/m? ASTM D1298 834 819
Ul °C ASTM D93 66 78
ApnuSouLdonas MJ/kg ASTM D240 45.56 45.39
Adigimu - ASTM D976 56.57 55.28
qm‘mgﬁ‘ﬁ' 10 % Volume Recovered °C ASTM. D86 228 183
9ol 50 %Volume Recovered °C ASTM D86 290 256
gaumdlil 90 %Volume Recovered °C ASTM D86 348 330

017
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ﬁ]'1ﬂﬁﬂ'agaﬁaaqmmﬁﬂ'15ﬂé"u§h€um1f'1ﬁuﬁuazwma%ﬁlﬂs«'mmmﬁuﬁﬁu
dnuda ddnunsilndiAssuihdufisasaei % Volume Recovered Wiudu Taadidas
paungfinandushiegseaing 183 °C f 330 °C andayadindmasdunaimindussnatadin
flsisiunisndugidudin annsndluifdudomdmaunuluedossuifeald Selaeitly
Pasgumgiimandusidmiudemadlalnsafusuildidudomasonedoseud azagludas
sewi 180 °C fa 350 °C dmiuthdudiowmasiinn (Sharma, BK. et. al, 2014) faifu nn3
Thsuregnanainuauiilailfiunisnduiedutamdsdmivieiossuifenisiiazdes
Anszanauiininonweeshiudomasiagldnouae

6.1.2 uan1snadauussinvauaIessudildiniufivauazdrfuveswanain

Weil (CWPO)

NNV 6.1 nsmusednvenAotudilihiufieateutazndsnisnadey
szpren wuhusslngsanvenadnsuiiilitnsufiwandinisnageu fdwhnideunaaey
aniloy ImsmLLiqﬁmqqqmamawizmm 0.17 Nm (-2.73 %) mmzﬁmwﬂuiqﬁmqqqmm
essuFld iUt naaRnHA(CWPO) ndimsvndeuszazT (U7 6.2) wuiusedo
yeaLA3 asgusAndsnIaaeuiidianasindineunadeuet udalaulagAussDngsgaanag
Usezanal 0.36 Nm (-6.20 %) G a1dunaunainnisdnuseveans essuduazaaaudiveq
ihifundedufianasnendsnsvaaeusyezen

dewFeuifeuusiinvonaioseuditliidufios futhdursswanafinuay
(CWPO) wuinedpseudiildiniurssnanafinuau(CWPO) Sanussafimninedoseuddlly
ihifufleaiadnoulasndsnmamnasuszazen (U7 6.3 way 6.4) Fsenaifunasnanns
anautFvosi i znanafinuan(CWPO) advifnuiisniiiufivaisdenaliiged

a1 Ay l d' can v o o a 8 v
@aﬂll']llﬂ']mu@ﬂﬂ')']Lﬂiaﬂﬂummi%u’]&lu@L"Ua@%lﬁﬂuaﬁ
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6.1.3 HANIIATIABULISULATES
namsaaieanmnisdnvseveseynielanyluiifunaedy ddmsudy
wmslumsiiasgsianwnsiaueseiossud Mmsseymelangazuiaiy 2 vuin
loun nsmsrmeymelanzawiadn (uateenit 3 luasew) wazn1snvounAlanzawn
Ingj(rurauszanal 5 84 100 luasow) Tngldiadoq Inductively Coupled Plasma- Atomic
Emission Spectrometer (ICP-AES) é%15Un15ns1aaynalansyuaian wag Rotrode Filter
Spectroscopy-Atomic Emission Spectrometer (RFS-AES) ﬁ”m%‘umim’maumﬂ‘lawmmﬂ
Tng) manmanunsUudewresoumelansudazaialuihimdoduisduasdiunfuandag
fuantudausie o meluetessusaunsalidseiiunmsiiansinnsevestudiuedoseud
th 9 wagalianunsavenfessiunuguLsINISAansdnusela
mMyinsudusunasmveseymawman (Particle quantifier index, PQ index)
AIvARUITANIATIETEURTEAUANMUTULSTluNsiAnnsanusele TneivuerTadanie
WleszyseAuaMuTuLTIly 2 sedUldun sedufinasseds (Caution) seduiionaazidunsese
\A3098ud (Warning) ﬁm%’umimiafﬁLmﬁzﬁﬁmszENaumﬂamiuﬁﬁwdaﬁumu
1175574 ASTM N15Tn983933013 PQ index aunsainvuinounialasiuveandnldnus
2-1,000 luAseu §5350153nAN PQ index agldaunuusindninaipiossioTnasnouausany
Sfandifanauifidu Ferromagnetic agnalsfinuisnisdanananuaidsliansaldssy
Ussmvaamsdnuseldlaenss annmsnsasuisiueionilensininanimmsinuselag
pvaouaINNsUuLl suveseymelaveiiagmefinusevestiudusing 4 luedassusiinuly
fhetaintundedu ldnan1siinszieymalansruiadnivud euluidunaeduildi

YTULTDLNAING 2 TUALARIAIAITIN 6.2 WAL 6.3



13197 6.2 sumariylangluilenvunaniivian 20, 100 wag 200 FAluensyinay

SEYLIATINUAE19UNTULATDY

ﬁuﬁmmﬁnﬂttﬂau . PTT D3 (FTaen59i191) ANUANA AT
oRmnn [ Diesel CWPO 81984
(ICP-AES) . .
20 100 200 20 100 200 | Caution | Warning
Iron 202.6 | 206.6 | 156. >100 >100 D-5185
PPM 1.2 136.0 | 367.5 | 141.13 .
Chromium PPM 0.1 8.0 7.5 3.6 13.7 12.8 10.8 >5 >15 D-5185
Lead PPM 0.0 0.0 0.0 0.1 0 0 0 >20 >50 D-5185
Copper PPM 0.0 2.1 1.7 0.8 4.2 7.4 3.7 >10 >25 D-5185
Tin PPM 0.0 2.4 1.0 0.7 5.4 4.9 4.1 >10 >25 D-5185
Aluminum PPM 0.8 28.4 21.1 17.1 28.9 65.7 41 >10 >20 D-5185
Nickel PPM 0.0 0.2 0.3 0.2 0.3 0.5 0.3 >5 >10 D-5185
Silver PPM 0.0 0.0 0.0 0.0 0.4 0.2 0.2 - - D-5185
Molybdenum PPM 0.1 76.9 42.4 32.1 0 0.2 0.2 - - D-5185
itanium PPM 0.1 0.7 0.3 0.2 0.9 1 0.7 - - D-5185
PQ Index Index 1 206 36 14 179 44 39 >15 >20 D-8184

GT1



TN 6.3 punmaralaneUudauvunlugan 20, 100 Way 200 TIN5y

SEYZIANTIAUA9E19UN T ULATDY

wilewAnuion PTT D3 (F2luen1miran) ANAIINA ulm‘f’m
aynAleg g Plus SAE Diesel CWPO 97498
(RFS-AES) 40 . .
20 100 200 20 100 200 | Caution | Warning
Iron 1079. | 77.7 | 48.7 >100 >100 D-5185
PPM 0.6 295 | 1552 | 224 .
Chromium PPM 0.0 0.6 2.5 0.3 18.6 4.6 29 >5 >15 D-5185
Lead PPM 0.0 3.5 4 3.4 5.7 4 7.2 >20 >50 D-5185
Copper PPM 0.1 0.2 0.4 (Y 3.1 2 1.3 >10 >25 D-5185
Tin PPM 0.0 0.5 0.0 0.0 34 2.3 55 >10 >25 D-5185
Aluminum PPM 0.3 54 12.4 4.8 415 329 | 15.6 >10 >20 D-5185
Nickel PPM 0.0 0.0 0.0 0.0 0 0 0 >5 >10 D-5185
Silver PPM 0.1 0.0 0.0 0.0 0.1 0.1 0.1 - - D-5185
Molybdenum PPM 0.0 0.0 0.9 0.0 0 0 0 - - D-5185
Titanium PPM 0.0 0.0 0.0 0.0 0.7 0 0.5 - - D-5185
Q Index Index 1 206 36 14 179 aq 39 - - D-8184

911
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nTayalun1s19n 6.2 uag 6.3 Tugae 0 - 20 Taluan1svitu Y3unaves

oumamdnvumdnluihiundeduadoseudflihiufisadudomisedlunusissiui
Assde vasiviinameseynamdnwalvgluiituvdedusglunmiung ilefiansan
USinmesoumaminuunadnuazauslvalusundedueiessudiilditureswanadin
NEN(CWPO) wuiegluinamisziuilonavvildunsnedeiniossud nslamzegisbailen PQ
Index Tuts 0 - 20 Falasmshaudisnniinasiudafousunsedsenailonainan

JULsIINNNsANuIelaasamaninsdnvsesulsslutiasuiy eannaeseuddelinnu

o A

nsldauszerresinsenigudnluniessudddaiuleinnsidendiuvesudiuiain
N1SANNTORE1ATULT
Tuga9 20 - 100 F2109M1571971 US04 890 YN AN TLIALENLAZIUIN
ngluihffunaeduvenaioseudfilinduiiwadugamdseglunadissiuiiensasiidunsey
1 = 13 1 a v v a < < Y oAl d‘ 5 g v
ABLATRIEUA WufgItuivUTInaeseumawdnvundnludluraeduaTe s udld
) a ' [ 13 v A a o 1 « s 1 <
Wuuvegnarafnuau(CWPO) wuieglunuaisyiuiienatsiiduniaseinsesaus ag1slsh
muU3uavessynamansualng Tuddunded wasseeud ldundurgznaafnuay
(CWPO) fletneglunaeiuni 1aleWa15a41A1 PQ Index Tugas 20 - 100 Haluen1svinauded]
! A4 o 1Y) | ) o = o = a =
Aanasdaieuiulug 0 - 20 FluanisvinuddilenariasiinANuTuLTRINManuTe
lotaandngasusn
Tua9 100 - 200 Taluen15v191u USuravesayaiamanvuiatanlu
Y A d' el v S o o < & a (3 v [ ! a v
UniuvdeduinIessuanldhdunalduiemaeglunueiseaunaisseds wudeiiuiu
USuameseyniamanvuinantudiiunaeduiaseseudilldunduveswaiafnuas (CWPO)
YaurUSunaessynaanvuIa g lulndunaeduvesaissgud i ldundudomdng
2 vl agluinausiuni Amziia1 PQ Index lutae 100 - 200 Falusn1svinaudadiananas
13 o/
\aniey
YSunaeunialaslloyaiunsanulaluwiugngu Yasnguind nsgueae
lasiflon ndeyalunnsned 6.2 wag 6.3 wuliunuetounIalATdonrwInENLAZIWIN
Ingflutdunasiuieg esgud i uresnaad nuau(CWPO) ganinluuidunasdu
d{' cAg Yo o o 1 | [ A a = <
wsesguAnlduTuAwalagegluseAunaTse e vusnUSunaveseumealasleuvunanty
S o = o sdo v S o [ v A Y ! 1Y) o
niunasiuesoseudnltindusiwasgluseduiinisseds Tudie 0-100 Flusnsvinnu
nzfanulalunsdnusevesndugntu Mndeyalunisned 6.1 uaz 6.2 liny
USunameseunanznivuimdnistuindundeduini eseudiildundudivauas indiuvey

wanafnuan (CWPO) Lwdewmas winuusuauveseunangnivunlngluiidundediu
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(%
v a

i3 pssudiiliniufiwanasaiessuditlisiuvernanafinuaw (CWPO) Liisadnies Tag
USineymeans el luhfundeduvesrdoswudildhiufeatiavhninaieseud
fldiuveswanafinuay (CWPO) aehslsfimudianavaseyniangAvuadnuazaun
Tngludhifundedureneteseusiliidomasi 2 vin agluinawinisanuseund

nesunmuldlunisdnuseveswdugniiu gl dudifudemas andeyaly
13197 6.2 uay 6.3 wulTinaveseynAneuaITLInd nkaztwalnglutihiunaoiu
essusiliiiuvssnaaRinuay (CWPO) gandiluiifundeduiriesudildindudien
wifiUSinaufisndntos USinuveseyniaveunsundniassualvgluinsundeduses
osudillfidenaais 2 olin eglunasinsdnvsound

fynnuldlunisdnusevesndugniiu (Bearing) anndoyalunssil 6.1 uas
6.2 nuUTuumeseumaiynvuadnuaraualvlutundeduiniessudiliindures
wanaRnuan(CWPO) geniilutdundeduiniossuddliufion uiiuudiondntes
USnameseyniafynuundnuasauslvgluiuvdedure wadoseusdlfidomats 2
yilo oglunuainisdnnseund

ogfidenmuldannnisinusevesndugniiu idegu gnau andeyalunisnd
6.2 Uay 6.3 WudwcﬁmmﬁumwmﬂagﬁLﬁammmLﬁﬂLLazﬁummimyﬂmfﬁﬂwda?{um%a‘awﬁ
flfisuvegnatafnuas(Cwpo) fdnganiniadessudiliiiufiealunndalusnisiin
Tnveglusyiuiionaaziidunineseiniosous vasiivTunneseyninegiiifonvuiadnly
ihifundodueioseudfliisufiwaiengaininnasinsudaitousunmelutag 20 uag 100
Hlusnsvhau wazanszsuandeeglusefuinssy amendsnsvmaaouil 200 $aluanns
91U V]zmiﬁaﬂmﬂszj'aa%"’ﬂmmw‘hmul,l,sﬂ6] U TS 0se U UAUNTTYIaY SEeEYing
ForiastudinddanuniuiewiliiAansdnrsevastuduiigs Usinuueseynia
oafifonvwalugluindundoduedoseudliduiivasgluinasimsdnuseuniludag
20 wag 200 Falusnsvieny egrslsinnlugae 100 Falusnsvinen Usinaeseyna

a A

agililonvuinlvgluirdurdeduaI ot ud i U1 dufla gandnugin1UILABUR
Judusiaalasunisnsaaaumang

fniAanuliannisdnusevetlansyguuds dawnuad 187 9NToyatunisng
a a P 2 o =~ g v S o a
1 6.2 uag 6.3 nuUsuuveseuMainifiavuiadnieanluaiessudnldiiiudiwauas
AT eseuAT M uveEnatafnuan(CWPO) lunndaluanisinau uwildnveyniediniia

v lngluihdurasauaiossuslddondans 2 vila



119

Ruansanuldannisdnusevedanenan adugnUuunsia 1187 Yaen
au ndeyaluneil 6.2 uay 6.3 nuviunaveseymalanziuruiadnuazunaluglu
ihifuvdeduiessudillfinsussnanafinuanCWPO) iintos udlimunsuudeuayme
Tonzduluiiuvdedueadoseusaldhifien

Tududtaansanulfanmsinuseveumugngy andeyalumssi 6.2
war 6.3 wuh Usinaveseymeludutmmadnludundedueiesudildhiufiead

ArgandiaIesguanldiiuregnanai nwau(CWPO) lunndilusnisieu vavenialena
Aan1sdnusevestudiuumiunisanguluaiessudnlduniusiea walifidedAgyuin
= - slo Y S o a Ao P a a v -
WesannlueIesguanlduiiufiasynaluduatuvuinlngidnvsedusunaidesuiniile
] = a a o <
WeunsanuseaymaluduAtuuuIeLan

InmdenanunsanuldannsdnnsevedlaneHannn A nawe U NN
a ¢ a v = A = 2
AewazkuIe 1nToyalunisned 6.2 wag 6.3 nuhuTinaveteumalnmienvunianuas
yuamgluhdunaedunissgudnldiniiurgenatafinaau(CWPO) JANgeNTNATesaUAT
Tunduawalunndaluenisiau wagldnunisvulausynalnndsusuinlngly
go’ LY A d‘ ¢ 9.1%)’ v
WunasdunToseuan iU

6.1.4 HamIesaUAMaNUATasiuraaau (Oil Condition)
a v a = l va Y oA
A15199 6.4 wansteyamsiUTeuisuAtAuandRveslunasduly
= ¢ g o & a o Y a -
LA3 D9 UAT IO Bind AL walaz U uYsEnaIaR nRaN(CWPO) 1INNSNAFBUTEEZE1IT
Y3938 20, 100 Uag 200 YIlHaN159191u Ingusenausie A1Auvilaigumgil 100 aeen
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. PTT D3 o o w
AMEANUR . ANYNIINA . -
, WY Plus Diesel CWPO UINTFIUDNNDY
(Mue)
SAE40 | 20 100 200 20 100 200 | Caution | Warning
Viscosity @1 00
cst 14.9 135 | 139 | 144 | 147 19 17.5 >15.6 >16.3 D-445
°C
Oxidation Abs 3.6 6.7 8.5 8.2 4.5 144 | 114 >7.2 >8.1 D-7414
Nitration Abs/cm 2.0 3.6 9.2 9.8 2.5 14.1 13.3 >10 >25 D-7624
Base Number mg KOH/g 12.2 11.2 | 112 | 111 11.7 | 112 | 114 <2 <6.1 D-4739

11
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wianitvgnin 5-100 tueseuluindundedu andeyassnaniaananilainnsdnvseves

LASBIBUAT MIUNTUYEENANERNKEL (CWPO) N15EN1SauINNILASa98UAN LTSN URALa

AN57197 6.5 NANISTIUINENTUFIUVDIAS DIUUANDUBATNEINITNAFDUTEELEN 200 F214

Y99UNRUAwaRaT U TUTEENANERANNEAL(CWPO)

Ywiin (nSu)
Fudau Ynsfufa CWPO

wiessud | Aauisu A9 %riwiin | Aeudy WA %riwiin

negeu | wedou | dwegld | wedeu | weseu | fmneld
WAIUSR 1 6.1611 6.1414 0.320% 6.2507 6.2243 0.422%
LAIUDA 2 6.1603 6.1294 0.502% 6.1125 6.0797 0.537%
Lmef’]ﬂu 8.8493 8.8369 0.140% 9.0936 9.083 0.117%
ﬁﬁﬂﬁju 58.7466 58.7293 0.029% 59.4123 59.4024 0.017%
angu 153.5836 | 153.3908 | 0.126% 158.2089 158.189 0.013%
MNadled 26.6414 26.6319 0.036% 26.6073 26.6007 0.025%
Naslalde 24.0047 23.9829 0.091% 23.9495 23.9393 0.043%

(%
Y

Ql' [ 1 = ¢y ¥ o a
19190 6.6 Nﬁi?ﬂﬂ@ﬂ@i&ﬂ?ﬂiﬁ%%‘ﬂﬂﬁ@LaﬂLL@S“UU’]G’IFLW@J"U@QLﬂi@ﬂﬂu%ﬂi‘ﬁUWNUWL%aLLaS

Yiurgenanafnnau(CWPO) Fakmtilasi 0-200

NasINUTIUIUA BUNAYUIALAN aUNIATUIA G
mgmﬂiawzé'?uwi n11 3 luasau (PPM) 5-100 lumsau (PPM)
Halueil 0-200 Diesel CWPO Diesel CWPO
lron 644.63 231.7 207.1 1005.5
Chromium 19.1 42.6 3.4 26.1
Lead 0.1 0 9.6 16.9
Copper 4.6 3 0.7 6.4
Tin 4.1 15.5 0.5 11.2
Aluminum 66.6 53.8 22.6 90
Nickel 0.7 0.4 0 0
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M5 6.6 KATIVBIBUAAlAYEIUIALENKAZ LA TBRATR B UAN LFUNTURIgaLaY

YrsfumgznaaRnEau(CWPO) dausdhlaedt 0-200 (sa)

NAFIUNUINUTUIN aqnm%mmﬁn UNIATUIA TG
aymalaviznaus n31 3 luasau (PPM) 5-100 lumsau (PPM)
Halusii 0-200 Diesel CWPO Diesel CWPO
Silver 0 1.1 0 0.3
Molybdenum 151.4 a.4 0.9 0
Titanium 1.2 2.9 0 1.2
PQ Index 256 309 256 262

6.2.2 WAN13INTYEsY09I19unug ng uluLAT 998Ul N aULATNE IN1SNATBY
SeeT8N?
1) o ' ' a g v % o a
oy aNANITINTEorY 09319k mIugng AT osuudn MUl uAwa LAY
YnuvgEnanadf nuau(CWPO) NaULAZRAINISNAADU 200 TIL39 LAAIAIANTINN 6.7 hay
6.8 WinihdayanananulIsuliisunannvestosinamiuanaulunsessuanldiiufeeg
wazUiuvesna1aAnuau(CWPO) laTaualanifinised 6.9 1NTeyanuintn1enainig
PNAFDU WAMIIUDIYDIINTEHZUINUNNMAIUD AT 1 WAL WIIIUUNNUVDILAT I8 URT LT LT
a a 1 x:l' a‘d‘ 9.1,6’ v a | @ 1 ]
YeENANERNNAU(CWPO) TA1LINNINATDIBUANITUNTUADA 9819l ARILTE8ET97N19MAIUY
anguYsATatsuRnltdiunaesuiindsagluinaeiAunggu
M13197 6.7 seezdfasitaumiugnavluinisssudnaulasnd nnmaaeuszeze1lunisly

Y v oo < & a
WU AL U ULTDLNES

szee Clearance JudIU

(Haawuns)

FudrULATDIBUA Diesel

fauLsy VL8 NAA1e | ARSI

nagau | vedau | (Hadwng) | (Hadung)

Piston ring end Gap (Wudafl 1) | 0.229 0.254 0.025 | iAu 0.7

Piston ring end Gap (Wnudafl 2) 0.254 0.381 0.127 TdiAu 0.7

Piston ring end Gap (wnuishy) | 0305 | 0330 | 0025 | lahiiu 1.8




125

M13199% 6.7 srezdasdnumugngulualateudioukazndinisnaaeusrerelunsly

Y a [ & a 1
UNUUALIALUULTBLNGY (91D)

szee Clearance Fudu

(Hadwuns)
Fudruadaseud Diesel
foulEy na9 Nafne | ARSI
negau | vedau | (Hadwng) | (adwns)
Ring groove clearance (W13u8ad 0.012 | LiiAu0.12
0.064 0.076
1)
Ring groove clearance (w1318 al 0.013 laAu 1.8
0.051 0.064
2)
Ring groove clearance (Wuigiu) | 0.051 0.051 0 -

M13°99 6.8 srerdesinumiugnavluaTessudnoukarnaiNIsageusrarenlunisly

Priuvsznatannuau(CWPO) Wuldalwag

sze Clearance JudIu

(Nadwunsg)
Fudrunioseud CWPO
roulsy R NAR1Y | AU
negou | nadau | (Wadwns) | (adwunsg)
Piston ring end Gap (Wudal 1) 0.102 0.152 0.05 laAu 0.7
Piston ring end Gap (Wnudal 2) 0.152 0.279 0.127 laAu 0.7
Piston ring end Gap (Lmauﬁlﬂﬂu) 0.127 0.178 0.051 laAu 1.8
Ring groove clearance (W#AUE AT TailAn 0.12
0.064 0.076
1) 0.012
Ring groove clearance (W#AUE AT laiiAiu 1.8
0.064 0.076
2) 0.012
Ring groove clearance (nuusu) | 0.038 0.051 0.013 -
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197 6.9 WSBUWEUNarNYeItesiuugnguvetaTesuan i fufiwauar luvey

naaRnHaU(CWPO)
NaR9
Fudundoseus (Hadun3)

Diesel CWPO
Piston ring end Gap (Wiudadi 1) 0.025 0.05
Piston ring end Gap (Wnudafi 2) 0.127 0.127
Piston ring end Gap (wauthsiu) 0.025 0.051
Ring groove clearance (uvaudndi 1) 0.012 0.012
Ring groove clearance (uvaudndi 2) 0.013 0.012
Ring groove clearance (wwthsiu) 0 0.013

6.2.3 WaN1SINTTeLi19U897182lonuazlatdyuaLAs 898URNBUKASUAINIS
NAFIUTLLED

] ) ! I3 = a A & 1 o
Toyanan1sinTrerinwesndilenuazlaldevedes ot uineunas ndanis
PNAABUITEELEND LARININISIN 6.10 war 6.11 tnglunisnaaaulaiinisnsiadauwazUsusa
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PUIT 100 waz 200 FILUINTFIIN9U SE8E19aanlafway oLdsvaanI asg Uittt
YeEnanafnuay (CWPO) fi52821199U1NNILATBIEUATN IBUNTUAA 19852 nN9UD9IN8

Lﬁm%umumaﬂ’m’mﬂi’mL%?J’W’]ﬂﬂ?im'ﬂ%ﬁﬁLﬂﬂ%ﬂ%ﬂNU%L’Jmﬂ’]’J’]ﬁ"J

AN5197 6.10 5288191 LERNDULALNAINITNAFBUN 100 LAz 200 F2luIN1SVIIUVD

a cag v o o & a o a
LﬂﬁaﬂﬂummisﬁUWNUL%@Lwaﬂﬂﬂ 2 BUA

Malen

Diesel CWPO

YU UTIINITINED (F1U4) YU UTIINTINED (F21U49)

100 200 100 200

Gap

0.178 0.203 0.203 0.254 0.178 0.279 0.203 0.280
(mm)
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AN 6.11 Srazvinanailadunautaznain1sne@auy 100 wag 200 TIlU9N159IN9UVD4

LASDIBUAT MU LTBLNA IS 2 FTA

I3 =
Madleide

Diesel CWPO

FUMBUINIFINE? (Fae) | B2USNIINI5IN189 (F21U9)

100 200 100 200

Ga
( p) 0.203 0.381 0.203 0.254 0.203 0.381 0.203 0.279
mm

6.2.4 WAN13ANEFUTUEWNAININATOUTLHLE1IVDUATIEUA
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3) defansanA1USinunsanusevesndninesid (PQ index) WU LAIBSEUATILY
% U a IS . d' ° 1 al o‘a" ygo’ v [ v
Wnuvgrnanafnuauila PQ index NMnInaTeeudlduniufwasgianies n1svndey
Tute 20 Fluamsvihuwsnaziinsdnusevesiaseseunngslunaeiseduionnasiidunsiy
FOLATDILUA LHDI9INTLEINRIINWe T UdINluATRIURgITANLLY 9 nTuluYe 100
TUauis 200 Falusnsiaulsnagiin1sdnusefuasas
4) AauaudivesunaedulunIsssudnldifiurssnarafinnauuazsndumiea
PAINSNAADU 200 TILUE NUIAIANUNTLAUITUNEDAUVDUAIDIBUAT IUITUVIE NaERN
N oa & a A ca9 v o o o a o 3w oA o i
HaudAniuguluvusiesassunlfindudiwaliranuvinidunaeduroudinensi
5) Ujisenmsiineendndusas lunstuvesunseseudnldundiuves wanadnuaudl
1 1 dl' n’n" 9.1901 v A 1 q.‘/ o d! 1 1 1 = d‘ 4’(
ArgenInATesguAnlduiufea Tunnyasvesdaluansviey Jedsrasionnnunilaiay
go’ CY 1 d‘l d‘ 6
vpaduvasauluAIeseun
6) AAnudusisenidunasauluasassudildidufwasaziduresnanadin
waneglunasiiung uimanudusvaaeseseudildindudiwaiiiininasoseuddildy
iuvernarafnnavegdntesdausvanintniunasiuiinnulunsaiudy
7) WaN1STIUNNTNYUEIUAS BUANUITUINRLNTBY UWAIUEAT 1 LATUNIUSATN 2
= cag v o w a P o a ! a cag v % o A
YBILA3 BIUAT LTUIT UV NaNER NNENA UM TN N 8liuInnIAS oua9 LY U1t uALa
Turegudu wwdidlu adnau angu Madtedvavindileds vemTeseuni lduidu
a ~ o v a ! a sy v o W a
AaiuvtinimeluuinnieIeseusnlaiisduves nanafnua
8) n3essuAnlfiniuvesnanainuau (CWPO) fin1sdnnsevateunamanIue
5-100luAseu Tudsunuiuin 19na1laINnISan NI 8 9LA3 098 UAT LT TuYsLNaNaRn
W&yl (CWPO) §in1s@nunsau1nnINAIoseuanlgudiumiea
9) WaNITIATUIPTUAIUILLATOILUANUI T2ERVDITUAIUA 9 TULATDI8UA
! ¢ ! ] I3 a ¢ a a cag v o o
aglunueinInggIu winuszezrIeNaIlantazaloidevens sssudild undues
a a ] ¢ A [ a cAg ¥ S w o = a |
NAARNNANTTLEL9MAMUINAINAT BI8URN LT duRwaLlpsandiasiutedn luinglu
U1 Naage
10) wumsinzinvasasIulsiasiuusnumuULgnauTenaIeteuan e
a a | A @ A a A oA I Ao a =
waradnuadiuidan v ludvnnusnaiiemndauaziuin@iuiionseu 9 anau Jaus
vanfensiivdlilanysaivenaieseud vasinioseuanldindusiwall Jeasesnisdnmse
LA UTIIUAIUTI909TBIUMIUGNAUNUATIVLN10E 19T AL T edanadonisiivan od
Blowby-Gas iseseuanldiiiurggnatainuaunisdnnseusnarnsglusgngunusesyn

= | = sy v S o
InunnItuLAsaseuR N g



135

11) wuasustgeludugiu dhau Ynnas ninatled waznindiledeves
LAS DIEUAT G U UYL LNAARNHEL TAYLRANIZUS IR UNEIUNA BNt udny
WunaurmnneaeuduszezinaIfiuiunii 200 $lud dlonaiviiazlvazauusiiauinndd

v lrnaledeldausalalaain druesaseusnlsindunwanusdntiulsunauni



U 7

ajUuasdaiauauue

a o
7.1 @3Unanisiag
o a awv A a ¢ v % o a & & a
NNIARIUNTITEL o as A nwinavesnislduiduvesnarad nidwaind sl
= s A Ao 9 ' = v Y o a
AT DeEUARgAg UAeINlITTn1sUT UL Tne@nwinansenuresmsldundiuannvegwanadin
yialndieffuanuvuiwiuasingnandninuazinduanvesnaainvdalnde iaunism
NAANNENIINUINLE HoausTaueNITYINIY AuanvunswIlug wasuaivlodeves
4' = N v a = v a
LATDILUARTAZULAEINNISINYAT Inenadeusieinsosgudfwaniglinisdeuwdas
AsEURAMULTITaULASasuAAT Mntulafnynavesnisldindureznaafnssazeni
a = = I3 < o o -
frian13dnvIev0aLATRIEUANIINITNYAT LT UTZEEIA1 200 T3LU9N15YIU LiBUEIN
n1sUSuwARATosUARWaa UREININISINEAsTe LW eI A nunduvegaain @a1u19a
ayunansITelanall
IINNFIATIERaNTRNILToINEMaZRIAUTEN UM LAT YR UV s NAARNNUT
AMaNURNUFIUNINIEA LA N BALN A ve s TuvEsnaaRnd oan Ul uAwandl
Inhgludenaisdlunate  Jady wu Adwizmu Anuniinsaumansnnunuikiy 99
MUl uagAmNTawRENEY datmndudaSsuieuiuindudiee Saavesnnauding
N18NNLATBIAUTTNBUNIAATTIUANANIINUITUALYS dInasionuanyaen1TwIlng
aussousN I uazuaiivlods lnsanivogsdsunduvsgnarafnuuunaungslanig
N3NAU BelilanansamuauRunLazANLdaNvasdidulannsyuunsinlslada
\esnnunaanuvasEEnaIaRNuANA N UIzdHalaensosnUsEnaumMaAiveasiu Tu
aav v oya I a a o a [J S o & a o o £ £
el lladnseuauurasninvesveynaain sk dnduindug omadsdndudedly
N3TUIUNINA UG UA W 0AIVANBIAUTENEUNIBAT Yot ud andanadalaain aes
waraRnidnaaudanuglndesiuindumiea
TuamAdeladnwnuauiRinmenmwagmaaiivesniuanvesnatafinslinlngie
Ao ' A a Y a a a aa -
AauaMunuILUugIndnanEvInkarinduaneznatad nylalnde faumsriniand
nannvInlandsldlasiunsnaudisudy ienuauAmnnTetun laannsEuIunIs
Inlslada denanisfnwiasuladn drdulnlslaganldannaradniivindaaaudiinig

¢ = v v v 3w oa ° Yo = &
ﬂ']EJcﬂ'TWLLaga\‘iﬂ‘UigﬂaU'ﬂqﬂLﬂﬂﬂﬂaLﬂﬂQﬂUﬂUuqﬂJu@lL"UﬂLLagﬁ"lﬂJ"lﬁﬂuquﬂisﬁﬂULﬂia\‘iﬂum'ﬂﬂiﬁ



137

seidnmenisonts F9R191nduvesnaIaRnviAlNALERAUWLSNNLAANNARIINYIA AT
daullngylinuantinldAssivarsusenaulalaseasveulunqueslsunfng nsuniduves
warafnanvistaluldnuiuinseteuiiynssidamenisdndndudemauiuindiudiwaly
DNTNE I AUT AL
TunsiingduvesnatadinlUld i uasdInansENUumAeLAI o8UR N9 ULIUDa
BM5INNSAULUADUTDINALALUTEANS NNV AT 98UR Falnenlunisiguinduvsesnanadin
) al ¢ A v iy & & a o ] a g Y S o a ' 9]
AulnI0guAaziignsIMsauUdoudoindsngendt inseseudnldundudiwasg1eadniau
Wewnanauaudinanen nveatandsuarasAusenauniuaivesiurgs naaanue
a 14! = 1 -] v d! 1 1 1 Y a 1 v
azyiln Fednarennudnvaensing Felasdnlngazdwalilifaanuaitlunisye
seilamazdasrazattunsmn i ndu Ineenirag19dedniuainveznatafnsinlnase v
= Ql' a d‘d [ a 1 ¥ 1 @ 901 LY
funsrinaniingnanvinta Nllenuartilunisyassidadeutnsnn agrelsiauluundiu
YegnaaRnfinanane1vIanuIndlinuanvauenslndvesduvgsnaainanevand
U Y U U U v ioJ v a d' [ [y} 1 z-ﬂ' 3
dnwarlnalfssiuiudnwuzn s lrdvasindufiwalaeillfaausula A8 us
Tunsldtisuannue s nataRnuUUNELL DU D LNAIE NS ULAT B8R NUIINTT
lfipTaguanddnsdumasdngennddmdis nussavsnmmdnnuseuusniasilda
YIYAATINIANNUINDUNTTRN NI TILFINALIENTIRDNITALUTELANS NI WBIANUS DU
n1sanuaiuld wonIINUUNITUTUAITIMIENIsTAL avaweANaItluN15RTEIdnves
) a & & A P o ' = vy
Yfuresnana@innenaL ud NbuINI9 NIl UNSUSULAILAS D98 UA AL AN UM s auTuNNS
Tdunuinduseznanadn
Tudvasnisvaseuane n1siiuiuvesnatafinwsazedalulgau wuin
A & v A ' a | = cag v e o a ~ wa
\A3 DseuAlnlUNN Iz UdosuaivasndaIeseuni ldundiufiea eswintavesnuauUf
VN1ENMKATIAUTENBUNNLALN dIasraAMa N wlen 1T T Bedanalnensesions
Yassuaiy ag1elsAmutilonansannisidanulusyaz e Iasousnidindussznanainil
v A a o ' =~ g v o a v 3 o a &
WUAUNTA AL AANISANNTDUINAINAT B UA N MU U A Taenisig T uresnaaindu
WewnasdwadulnensaienuautivenifundeduluinIeseud waznisiiaingnii

wseseuATuRwaAdNasansEniTe TR ITUAILNS 9 ABuU1NES

v
1.2  UBLEUDLUS
NuATeliAnwnsldwemdnhfuvesnatainainnssuiunisinlslada inseseud
AagubieInensinensilidinisusuuss lngannisadunmsidedunairdadendnidng

ARANTIOULNITVINNU AndaNvaenIw g wasuafivlodeveaniossudildiiduvee



138

wanafn fio autivnenisnmuasmaedveniurssnanafndatueg funszuaunsuysgy
wazanzes q lunswamiduainnssuiunisinlslada sy suiseluewan s1duges
Anvnduduluiadesas 9 dendlumsndainduainassuaunisinlsleda saufianis
Usuugsautintamenimuasnaadvesiiurssnaiain TnsusuUssdnvagmenionn
uazesdUsznounaaiivesiiursrwarafnlidanumuzay lnsnafnasfuus
Aunn mMsthifursenarainlUlfdudomdsutviiuiieaiisnsdiudng q die
Usuussanifmademadifienumnzandenisiiluldeu vie meimuiauauives
nfunaeduied sssudlimnzaudenisldmuiudomdsiindnaniusssnanadin
UBNIINTULLNSANYINIToDNLULLAE AL TudTuTa T as uRliTA MU TS

WHnzausanuanyurNM g nienisinnigunsaliieyisannisud ssuaiiwloideves

J

dll 6 < A v ado & £ =] = a a o % o a
Lﬂi@ﬂﬂuﬁﬂuULﬂuaﬂ{jf\mﬁmf\]’]LUUW@Q@Jﬂ’]‘SﬁﬂH’]LWMLG]?JSLUﬂ'ﬁu’]U’]iJU’%WﬂGUEJSwaﬂﬁﬁlﬂll'ﬂﬂj
A o % o a % Y = Y =~
J1U L‘Wi’]L‘IJULL‘L!’J'VI’NSL‘Uﬂ’]iu’m?llusUE’JZ‘W@’]?IGWIUI‘?J\?’]UWULﬂi@\‘iﬂug}ﬂlﬂ@EJ’]\‘] YA UNRSEAY]

UszansSnnsaly



1811591994

nsUAIUANLETIY. (2559). annun1salvezyacaevasussnalng U w.A. 2559. nganne:
NIENTNNNINTETTINAUALAIINE D,

NTUSIANAIL. (2556). UsENIANTUTIAINGIIUITES ANUASNUAIZUATANATNYDY
UduALYa. NIENTINFIU.

NTNFIAINAI. (2556). UseN1ANTUTININATUE B9 AVUASNYNILATANATHYBA
Tulefwauszinniuiiaeanasvansaludiy. NTeNINNEIn.

NTUNAUINENUNALNULAZOUTNINANIUL. (2559). WNURAIUINANUNAUNULAS AU
Madan w.A. 2558 - 2579 (Alternative Energy Development Plan: AEDP
2015). NTHNN: ATENTHNAIU.

Fya wamdies (2552). ns@Enwnisudalaeiadmesanuijisendlenstulaglingnd
wiaeanlsseundnluledwatiudassUfisen. Inerdnwusiaanssuaans

UNUUIN UNIINYIRYFHIVANUATUNS.

v
v

Foos Ansnenade (2558). invaseuddununiely fusinssil 1. ngamme: Toieualns.

ugua YUINes (2550). HavoteIAUsENauNILAlivesdIuladelnlsladauagnismnlng.
I UNUSUT Y IMeAansunUnigin Quainsalummende.

Yofensal a1eAs (2555). nMsUsuUTnun T usnatainlifldunsgululediea
YUY, INITNUSUT Y1 InerdransunIdadia, 91918905l un1INeae,
NFANNAI.

159 Pndnwanuna (2558). WemAsdanmdaedaedann. ngamme: didnfiusiuds

PANTUUN TN

14
g 1 0 K

A3Tnil ImnnsAn (2551). anvezgundiu : maluladuaandsnuniafaniiguadwingon

Y

2 '
v a

WUAATIN 1. ngamne: dinfiniuiagnansaluniende.
AUgNEINTIMAZANTAUMANG Y (2559). danunisaindeaulng U w.e. 2559. ngunne:

ASENTINANU.



140

Aleme, H., & Barbeira, P. (2012). Determination of flash point and cetane index in diesel
using distillation curves and multivariate calibration. Fuel, 102, 129-134.

Awang, M. S. N., Mohd Zulkifli, N. W., Abbas, M. M., Mohd Yusoff, M. N. A., Ahmad, M.
H., & Daud, W. (2021). Effect of addition of plastic pyrolytic oil and waste
cooking oil biodiesel in palm oil biodiesel-commercial diesel blends on diesel
engine performance, emission, and lubricity. Energy & Environment. 1-29.

Awang, M. S. N., Mohd Zulkifli, N. W., Zulkifli, S., Kalam, M. A., Mohd Yusoff, M. N. A,
Daud, W.,. Abbas, M. M. (2022). Effect of diesel-palm biodiesel fuel with plastic
pyrolysis oil and waste cooking biodiesel on tribological characteristics of
lubricating oil. AEJ - Alexandria Engineering Journal. 1-11.

Azad, K., Rasul, M. G., Khan, M. M. K., & Sharma, S. C. (2019). 12 - Ecofuel and its
compatibility with different automotive metals to assess diesel engine
durability. In K. Azad (Ed.), Advances in Eco-Fuels for a Sustainable Environment
(pp. 337-351): Woodhead Publishing.

Bakri, M. K., Rahman, M., Law Nyuk Khui, P., Jayamani, E., & Khan, A. (2020). Use of
Sustainable Polymers to Make Green Composites. In M.R. Rahman (Ed.),
Advances in Sustainable Polymers Composites: Woodhead Publishing.
pp. 109-129.

Bint-E-Naser, S. F., Hossain, L., Debnath, M., Barua, P. P., & Khan, M. S. (2017). Analyzing
Physico-Chemical Properties of Bioethanol and Bioethanol Blended Fuels.
Journal of Nature Science and Sustainable Technology, 11(4), 331-339.

El-Hagar, M. (2020). Effect of Fuel Cetane Numbers on Reducing the Ignition Delay
Period and Exhaust Emissions from DI Diesel Engine. WSEAS Transactions on
Heat and Mass Transfer, 15, 99-105.

Farias, A., Medeiros, J., & Alves, S. (2014). Micro and Nanometric Wear Evaluation of
Metal Discs Used on Determination of Biodiesel Fuel Lubricity. Materials
Research, 17, 89-99.

Fernandez-Rodriguez, D., Lapuerta, M., & German, L. (2021). Progress in the Use of
Biobutanol Blends in Diesel Engines. Energies, 14(11), 3215.



141

Fidyayuningrum, H., Fatoni, R., & Harismah, K. (2020). Characteristics of Cetane index of
traditional diesel oil in Wonocolo district, Bojonegoro. AIP Conference Proceedings,
2223(1), 040003.

Gaurh, P., & Pramanik, H. (2018). Production and characterization of pyrolysis oil using
waste polyethylene in a semi batch reactor. Indian Journal of Chemical
Technology, 25, 336-344.

Hariadi, D., Saleh, S. M., Anwar Yamin, R., & Aprilia, S. (2021). Utilization of LDPE plastic
waste on the quality of pyrolysis oil as an asphalt solvent alternative. Thermal
Science and Engineering Progress, 23, 100872.

Hazar, H. (2010). Cotton methyl ester usage in a diesel engine equipped with insulated
combustion chamber. Applied Energy, 87(1), 134-140.

Hossain, A., & Davies, P. (2013). Pyrolysis liquids and gases as alternative fuels in internal
combustion engines — A review. Renewable and Sustainable Energy Reviews,
21, 165-189.

Joseph I. Goldstein. (1992). Scanning Electron Microscopy and X-ray Microanalysis, 2™
ed. New York: Plenum Press.

Kaewbuddee, C., Sukjit, E., Srisertpol, J., Maithomklang, S., Wathakit, K., Klinkaew, N., . .
. Arjharn, W. (2020). Evaluation of Waste Plastic Oil-Biodiesel Blends as
Alternative Fuels for Diesel Engines. Energies, 13(11), 2823.

Keera, S. T., El Sabagh, S. M., & Taman, A. R. (2018). Castor oil biodiesel production and
optimization. Egyptian Journal of Petroleum, 27(4), 979-984.

Khan, M. Z. H., Sultana, M., Al-Mamun, M. R., & Hasan, M. R. (2016). Pyrolytic Waste
Plastic Oil and Its Diesel Blend: Fuel Characterization. Journal of Environmental
and Public Health, 2016, 7869080.

Kuszewski, H. (2018). Physical and Chemical Properties of 1-Butanol-Diesel Fuel Blends.
Energy & Fuels, 32(11).

Lapuerta, M., Sdnchez-Valdepenas, J., Bolonio, D., & Sukjit, E. (2016). Effect of fatty acid
composition of methyl and ethyl esters on the lubricity at different humidities.

Fuel, 184, 202-210.



142

Lehto, J., Oasmaa, A., Solantausta, Y., Kytod, M., & Chiaramonti, D. (2014). Review of fuel
oil quality and combustion of fast pyrolysis bio-oils from lignocellulosic
biomass. Applied Energy, 116, 178-190.

Lopes, S., & Geng, P. (2013). Estimation of Elemental Composition of Diesel Fuel
Containing Biodiesel. SAE International Journal of Fuels and Lubricants, 6,
668-676.

Luning Prak, D., Cooke, J., Dickerson, T., McDaniel, A., & Cowart, J. (2021). Cetane
number, derived cetane number, and cetane index: When correlations fail to
predict combustibility. Fuel, 289, 119963.

Mangesh, V. L., Perumal, T., Subramanian, S., & Padmanabhan, S. (2020). Clean Energy
from Plastic: Production of Hydroprocessed Waste Polypropylene Pyrolysis Oil
Utilizing a Ni-Mo/Laponite Catalyst. Energy & Fuels, 34(7), 8824-8836.

Mondal, S., Kumar, R., Bansal, V., & Patel, M. B. (2015). A 1H NMR method for the
estimation of hydrogen content for all petroleum products. Journal of
Analytical Science and Technology, 6(1), 24.

Musa, U., Mohammed, I. A., Sadig, M. M., Aberuagba, F., Olurinde, A. O., & Obamina, R.
(2015). Synthesis and characterization of trimethylolpropane-based bio
lubricants from castor oil. In Proceedings of the 45th annual conference of
NSCHE, Warri, Nigeria, pp. 5-7.

Saiyasitpanich, P., Lu, M., Keener, T. C,, Liang, F., & Khang, S.-J. (2005). The Effect of
Diesel Fuel Sulfur Content on Particulate Matter Emissions for a Nonroad Diesel
Generator. Journal of the Air & Waste Management Association, 55(7), 993-998.

Sarikoc, S. (2020). Fuels of the Diesel-Gasoline Engines and Their Properties. In Diesel
and Gasoline Engines, IntechOpen: London, UK. pp.1-16.

Shojaei, T.R, & Azhari, S. (2018). Chapter 16-Fabrication, functionalization, and
dispersion of carbon nanotubes. In A. Barhoum & A.S.H. Makhlouf (Eds.),
Emerging Applications of Nanoparticles and Architecture Nanostructures:
Elsevier. pp. 501-531.

Srithar, K., & Arun Balasubramanian, K. (2014). Dual biodiesel for diesel engine -Property,

performance and emission analysis. International Energy Journal, 14, 107-120.



143

Sukijit, E., & Dearn, K. (2011). Enhancing the lubricity of an environmentally friendly
Swedish diesel fuel MK1. 1772-1777. Paper presented at 18th International
Conference on Wear of Materials (WOM), Apr 03-07, 2011. Philadelphia, Pa.

Sukjit, E., & Dearn, K. D. (2011). Enhancing the lubricity of an environmentally friendly
Swedish diesel fuel MK1. Wear, 271(9), 1772-1777.

Sukjit, E., Herreros, J. M., Dearn, K. D., Garcia-Contreras, R., & Tsolakis, A. (2012). The
effect of the addition of individual methyl esters on the combustion and
emissions of ethanol and butanol-diesel blends. Energy, 42(1), 364-374.

Sukjit, E., Poapongsakorn, P., Dearn, K. D., Lapuerta, M., & Sanchez-Valdepenas, J. (2017).
Investigation of the lubrication properties and tribological mechanisms of
oxygenated compounds. Wear, 376-377, 836-842.

Uchda, ., Dantas Neto, A., Santos, E., Lima, L., & Neto, E. (2017). Evaluation of
Lubricating Properties of Diesel Based Fuels Micro Emulsified with Glycerin.
Materials Research. 701-708.

Uzochukwu, W., Umunakwe, R., Obasi, H., Ugbaja, M., Cosmas, C., Uche, . . . Madufor, .
(2021). Plastics waste management: A review of pyrolysis technology. Journal
Energy Institute, 1, 50-69.

W. Gis, A. Toatowski, & A. Bocheeska (2011). Properties of the Rapeseed Oil Methyl
Esters and Comparing Them with the Diesel Oil Properties. J. KONES Powertrain
Transp., 18(4).

Yaqoob, H., Teoh, Y. H., Jamil, M. A., Rasheed, T., & Sher, F. (2020). An Experimental
Investigation ‘on Tribological Behaviour of Tire-Derived Pyrolysis Oil Blended
with Biodiesel Fuel. Sustainability, 12(23), 9975.

Yuan, W., Hansen, A., & Zhang, Q. (2004). The specific gravity of biodiesel fuels and
their blend with diesel fuel. Agricultural Engineering International: The CIGR

Journal of Scientific Research and Development, 6.



AMANUIN N

VaNMUAANBALLALAMNINYBIUNTUALYE



145

MITUMNYEY @ AnwuzlazAMMHYBuRAEa
uuuMgUsEMAnsugsiTnaanu
1393 dvuadneneznasAumnve adudiea

AL &l
hiufiza
180713 Farimun Shsngah g . Fnasau™
” wyut
GERHY| i wo
o |erudehwns u gl ecv/eds awkeades | Wi | ome o.@e - ASTM D eloss
{Specific gravity at 15.6/15.6) °c waz
ligand1 | o o.de oo
o | Faudv (Cetane number) #ie Taiin &0 & €& |ASTM D wom
il (Calculated cetane index) ASTM D eevo
o | Anumila wrufainngd ASTM D @ad
(Viscosity) cSt
ma M YUnYT <o DI NaadYE Hio Tashindh 0.6 ®.% -
(at 40 °C) uay
lgnd1 | <o <@ %0
ml 04 Uil ¢o parnuaiYE Taigandn - - 5.0
(at 50 °0)
@ | qalvam e NaaTEa Taigand @0 @0 @0  |ASTM D aw
(Pour point) °c
¢ | Musdu soeaslaeiipin | Wganh | o.coe o.00& @& |ASTMD bl
{Sulphur) % wt
o | msfianiaultunaum lalgandy | mnean o | manelan o - ASTM D @sno
(Copper strip corrosion)
o | adesnwaenmsiinuiiteeondndu -
{Oxidation stability)
nsugnuadums | igend & & - ASTM D blowia
o/m’
Al Tashind né and - EN odnide
hours
& | mndmn sowarlavibmin | i | omo 0.0 - ASTM D @&mo
Mnfouay oo vowdIuAmED
PNN3NEL
{Carbon residue on 10% % wt.
distillation residue)
& |tdhuazaznau souaslastFnns | ligandn - - om  |ASTM D lesios
{Water and sediment) % vol.
oo |1 dadniisdlansy | Wgandh | ;oo moo - EN ISO sloetma
{Water) meskg
oo | Anuidloufma dadndudlandy | bgnd | ee [Cl - EN ool
{Total contamination) me/kg
ol |1 fovaslaenimity | bigend1 | o.os 0.0m o.olb  |ASTM D aal
(Ash) % wt.

(79 -o-)




146

o
thifusiwa
18015 Forhviun Fasrgad vy Fnamou®™
wudn
595U J o
om | 9aul semusadva | laishndn ) &b |ASTM D am
(Flash paint) °C
oc | mandu e NTATed ASTM D @b
(Distillation) °c
qquﬁﬂmﬁmﬁﬂﬁ"ﬂmmﬁmm's”l.uﬁ’mﬂ":’aaamﬁw'ﬁu laigandn e e -
(90% Recovered)
o | Tndloadn oxlsindn lelasmiuau  sovaslnenimh laigandn o oo - IP meim
{Polycydic aromatic hydrocarbon) % wt.
oo |&
(Colour)
en.e  BUAUDIE 1WEDa una tma
{Hue)
eplo  AMdLUDE i - Wauwing e | diufiea
(Intensity) uag wmsg” @Hgﬁfﬁsmﬂ"“fz
liigani «o wa VUL
ThSouidou
AN veEmy
WIATHIU ASTM
D e&oo
(o) thifufisa
vyl wo T
Wisuifsuany
vhivesdfuhiiu
wasgiadon
Full Tneldia
azaneludufurou
msdondldl
Vsnawihiiu
fitmun wdnien
vssgueniuly
mauzildlunis
Jadnnisnaanu
ASTM D edoo
waansfidanae
A8A1 WA
WINTFIL ASTM
D oamclo
e | Whhfwaussinnufaloanas savaslneSuws | Tidhnd v.b o - EN ecowa
Yoansaluriy uay
(Methyl ester of fatty acids) % vol. Taigandn Gl o -

(#a -en-)




147

.
5w oa
thifufiea
v o o : P oo o
1813 Hortmun Snsgasi s Tnaaou
- vudn
FITUA J o
[T e & N '
os | AuauTEnIUudsiy  TosTatu lulasims Taigandn &bo o CECF-ob-ab
(Lubricity wear scar) Hm
o | mafiuuda (i) Tadulumuilasuanudurauan
(Additives, if any) aﬁuﬁﬂiuqsﬁwﬁmu

wrewy o TlETmmsoufitwuslumsauuieivisitfulafiduaiousi lunsdiioliud dnssitmualun et
o/ ﬁu'mgmm’i‘wlﬁmnnﬁ11ﬁ’uﬁmam{m§:ﬁ wo fillmmivreAnounIdon IATAIRITIU ASTM D adoo
WU o.o wfeudaeduaaiiiuansusznaudinan 2 naphthalenol [(phenylazo) phenyll azo alkyl derivatives

U wo Hadniudeding




NANUIN U

NANTIASIANATITHUINULATDS



+)1509001:2015 Certified FocusLab Ltd.

FOCUSLAB’

Fluid & Ol Analysis Technology

ﬁ Code @ 28223 £ UnitlD : QR168F-4151202766 Overhaul for WPO
s Name : Suranaree University of Technology u
T [ - -
0 ) ) 'P‘ Unit Type : Engine Diesel WARNING
R Nakhon Ratchasima 30000 T Unit Model : 5000 .

Site

) Oiltype! .
Location : 9 Gibmel - PTTD3PLUS SAE 40
Test code : E804 t
Cil System Capacity : 0.7 Liters

Notes (Finding, Evaluation, Interpretation, Suggestion and Recommendation)

Abnormal wear metals may indicate cylinder, piston and ring wear.

Dint (silicon) Is present and resulting in abrasive wear.

Note oxidation detected and increase in viscosity.

Recommend check to determine how dirt is entering the system and correct the problem to prevent further dirt eniry (Proactive)

Somehal )
Current Sample Previous Sample Baseline and Alarm Limit
Condition History Wear Qil Cont. Wear Qil Cont. Wear Qil Cont.
c . . . . . . . . B Alarm Limit
LabID ~ 21042397 21042396 21042395 y P ;S:ﬁ‘t;‘a;“
Bottle ID 2 - 139171 139172 139173 £ (S )
Date Sampled = & 02-Apr-21 23-Mar-21 25-Jan-21 | Engine Diesel General PTT
Qil Hours (Kms) 2 £ 100 100 20 | D3 Plus SAE 40 (Suranaree)
Unit Hours (Kms) 8 220 120 20 N
Qil Change E
Qil Added (Liters)
Filters Hours {Kms]
Fine Wear
{IcP)

WearElement  weos Ut 1S e s
Iron PRR 156.1 487 208.6 W 71T 2026 W 10791 Y 0 1000 =200 =100 =200
Chromium PEM 108 28 128 46 137 186 Y 0 =5 >15 >5 =15
Lead PFEM 0.0 72 0.0 4.0 0.0 57 0 =20 =80 =20 >50
Copper PPR 37 1.3 74 2.0 4.2 31 0 =10 »25 0 =25
Tin PP 4.1 55 4.9 2.3 5.4 3.4 0 =10 225 =10 »25
Aluminurm PP 410 W 156 657 W 329 W 289 W 415 Y 0 »10 220 =10 =
Nickel PPM 03 0.0 05 0.0 0.3 0.0 4 >5 210 »5 >10
Silver PPM 02 01 0.2 0.1 0.4 01 0
Molybdenum e 02 0.0 0.2 0.0 0.0 0.0 0
Titanium 5| PPM 07 05 1.0 0.0 0.9 a7 0
PQ Index D-8184 | Index 39 44 179 RN L]
il Gondition T g o e Gty
Viscosity @ 40°C D-445 oSt
Viscosity @ 100°C D-445 oSt 7.5 W 180 W 147 149 <125 <137 >156 >163
Oxidation D-7414 | Abs 114 W 144 W 45 38 =72 »B1
Nitration D-7624 | Absicm 133 © 141 O 25 20 =10 »25
Acid Number D574 | mg KOHg.
Base Number D-4739 | mg KOH'G. 11.4 11.2 1.7 122 <2 <6.1
Contamina UCaution
Water E-2412 1 % (WL) 0.064 0.079 0.090 0.040 =015 >0.25
Fuel In-house | % (W) 010 0.10 0.10 =9 =5
Glycol IEza12 | As N/A N/A NiA
Soot in o |PE-2412 | % WL 1.06 170 0.45 =3 26
Soot bispersancy (100-0y | D7ESIN  Index 80 80 80 <50 <30
Vanadium D-5185 o PPM ] 0 o 0
Sodium D-5185 4 _PPM [ 12 9 0
Silicon D-5185 PPM 7RO W 36.9 980 W 294 754 W 876 4 225 >50 =25 =60
Additive Element oo
Boron D-5185 | PFM 1 1 2 0
Magnesium D-5185 PPM 19 22 18 8
Calcium D-5185 PPM 5093 5911 4269 394
Barium D-5185 PPM 0 1] 0 0
Phasphorus D-5185 PPM 1034 1155 1103 905
Zinc D-5185 PP 1288 248 1485 313 1220 313 1090

L-Caution UCaution [Uaring |
Flash Paint D-zg2g | C
Viscosity Index D-2270

Nete: Alarm Limits are variable and dependent upon dataset size and to be used as general guideline.
No Sign  or 1 NORMAL or ! { first levvel warning limit )
Accuracy of and sample and information supplied

W or .: \Viarming  (second level warning limit }
No warranty is expressed or implied for this report.
FLE.3

€
are based on

Focuslab Lid. Bangkok Thailand www .focuslab.co.th focuslab@iecusiab.co.th

149



AARNUIN A

UNAMUNIIIVINTNEASUNITANUN NSNS IUTLRINANEI



151

S18YBUNAIUNIIVINSALASUNISANUW LGNS LUTZHINANE

Wathakit, K., Sukjit, E., Kaewbuddee, C., Maithomklang, S., Klinkaew, N., Liplap, P.,
Srisertpol, J. (2021). Characterization and Impact of Waste Plastic Oil in a
Variable Compression Ratio Diesel Engine. Energies, 14(8), 2230.

Wathakit, K., Ekarong, S., Somkiat, M., & Srisertpol, J. (2020). Fuel Properties,
Performance and Emission of Alternative Fuel from Pyrolysis of Waste Plastics.
IOP Conference Series: Materials Science and Engineering, 717, 012001.

Wathakit, K, Ekarong, S., Somkiat, M., & Srisertpol, J. (2020). Fuel Properties,
Performance and Emission of Alternative Fuel from Pyrolysis of Waste Plastics.
IOP Conference Series: Materials Science and Engineering, 717, 012001.

Wathakit, K., Ekarong, S.,& Srisertpol, J. (2018). Effect of injection timing on performance
and emissions characteristics of a single cylinder diesel engine fuelled with
waste plastic oillOP Conf. Series: Journal of Physics: Conf. Series 1074 (2018)
012041



152

energies

Atrticle

Characterization and Impact of Waste Plastic Oil in a Variable
Compression Ratio Diesel Engine

Khatha Wathakit !, Ekarong Sukjit 1 Chalita Kaewbuddee 2, Somkiat Maithomklang 1 Niti Klinkaew !,
Pansa Liplap !, Weerachai Arjharn ! and Jiraphon Srisertpol 1/*

check for

updates
Citation: Wathakit, K.; Sukijit, E.;
Kaewbuddee, C.; Maithomklang, S.;
Klinkaew, N.; Liplap, P; Arjharn, W.;
Srisertpol, J. Characterization and
Tmpact of Waste Plastic Oil in a
Variable Compression Ratio Diesel
Engine. Energies 2021, 14, 2230.
https:/ /doi.org/10.3390/en14082230

Academic Editor: Constantine
D. Rakopoulos

Received: 1 March 2021
Accepted: 14 April 2021
Published: 16 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

B)

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Engineering, School of Mechanical Engineering, Suranaree University of Technology, Muang
Nakhon Ratchasima District, Nakhon Ratchasima 30000, Thailand; vkata@sut.ac.th (K.W.);
ekarong@g.sut.ac.th (E.S.); somkiatmaithomklang@gmail.com (S5.M.); niti_klinkaew@g.sut.ac.th (N.K.);
pansa@sut.ac.th (P.L.); arjharh@g.sut.ac.th (W.A.)

Faculty of Industrial Technology, Surindra Rajabhat University, 186 Moo 1 Surin-Prasat Road, Nokmuang
Sub-District, Muang District, Surin 32000, Thailand; chalita.k@srru.ac.th

*  Correspondence: jiraphon@sut.ac.th

Abstract: The characterization of pyrolysis oil obtained from mixed waste plastics and its utilization
in a compression ignition engine were investigated. The chemical compositions and physicochemical
properties of distilled waste plastic oil (WPO) and crude waste plastic oil (CWPO) were analyzed. The
experiment was conducted with a variable compression ratio diesel engine at various loads and com-
pression ratios to evaluate combustion characteristics, exhaust emissions, and engine performance.
The experimental results show that CWPO contains the highest percentage of carbon atoms in the
C4-C11 group, while WPO contains the highest percentage of carbon atoms in the C12-C20 group,
similar to the main compositions of diesel fuel. According to the preliminary study in chemical
compositions and physicochemical properties, WPO and diesel fuel were selected for the engine test
at different compression ratios of 16, 17, and 18 and different engine operating loads of 25%, 50%,
and 75% of maximum engine torque at an engine speed of 1500 rpm. It was found that increasing
the engine operating load and the compression ratio tends to increase the brake thermal efficiency.
Increasing the compression ratio results in a significantly shorter delay time in a combustion state. A
lower cetane index and a higher percentage of long chain carbon compounds (C12-C20) could be the
main factors affecting higher NOx, CO, and HC emissions with the combustion characteristics of
WPO, compared to diesel fuel. The disadvantage of emissions by the use of WPO can be alleviated
when the engine is running at maximum load and a high compression ratio.

Keywords: waste plastic oil; compression ratio; emission; diesel engine

1. Introduction

Fuels for energy is very important to industry, transportation, and agriculture. Cur-
rently, the fluctuation of fuel price conditions affects the cost of production and the country’s
development in various fields. Therefore, the government has promoted the use of re-
newable energy as an alternative to incentivize people to use other fuels, to replace diesel
fuel and to reduce the demand for oil. Thailand mainly relies on imported energy from
abroad, because it is unable to increase the domestic production of petroleum to meet
demand. The development of renewable energy will seriously reduce the dependence on
and import of fuels [1]. Thailand has continued to increase the use of renewable energy
as a result of alternative energy development policies with the goal of increasing the use
of renewable energy in all sectors of society and reducing the consumption of energy
from fossil fuels. This will also reduce the import of energy from abroad [2,3]. Moreover,
Thailand is faced with a large amount of solid waste. Large, medium, and small cities
all face unsanitary waste management issues that affect the environment. Data on the
situation of waste in Thailand show that, in 2018, there were approximately 27.93 million
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tons of waste, with a rate of solid waste of 1.15 kg per person per day. Approximately
39% of the total solid waste (10.85 million tons) and 35% of solid waste (about 9.76 million
tons) generated has been properly disposed. Approximately 7.32 million tons of solid
waste have been improperly handled [4]. Generated plastics are about 12% of the total
waste and take a long time to decompose [5]. Therefore, engineering waste management is
necessary because, at present, there is technology to effectively manage this waste. One
technology that has received attention is oil production technology from plastic waste
through the pyrolysis process, due to its potential to convert plastic waste to energy in
petroleum-based fuel. This is in line with the National Energy Integration Framework of
the Ministry of Energy, devised to develop energy strategic plans in the name of the TIEB
(Thailand Integrated Energy Blueprint) 2015-2036, which pays attention to energy security,
economic, and environmental aspects of society [3].

Pyrolysis is the process of chemically cycle-debasing long chain polymer particles into
small chain hydrocarbons in the absence of air or oxygen at the relatively high temperature
range of 300-500 °C [6]. The three significant products from those pyrolysis methodologies
are liquid, gas, and char, while the quantity of each product largely depends on such
parameters as the type of feedstock and on pyrolysis procedure parameters, such as temper-
ature, the type of reactor, pressure, residence time, heating rate, and the type of catalyst [7].
With respect to the feedstock, plastic waste mainly consists of high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET), polyethylene
(PE), polystyrene (PS), polypropylene (PP), and polyvinyl chloride (PVC). Studies on the
thermal degradation temperature of common plastic materials under thermogravimetric
analysis have revealed that degradation begins at a temperature depending on the plastic
type and the heating rate. The breakage of carbon chains was induced at a temperature
above 325 °C for HDPE and was completed at about 470 °C. Additionally, the degradation
process was accelerated at a higher heating rate. The lowest temperature of the starting
degradation was obtained with PS. It has been suggested that all plastics initiate degrada-
tion at a temperature below 400 °C [8]. The liquid oil derived from the pyrolysis of various
types of plastic waste contain physical and chemical properties similar to those of fossil
fuel [9-12]. Therefore, waste plastic oil (WPO) is favorably appropriate to be developed as
an alternative fuel in internal combustion engines [13].

Several experiments have been conducted on the use of plastic waste derived as a
fuel in compression ignition diesel engines. Previous investigations of using WPO in
diesel engines compared with diesel fuel operation are summarized in Table 1. Most
of the investigations show similar trends of increase in brake-specific fuel consumption
and brake thermal efficiency, with increasing concentrations of WPO in blends of diesel
and WPO. Moreover, oxides of nitrogen (NOx), unburnt hydrocarbon (HC), and carbon
monoxide (CO) tend to increase with the use of WPO. In a recent work, Kalargaris et al. [14]
studied the effect of pyrolysis oil from polypropylene on the characteristics of combustion,
exhaust emissions, and engine performance at different temperatures of the pyrolysis
process in a diesel engine. The experiments showed that the pyrolysis oil promoted steady
engine operation with a longer combustion duration, a lower engine performance, a higher
NOx and HC, and lower CO emissions when compared with the engine operating on
diesel fuel. Venkatesan et al. [15] studied the combustion characteristics and the engine
performance of a diesel engine fueled with WPO blends. The brake thermal efficiency
(BTE) for the WPO blends was found to be slightly higher than that of the diesel fuel. The
engine performance and combustion characteristics of the diesel engine were significantly
affected by the physical and chemical properties of WPO. Furthermore, at the highest load
conditions, WPO blends yield better results in comparison to diesel fuel with respect to
peak pressure, the rate of pressure rise, in-cylinder pressure, and the rate of heat release.
The use of WPO as an alternative fuel in diesel engines tends to result in an increase in
BTE, NOx, and smoke emissions, while BSFC, CO, and HC emissions decrease with an
increasing engine load [16-22].
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Table 1. Summary of previous investigations on using waste plastic oil (WPO) in diesel engines compared with diesel fuel

operation.

i 4 Performance
Diesel Engine Types of Fuel

Combustion

Emissions

Specifications BSFC BTE

icp

RoHR

NOx

co

HC

Smoke

Ref.

AKSA-A4CRX46TI,
4-cylinder, 4-stroke, WPO - +
68 kW at 1500 rpm

$

f

?

?

*

[14]

Kirloskar AV1, DI,
1-cylinder, 4-stroke, WPO f f
3.7 kW at 1500 rpm

[16]

AKSA1-A4CRX46TI,
4-cylinder, 4-stroke, WPO * v‘
68 kW at 1500 rpm

[17]

4JA1, DI,
4-cylinder, 4-stroke, WPO f $
68 kW at 1500 rpm

[18]

Kirloskar TAF1, DI,
1-cylinder, 4-stroke, WPO v‘ f
4.4 kW at 1500 rpm

[19]

Eicher E483, DI,
4-cylinder, 4-stroke, WPO $ f
Max. Power 70 kW

[20]

Kirloskar TV1, DI,
1-cylinder, 4-stroke, WPO $ f
5.2 kW at 1500 rpm

[21]

DI, Turbocharger,
4-cylinder in line T/C, WPO v a
4-stroke, 70 kW

[22]

DI, 1-cylinder,
4-stroke, WPO . v
3.7 kW at 1500 rppm

[23]

Lombardini-Kohler
FOCS 1.4,
IDI, 1-cylinder, $EO v 1)
4-stroke,

[24]

Kirloskar TAF1, DI,
1-cylinder, 4-stroke, WPO E v
4.4 kW at 1500 rpm

[25]

AKSA-A4CRX46TI,
4-cylinder, 4-stroke, WPO 4 v
68 kW at 1500 rpm

[26]

DI, 1-cylinder,
4-stroke, 3.7 kW at
1500 rpm

wPORME 4 %

[27]

Kirloskar TV1, DI,
1-cylinder, 4-stroke,
3.5 kW at 1500 rpm

WPO-POME
WPO-COME f ?

[28]

Kirloskar TAF1, DI,
1-cylinder, 4-stroke, WPO-BU v 4
4.4 kW at 1500 rpm

1

?

f

v

[29]

f71'.ncreases, v —decreases, WPO—waste plastic oil, RME—rice bran methyl ester, POME—palm methyl ester, COME—castor methyl

ester, BU—Butanol, DI—Direct injection.
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Currently, there is an increasing amount of research on alternative fuels for engines,
and due to energy, environmental, and economic problems, it is necessary to encourage
studies on alternative fuels to reduce the amount of primary fuel consumption. For the
adoption of WPO gained from the pyrolysis process for compression ignition engines, it is
necessary to study the effects of various factors. Therefore, this research aims to investigate
the effects of changes in the compression ratio on the characteristics of combustion, exhaust
emissions, and engine performance when using WPO as an alternative fuel in a variable
compression ratio diesel engine. The outcome of this research can promote WPO as an
alternative fuel for diesel engines and accords with alternative energy development plans
in Thailand.

2. Materials and Methods
2.1. Fuels

In this work, crude waste plastic oil (CWPO) and distilled waste plastic oil (WPO)
obtained by fractional distillation were studied. The mixed plastic waste used as feedstock
in the pyrolysis process was collected from Nakhon Ratchasima, Thailand, and included
bags, bottles, and other products made of plastic. The diesel fuel was commercial diesel
fuel (B7), which is diesel fuel containing 7% biodiesel by volume, according to the Ministry
of Energy. The master plant that processes mixed waste plastic into fuel by pyrolysis is
located at Suranaree University of Technology.

Pyrolysis is the thermal decomposition of plastics in the absence of air or oxygen.
Waste plastics are gently cracked by adding a catalyst, and the gases are condensed in a
series of condensers to yield a low-sulphur distillate [28]. The pyrolysis reactor system
is of a continuous vertical type. The plastic waste from the MBT system was used as
a raw material for fuel production. The principle of operation is that the plastic scraps
are conveyed to a screw feeder at a rate of approximately 250 kg/h, where the screws
are preheated to allow the plastic to melt and be ready to evaporate as a vapor when
heated up. After that, the liquid plastic flows into the reactor and then the continuous
stirred tank reactor, where the reactor is temperature-controlled at 350400 °C. When the
plastic changes from liquid to vapor, it flows into the fractional distillation tower at a
temperature of 340 °C, and at this distillation tower, it separates the heavy and light oil
vapor molecules. After that, the oil vapor enters the condenser and flows into the oil/ water
separator, and the oil that is produced, i.e., CWPO, will flow into the storage tank. We used
an oil distillation system to improve the quality of liquid fuels from plastic waste by using
a vacuum separation tower to separate the mixtures into the form of individual elements
(fractions). The middle fraction or diesel fuel, i.e., WPO, is taken from the center of the
distillation tower, and the lighter part (the light fraction) or gasoline is released from the
top of the distillation tower.

2.2. Gas Chromatography Analysis

Gas Chromatography—Mass Spectrometry (GC-MS) is extensively used as a method
for the chemical characterization of the fuels. The presence of the compound identification
of test fuels was used to determine the chemical compositions. One microliter was injected
into a GC-MS system equipped with a DB-wax capillary column of a length of 60 m, an
internal diameter of 0.25 mm;, and a film thickness of 0.25 um. The operating conditions
were as follows: The helium gas flow rate of approximately 1.0 mL/min was utilized as a
carrier gas. The temperature of the GC oven was performed in a temperature-programmed
mode at 70 °C for 3 min, raised at 3 °C/min to 180 °C, and finally ramped to 250 °C (held
for 25 min) at a heating rate of 10 °C/min. The inlet gas temperature was maintained at
250 °C with a separation ratio of 20:1. The mass spectra detector was operated in a mass
range from 35 to 550 m/z with a 250 °C source [28]. GC-MS data are often demonstrated
as total ion current (TIC) intensity. The data obtained from TIC can be used to identify the
chemical composition of the test fuels.
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2.3. Experimental Setup and Procedure

The study on combustion and emissions characteristics was conducted using a variable
compression ratio (VCR) diesel engine, a single-cylinder and four-stroke engine with a
direct fuel injection system. The air was naturally induced to the combustion chamber,
while water and a water-cooling system were used to control the temperature of the engine.
The engine was coupled with an eddy current dynamometer to provide the engine load.
The technical specifications of the engine used for the investigations are described in [28].
A schematic diagram of the experimental installation is shown in Figure 1. The engine
operated at 1500 rpm with three different engine loads (25%, 50%, and 75% of the maximum
engine torque) under compression ratios of 16, 17, and 18. The fuel consumption of the
engine was calculated by the fuel volume and testing time, which were recorded by a
burette and stopwatch, respectively.

oy
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Air flow rate

=3
-

Fuel tank

e
l Exhausl gas analyzer
————
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Figure 1. A schematic diagram of the experimental installation.

EngineSoft software was used to analyze the combustion characteristics. A data
acquisition card (DAQ) placed between the engine and computer converted the analog
signal to a digital value. The PCB Piezotronics pressure transducer was mounted on the
cylinder head for the measurement of the in-cylinder pressure. A Kubler crank angle
sensor was used to detect the engine crank angle. The in-cylinder pressure data were
averaged for 100 cycles in succession at each crank angle. A Testo 308 smoke tester was
used to determine smoke emissions, and a Testo 350 flue gas analyzer was applied to
determine carbon monoxide (CO), nitrogen oxides (NOx), and hydrocarbon (HC). The
technical specifications of the exhaust gas analyzer are shown in Table 2.

Table 2. Specifications of the engine exhaust gas analyzer.

Parameter Measuring Techniques Measuring Range Resolution Accuracy
TESTO 350
NO Chemiluminescence 0-4000 ppm 1ppm +5 <100 ppm
NO, Chemiluminescence 0-500 ppm 0.1 ppm +5 <100 ppm
cO Nondispersive Infrared 0-10,000 ppm 1ppm +10 <200 ppm
HC Flame Ionization Detector 0-40,000 ppm 10 ppm +400 ppm
TESTO 308

Smoke index Photodiode (filter paper) 0-6 0.1 +0.2
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The measurements of the various parameters were recorded only after the engine
attained the steady state. To assure the reproducibility of the experimental data, each test
was duplicated three times, and the average value of the reported parameters was then
evaluated. The statistical significance of the experimental data was provided using the
confidence interval with a 95% confidence level to consider the trends of the results.

3. Results and Discussion
3.1. Test Fuels

The physicochemical properties of distilled WPO and CWPO obtained by fractional
distillation were studied. Analysis of fuel properties is essential, as it can ensure the
suitability of a fuel for use with a compression ignition engine. Standard grade diesel
fuel with 7% biodiesel (B7) was used for our baseline study. This percentage of biodiesel
present in the diesel fuel was prescribed by the Thailand Energy Business Department in
January 2019.

3.1.1. Chemical Compositions

The distillation characteristics of hydrocarbon fuel have an important effect on their
safety, combustion characteristics, exhaust emissions, and engine performance, especially
in the case of waste fuels. The WPO from pyrolysis and the diesel fuel were tested by per-
forming a simple batch fractional distillation on a laboratory scale. The distillation curves
of the test fuels were tested according to the standard ASTM distillation apparatus. The
distillation curves of the test fuels obtained under standardized conditions of temperature
with a percentage of recovered volume and distillation curves of standard gasoline by
Lobato et al. [30] are compared in Figure 2. The distillation curves of CWPO were closer to
those of gasoline, with a distillation temperature between 76 and 252 °C. On the contrary,
the distillation temperature of distilled WPO was much closer to that of diesel fuel as the
recovered volume increased, with a distillation temperature between 188 and 324 °C. Lines
in Figure 2 also confirm that WPO can be used as an alternative fuel in diesel engines.
This is due to the distillation temperature that is desired to produce motor engines. This
can be done with hydrocarbon fuel with boiling point ranges between 35 and 185 °C for
gasoline, between 180 and 350 °C for diesel fuel, and between 180 and 350 °C for vacuum
gas oil [31].

400

—a—Diesel —a - Gasoline --a- CWPO -+-WPO

N W W
a S O
o. S &

Distillation temperature (°C )
| :
=
(=

0 T T T T ;
0 10 20 30 40 50 60 70 80 90 100
Recovered volume (%)

Figure 2. Distillation curves of test fuels obtained by fractional distillation.

GC-MS (compare with Section 2.2) for the test fuels was done to its chemical com-
position and is shown in Figure 3. The area percentage (%Area) is presented in Table 3.
The test fuels consist of different amounts of hydrocarbons, which were separated by their
carbon atomic weight from the minimum carbon atom (C4) to the maximum carbon atom
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(>C20) and can be categorized as C4-C11, C12-C20, or higher than C20. The C4-C12
group represents light hydrocarbons (gasoline fuel), which generally contain hydrocarbons
between C5 and C9. The C12-C20 group represents middle hydrocarbons (diesel fuel),
which generally contain hydrocarbons between C16 and C20. Table 4 compares the test
fuels and shows that there was a similar trend between WPO and the standard-grade
diesel fuel. Both WPO and diesel fuel have carbon atoms in the C12-C20 group [13,28].
However, CWPO has a high percentage of carbon atoms in the C4-C11 group. Based on the
results of the chemical composition tests, CWPO was estimated to have a similar chemical
composition to fuel in the category of the gasoline group, and the WPO has a chemical
composition similar to diesel fuel. The chemical compositions obtained by GC-MS are
consistent with the distillation curves, and the distillation curves of WPO and diesel fuel
are similar. As a result of this finding, WPO was used on a VCR diesel engine to evaluate
combustion characteristics, exhaust emissions, and engine performance in comparison to
diesel fuel. Different plastic sources used in the pyrolysis process to produce oil resulted in
different chemical compositions of CWPO, which may have affected the result of the engine
tests in different ways. This can be supported by the chemical compositions (by GC-MS
analysis) of WPO derived from the mixtures of plastic waste used in our current study and
in previous studies [28]. In addition, different GC-MS results of liquid oil from pyrolysis
of different types of plastic waste were reported in [32]. Therefore, the distillation process
may be needed to control the chemical compositions of fuels derived from plastic oil.
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Figure 3. GC-MS chromatogram for (a) Diesel, (b) CWPO, and (c) WPO.
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Table 3. Components of diesel and WPO by GC-MS analysis.

Carbon Content Diesel CWPO WPO
C4 ND 277 ND
c5 ND 0.84 ND
C6 ND 3.76 ND
7 ND 5.38 ND
Cc8 2.54 34.02 1.03
9 5.61 19.94 0.73

C10 5.23 28.49 2.28
€11 418 0.53 571
C12 7.08 0.75 9.78
C13 6.39 ND 10.08
Cl4 8.09 ND 11.03
C15 5.66 0.67 10.48
C16 5.95 0.19 8.71
Cc17 15.80 0.26 7.90
C18 4.30 0.32 8.88
C19 16.11 0.36 7.86
C20 3.90 0.24 8.10
C21 3.19 0.36 3.63
Cc22 ND 0.27 229
Cc23 2.36 0.20 1.08
C24 ND 0.19 043
C25 1.19 0.20 ND
C26 1.13 0.18 ND
Cc27 0.62 ND ND
C28 0.34 0.08 ND
Cc29 0.33 0.08 ND
ND—Not detected.

Table 4. Carbon content of the test fuel compared with diesel fuel by GC-MS analysis.

Area Percentage

Carbon Content

Diesel CWPO WPO
C4-C11 13.38 9572 9.74
C12-C20 75.00 2.79 82.83
>C20 11.62 1.49 743

3.1.2. Chemical and Physical Properties of the Test Fuels

The physicochemical properties of CWPO, WPO, and diesel were tested according to
the American Standard of Testing Methods (ASTM). The characteristic properties of the
test fuels are shown in Table 5. The kinematic viscosity, flash point, calorific value, cetane
index, and distillation temperature of CWPO and WPO were lower than they were in
diesel fuel. In addition, the kinematic viscosity, surface tension, flash point, and distillation
temperature of WPO were higher than those of CWPO. Thus, the characteristic properties
of CWPO were more similar to those of gasoline. However, the kinematic viscosity, specific
gravity, density, gross calorific value, and distillation temperature of WPO were closer to
those of diesel fuel.
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Table 5. Basic physicochemical properties of CWPO, WPO, and diesel fuel.

Properties Test Method Diesel CWPO WPO
Kinematic viscosity at 40 °C (cSt) ASTM D445 344 1.66 3.11

Surface tension (mN/m) ASTM D971 - 2777 27.85

Specific gravity at 15.6 °C ASTM D1298 0.835 0.900 0.824
Density at 15.6 °C (kg/m?) ASTM D1298 834 899 823
Flash point (°C) ASTM D93 66 35 54

Gross calorific value (MJ/kg) ASTM D240 45.56 37.72 4524
Cetane index ASTM D976 56.57 - 46.7

Distillation temperature (°C) ASTM D86

10% Recovered (°C) ASTM D86 228 112 232
50% Recovered (°C) ASTM D86 290 164 276
90% Recovered (°C) ASTM D86 348 252 324

3.2. Engine Tests

We investigated the use of WPO in a VCR diesel engine. WPO was compared with
diesel fuel. The present study focuses on engine performance, the characteristics of com-
bustion, and engine exhaust emissions.

3.2.1. Engine Performance

The variation in brake-specific fuel consumption (BSFC) with engine loads at different
compression ratios is shown in Figure 4. BSFC is the fuel flow rate needed by the engine
to produce unit power. The BSFC decreases with any increase in engine operating loads
or compression ratio. This may be due to the efficiency increase caused by the cylinder
temperature increase, the reduced ignition delay period, or the total timing increases,
which bring about the better combustion at higher engine loads and higher compression
ratios [33,34]. Moreover, the BSFC of WPO was higher than that of diesel at all compression
ratios due to its lower gross calorific value, as can be seen in Table 5, showing that more
fuel is needed in the combustion process to obtain the same power output as diesel
fuel [16,29,35].
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Figure 4. Variation in brake specific fuel consumption (BSFC) with engine loads.

The variation of brake thermal efficiency (BTE) with engine loads at different compres-
sion ratios is shown in Figure 5. BTE indicates the conversion of the energy in the fuel to
brake power output. Increasing the engine operating loads tends to result in more BTE.
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The BTE of WPO was found to be lower than that of diesel fuel at all engine loads and all
compression ratios. More energy is needed to break down the heavy hydrocarbon chains
(C13 to C22) in WPO, which might explain the lower BTE of WPO [29]. BTE also increased
with the increase in compression ratio for all test fuels, since the increase in compression
ratio also increases the in-cylinder temperatures, which improves combustion and thermal
efficiency [36,37]. This improvement in BTE could also be attributed to the reduction in
ignition delay as the compression ratio increases [38].

30

B CR16 RCR17 BCRIS

— ] 2
w o Ul
s

Brake thermal efficiency (%)
S

1
I
I
|
|
|
f
1
I
|
|
1
1
1
1
|
1
1
1
|
1
|
|
|
|
|
|
1
|
1
|
1
1
1
1
i
i
I
I

25 50
Engine load (% Maximum Torque)

Figure 5. Variation of the brake thermal efficiency (BTE) with engine loads.

3.2.2. Combustion Characteristics

The variation in heat release rate and in-cylinder pressure is summarized as follows.

The variation in the rate of heat release (RoHR) and in-cylinder pressure (ICP) with
the crank angle for WPO and diesel fuel at different engine loads is presented in Figure 6.
ICP measurements play a key role in combustion analysis of the thermal energy produced
during the fuel combustion process in each engine cycle. The RoHR was calculated using
the in-cylinder pressure, which is measured according to the first law of thermodynamics
and isentropic relations [39]. ICP and RoHR were found to increase as the engine load
increased in all tests due to the higher charge of the mixture that was carried to the
cylinder [40]. Compared with diesel fuel, a lower in-cylinder pressure was obtained with
WPO at medium and high engine loads for CR18. In addition, the start of the combustion
of WPO, compared to that of the diesel fuel, was more delayed. This may be due to the
lower density of WPO, which can result in a lower bulk modulus. In addition, the lower
cetane index of WPO could explain the delay time in combustion with WPO [18,41]. A
higher engine load leads to a shorter ignition delay period and longer combustion periods.
This is due to the increase in temperature inside the combustion chamber, which tends to
improve the quality of the air-fuel mixture, leading to a decrease in the ignition delay [42].
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Figure 6. Variation in heat release rate and in-cylinder pressure with the crank angle.
The ICP and RoHR variation with the crank angle for WPO and diesel fuel at different
compression ratios are illustrated in Figure 7. The maximum ICP was found at CR18.
Maximum ICP mainly depends on the quality of the fuel oil, injection timing, ignition
timing, and the atomization of fuel [26]. From Figure 7, it can be seen that, as compression
ratio increases, ICP also increases. This increase in ICP may be attributed to the better
mixing of air and fuel during the initial stage of combustion [42]. On the other hand, as
the compression ratio increases, the peak of the RoHR decreases. In general, a higher
accumulation of injected fuel over a longer delay period can result in a higher RoHR in the
premixed combustion [43]. A higher compression ratio leads to an advance at the start of
combustion because of the higher in-cylinder temperature and pressure, which results in
better atomization with a higher fuel vaporization rate, leading to an earlier ignition or a
shorter ignition delay [44].
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Figure 7. Variation in the rate of heat release (RoHR) and in-cylinder pressure (ICP) with the crank angle at different
compression ratios at a 75% maximum engine torque: (a) diesel; (b) WPO.
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3.2.3. Emission Characteristics

The engine-out emissions comprised carbon monoxide (CO), nitrogen oxides (NOx),
unburned hydrocarbon (HC), and smoke, which were produced by the combustion of
distilled WPO and diesel fuel, were investigated under different engine operating loads
and compression ratios. The specific emissions that relate to the mass flow rate of emis-
sions per unit power output were calculated for carbon monoxide, nitrogen oxides, and
unburned hydrocarbon.

The variation in specific nitrogen oxide (NOx) emissions with engine loads at different
compression ratios is shown in Figure 8. Nitrogen oxide (NOx) is nitric oxide (NO) and
nitrogen dioxide (NO;) in the exhaust of internal combustion engines [45]. The experiment
showed that the NOx emissions decreased as the engine operating load increased for all
test fuels. In general, specific quantities can decrease as power output increases. A lower
oxygen availability can be taken into account for a reduction in NOx when an engine is
run at a high engine load. As compared with diesel fuel, the NOx emissions of WPO were
higher than those of diesel fuel. This was due to the longer ignition delay owing to the long
chain carbon compounds in the WPO [46]. In addition, the increase in the compression
ratio increased the NOx emissions of WPO and diesel fuel. Increasing the cylinder pressure
at a higher combustion temperature tends to be conducive to NOx formation. Furthermore,
the advance in the combustion state due to a higher compression ratio can increase the
combustion duration, leading to improvements in the combustion process that result in
higher NOx emissions. Evidence of the advance at the start of combustion and the higher
in-cylinder pressure as the compression ratio increases is shown in Figure 7.
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Figure 8. Variation in the nitrogen oxide (NOx) emissions with engine loads.

The variation in carbon monoxide (CO) emissions with engine loads at different
compression ratios is shown in Figure 9. CO emission is an intermediate product in the
combustion of hydrocarbon fuels that contain no oxygen in their molecular structure [47]. It
is formed mainly due to incomplete combustion, which is exacerbated by a lack of oxygen,
the in-cylinder temperature, and the residence time of combustion [45]. We observed that
increasing the engine operating loads resulted in a decrease in CO emissions for all test
fuels. The reason behind these decreased CO emissions may be due to the increase in
combustion efficiency as engine operating load increases [34,48]. Comparing the test fuels,
higher CO emissions were found due to the combustion of WPO. The lower cetane index of
WPO, which tended to delay the combustion state, resulting in a reduction in the residence
time of combustion, can explain the higher CO emissions from the use of WPO. This can
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be more effective in increasing CO emissions when the engine is run at a low engine load
condition, where the ICT is not high enough to convert the injected fuel to vapor. In
addition, a higher amount of long chain carbon compounds (C12-C20) in WPO tended to
cause more difficulty in combustion, leading to an increase in CO emissions [48]. The CO
emissions increased as the compression ratio changed from CR16 to CR17. However, the
CO emissions were considerably reduced when the engine operated at CR18, especially
at a low engine load. The CO emissions of WPO tended to decrease as the compression
ratio increased and the engine was run at a maximum load. A higher combustion efficiency
was found at a higher compression ratio due to a higher charged air temperature, leading
to improved air-fuel mixtures and faster fuel vaporization, resulting in more complete
combustion (Figure 5).
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Figure 9. Variation in the carbon monoxide (CO) emissions with engine loads.

The variation in unburned hydrocarbon (HC) emissions with engine loads at different
compression ratios is shown in Figure 10. In general, HC emissions indicate a very similar
qualitative behavior to CO emissions. Both HC and CO emissions are useful for evaluating
combustion efficiency. It was found that, as the engine operating load increased, the HC
emission increased for all test fuels, at low and medium engine loads. However, at a high
engine load, the HC emissions tended to decrease due to a more complete combustion.
Comparing the test fuels, more HC emissions were obtained with the combustion of WPO
compared to diesel fuel. The presence of 7% biodiesel present in standard diesel fuel
enhanced the combustion process due to the oxygen content of the fatty acid methyl ester.
Moreover, a lower cetane index and a higher amount of long chain carbon compounds
(C12-C20) led to a longer ignition period and more difficulty in combustion, which can ex-
plain the higher CO emissions of WPO [18,27]. As compression ratio increased, in-cylinder
pressure and temperature increased (Figure 7). This improved the air-fuel mixture, leading
to a more complete combustion. In addition, a shorter delay at the start of combustion
with an increasing compression ratio led to a longer combustion process, where lower CO
emissions were found at higher compression ratios.
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Figure 10. Variation in the unburned hydrocarbon (HC) emissions with engine loads.

The variation in smoke emissions with engine loads at different compression ratios
is shown in Figure 11. Smoke emission is an indication of poor combustion caused by
an over rich air-fuel mixture [45]. Smoke emissions increase with increases in engine
operating loads when a rich mixture is burnt in the cylinder [33]. Compared with diesel
fuel, a lower smoke emission was found with the combustion of WPO. It is noted that the
diesel fuel used in this study is standard grade and contains 7% biodiesel. In general, the
presence of oxygen in biodiesel is evidently associated with an improvement of smoke
emissions. It was expected that the smoke emissions from standard diesel fuel would be
lower than those of WPO. These lower smoke emissions could be explained by the lower
viscosity and lower distillation temperature of WPO (Figure 2), which can improve fuel
atomization, resulting in an enhancement in the combustion process. These two factors
were more likely to contribute to the reduction in smoke emissions with WPO when the
engine was run at low and medium loads, together with a high compression ratio. As the
compression ratio increased, smoke emissions tended to decrease for all test fuels. The
higher combustion temperature and shorter delay time of combustion could explain the
lower smoke emissions at higher compression ratios. However, the combustion of WPO
with an overly rich air-fuel ratio, when the engine was run at the highest load, tended to
increase smoke emissions as the compression ratio increased. This implies that the effect of
lower viscosity and distillation temperature cannot reduce emissions at the highest engine
load and compression ratio.
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Figure 11. Variation in smoke emissions with engine loads.

4. Conclusions

The effects of compression ratio on combustion characteristics, exhaust emissions, and
engine performance using WPO obtained from the pyrolysis process as an alternative fuel
for compression ignition engines were studied. The results of GC-MS show that CWPO
in this study contains the highest percentage of carbon atoms in the C4-C11 group and
cannot be directly used as fuel in a compression ignition engine. WPO was prepared by
distillation to improve the quality of the pyrolysis oil, and its properties were very close to
those of diesel fuel. It is notable that different plastic sources used in the pyrolysis process
can result in different chemical compositions of CWPO. Thus, the distillation process may
be needed to control the chemical compositions of fuels derived from plastic waste.

The WPO was tested in the variable compression ignition diesel engine to evaluate
combustion characteristics, exhaust emissions, and engine performance. Diesel fuel was
also tested in the engine as a baseline fuel. The findings from the engine test can be
summarized as follows.

e A lower cetane index and a higher percentage of long chain carbon compounds
(C12-C20) resulted in higher NOx, CO, and HC emissions caused by the combustion
of WPO.

e  The disadvantage of emissions by the use of WPO can be alleviated when the engine
operates at a high engine operating load and a high compression ratio.
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Nomenclature

BSFC brake-specific fuel consumption
BTE brake thermal efficiency

cO carbon monoxide

CWPO  crude waste plastic oil

CR compression ratio

GC-MS  gas chromatography-mass spectrometry
HC hydrocarbon

(@3 in-cylinder pressure

NO nitric oxide

NO, nitrogen dioxide

NOx nitrogen oxides

RoHR rate of heat release

TDC top dead center

VCR variable compression ratio
WPO distilled waste plastic oil
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Abstract. Increase in energy demand, stringent emission norms and depletion of oil resources
have led the researchers to find alternative fuels for internal combustion engines. Pyrolysis oil
extracted from waste plastics, by pyrolysis, as a fuel for internal combustion engines has been
demonstrated to be one of the best available waste management methods. This research aimed
to study and compare fuel properties, engine performance and emission of alternative fuel from
pyrolysis of waste plastics, which focused on physical and chemical properties of waste plastic
crude oil (WPCO) and waste plastic oil (WPO) obtained by fractional distillation process. The
result shows that the physical and chemical properties of WPCO are quite diffrent from
commerical diesel while the fuel properties of WPO were found to be similar to that of diesel.
The experimental results showed that the use of WPO led to an increase in brake specific fuel
consumption but the slightly reduction in the brake thermal efficiency was founded with
respect to diesel fuel. The combustion of WPO tended to increase NOX while a reduction in
smoke was obtained compared with the pure diesel fuel.

1. Introduction

Plastic waste is a big issue in Thailand, because the amount of recycled plastic remains low due to the
high investment requirements for recycling and the high operating costs of recycling facilities [1].
Plastic waste is an ideal source of energy due to its high heating value and abundance. Therefore, in
recent years, various plastic to fuel (PTF) or waste to fuel (WTE) technologies such as gasification,
pyrolysis, refuse derived fuel (RDF), and plasma arc gasification have gained significant attention for
the management of plastic waste. The most attractive technique for chemical feedstock recycling is
pyrolysis. Pyrolysis is a decomposition process of long-chain hydrocarbon (polymer) molecules into
smaller sizes (monomer) with the use of high heat (450-800 °C), in a shorter duration and a condition
with the absence of oxygen, generating products in form of carbon, as residues and volatile
hydrocarbons which can be condensate as fuel and non-condensable as gaseous fuel. In addition,
researchers showed that the properties of the liquid fuel from waste plastics are practically like diesel
fuel and the engine could be operated using neat pyrolysis oil from waste plastics. Experimental
engine results from previous studies have been reported that pyrolysis oil exhibited higher brake
thermal efficiency and higher regulated exhaust emissions such as nitrogen oxides, hydrocarbon, and
carbon monoxide with respect to diesel combustion [2]. In this study, it is aimed to study the
characterization and fuel properties of alterative fuel from pyrolysis of waste plastics, which focused
on physical and chemical properties of the fuel and compare engine performance and emissions.

Contenl from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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2. Methodology

2.1. Materials

The raw materials utilized in this study were derived from waste plastics such as plastic bag waste
collected from scavengers around Suranaree Subdistrict, Nakhon Ratchasima, Thailand. The
compositions of the plastics were categorized as polyethylene (PE), and polystyrene (PS) of which
approximately 70% were organic contaminated contents.

2.2. Conversion process

Pyrolysis process is the chemical decomposition of organic substances by heating in the absence of
oxygen. The waste plastics is gently cracked by adding catalyst and the gases are condensed in a series
of condensers to give a low sulphur content distillate. All this happens continuously to convert the
waste plastics into fuel. All the gases from this process are treated before it is let out in atmosphere.
The flue gas is treated through scrubbers and water/chemical treatment for neutralization. The non-
condensable gas goes through water before it is used for burning. Since the plastics waste is processed
about 300-350 °C and there is no oxygen in the processing reactor, most of the toxics are burnt.

2.3. Experimental setup

The engine used for this study is a four-stroke, single-cylinder, water-cooled, direct injection
compression ignition engine. An eddy current dynamometer with a load cell was used to load the
engine. The tests were performed at rated speed of 1500 rpm and three different engine loads (25%,
50% and 75% of maximum engine torque). Commercial diesel fuel was used as a baseline comparison
with WPO for the engine run tests. An air box was used to measure the air flow rate to the engine and
volumetric fuel flow rate was measured using a burette and stopwatch. The TESTO 350 analyzer was
employed to measure nitrogen oxide (NOX) and TESTO 308 was used to evaluate smoke index. At
every load, readings were taken after the engine reached steady state. For every refueling, engine was
kept running for 10 minutes such that it consumes entire fuel entangled in fuel pipe lines.
Repeatability of readings was guaranteed by duplicating the investigations thrice. The technical
specifications of the engine are given in Table 1.

Table 1. Specifications of diesel engine.

Engine Specifications

Model Kirloskar TV1

Engine type 1 cylinder, 4 strokes, Water cooled,
Direct injection

Bore x Stroke 87.5x 110 mm

Swept volume 661 cc

Rate output 3.5 kW at 1500 rpm

Compression ratio 12:1-18:1

Dynamometer Eddy current

3. Results

3.1. Chemical characterization

The pyrolysis oil or waste plastic crude oil (WPCO) and waste plastic oil (WPO) obtained by the
fractional distillation used in this study is extracted from waste plastic. Gas chromatography mass
spectrometry (GC-MS) was used to analyze the chemical compounds present in the WPCO compared
with WPO. The GC-MS results of WPCO and WPO were presented in Figure 1. The major chemical
compounds present in WPCO and WPO and their percentage area were listed in Table 2.

5
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Figure 1. Total ion current chromatogram for WPCO and WPO.

Table 2. Principle constituents (area %) identified by GC-MS

Carbon content WPCO WPO
Cc4 DT, Not detected
C5 0.84 Not detected
C6 3.76 Not detected
(&7} 5.38 Not detected
Cc8 34.02 1.03
C9 19.94 0.73
C10 28.49 2.28
Cl11 0.53 53
C12 0.75 9.78
Cl13 Not detected 10.08
Cl4 Not detected 11.03
C15 0.67 10.48
Cl6 0.19 8.71
€17 0.26 7.90
C18 0.32 8.88
C19 0.36 7.86
C20 0.24 8.10
C21 0.36 3.63
€22 0.27 2.29
€23 0.20 1.08
C24 0.19 043
C25 0.20 Not detected
C26 0.18 Not detected
C27 Not detected Not detected
C28 0.08 Not detected
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The WPCO and WPO contain many hydrocarbon compounds both light and heavy fractions and from
the lowest carbon atom number (C4-C5) to the highest one (> C20). It could be classified into 3
groups to easily identify. C4-C11 group represents light or gasoline fraction due to the tendency that
the largest percentage of carbon atom number in the gasoline is commonly around C7, C8, and C9.
C11-C20 group could represent medium and heavy fractions, including diesel fraction. The diesel fuel
fraction mostly contains high percentage of the atom number C16-C20 [3]. The result of this study
showed that waste plastics composition strongly influences propensity formation of certain
hydrocarbons group. The WPCO of this study leads to form mostly C12-C20 fraction. While the
fractional distillation led to the trend of similarity between WPO and diesel fuel. It can be seen that
chemical compounds were found to be closer to diesel fuel.

3.2. Physical and chemical properties

The basic physical and chemical properties of WPCO, WPO and commercial diesel fuel as reference
fuels were measured according to ASTM standards and were shown in Table 3. The experimental
results showed that WPCO possessed lower kinematic viscosity, flash point, distillation temperature,
and gross calorific value while density and specific gravity were higher with respect to those of WPO.
However, the fuel characteristics of WPO such as density, viscosity, and gross calorific value have
similar properties with those of fossil fuels. Therefore, WPCO can’t be used as alternative fuel for
compression ignition engines due to the properties of WPCO were found to be closer to gasoline.

Table 3. Physical and chemical properties of test fuels.
Method  Diesel CWPO WPO

Fuel property (ASTM)

Density at 15.6 °C (kg/m®) D1298 834 899 823
Specific gravity at 15.6 °C D4052 0.835 0.900 0.824
Kinematic viscosity at 40 °C (cSt) D445 3.44 1.66 3:11
Flash point (°C) D93 66 35 54
Distillation 90% vol. (°C) D86 348 164 276
Calculate cetane index D976 56.57 - 46.7
Gross calorific value (MJ/kg) D240 45.56  37.72 45.24

3.3. Engine performance

In present section, performance parameters such as brake specific fuel consumption (BTE) and brake
thermal efficiency (BTE) of the engine according to operation load for all the test fuels are presented
and analyzed. The results showed in the plots correspond to an average of three different
measurements. The variations of BSFC and BTE as a function of engine load for test fuels are shown

in Figure 2. It can be seen that the BSFC decreased as the engine operating loads increased for all fuels.

The lower BSFC implies that less amount of fuel is needed to generate unit power output. WPO
presented higher BSFC than commercial diesel fuel due to its lower calorific value that required more
quantity of oil to be burnt to produce the same power output similar to commercial diesel fuel (see
Table 3) [4]. BTE indicates the ability of combustion system to accept the experimental fuel and
provides a comparable means of assessing how efficiently the fuel was converted into mechanical
output [5]. WPO showed a drop-in efficiency, since more energy is spent to breakdown the heavy
hydrocarbon chains (C13 to C22) [4]. Besides, higher BSFC was obtained from the combustion of
waste plastic oil, resulted in the lower BTE with respect to commercial diesel fuel for all engine loads
tested.
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Figure 2. Variation of BSFC and BTE with load

3.4. Emissions

The emissions emitted from the engine, measured at tail pipe corresponding to variation of load are
measured. The results showed in the plots correspond to an average of three different measurements.
The variation of the NOX emissions and smoke opacity with engine loads and test fuels was shown in
Figure 3.
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Figure 3. Variation of nitrogen oxide and smoke index with load.

Oxides of nitrogen present in emissions is the combination of nitric oxide (NO) and nitrogen dioxide
(NO2). In diesel engines the mechanism that produces the majority of NOX is the thermal mechanism
due to availability of oxygen, reaction time and combustion temperature [6,7]. It can be seen that the
NOX emissions for WPO operation is higher than that for commercial diesel fuel. The reason that
NOX emissions is the higher nitrogen content in the fuel that promotes the NOX formation by fuel
mechanism. The variation of smoke opacity is attributed to the high overall equivalence ratio and the
number of fuel rich regions in the combustion chamber when the engine is operated at high load,
resulting in the high critical conditions for soot formation which relates to the increase in smoke
emissions [8]. The lower smoke emissions were found for the combustion of WPO compared to diesel
fuel. The reason for reduced smoke for WPO can be early evaporation of fuel leading to premixed or
homogeneous charge inside the cylinder [6].
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4. Conclusion

Pyrolysis oil or waste plastic crude oil (WPCO) and waste plastic oil through the fractional distillation
(WPO) were extracted from waste plastics by pyrolysis process and its chemical composition was
characterized by using GC-MS. Later, this study sets out to investigate the effects of WPO in a single
cylinder on engine performance of a DI diesel engine was then compared with commercial diesel fuel.
The following conclusions were drawn from the investigation.

* The properties of WPCO were found to be closer to gasoline. GC-MS characterization revealed
that WPCO consists of 22 chemical compounds with light hydrocarbon chains.

« The properties of WPO were found to be closer to commercial diesel fuel. GC-MS characterization
revealed that WPO consists of 17 chemical compounds with heavy hydrocarbon chains.

¢ The physical and chemical properties of WPCO and WPO were analyzed and compared with
commercial diesel fuel and found that it has properties difference to that of diesel fuel for WPCO.
While fuel properties of WPO was found to be closer to commercial diesel fuel.

« The use of WPO tended to increase brake specific fuel consumption, resulting in the decrease in
brake thermal efficiency when compared with commercial diesel fuel.

« The combustion of waste plastic oil tended to increase NOX while a reduction in smoke was
obtained with respect to diesel fuel combustion.

« WPO has been shown a feasible alternative for used as fuel in compression ignition engines.
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Abstract. This research was aimed to study the effect of injection timing en performance and
emigsions characleristics of a single cylinder dicsel engine using wasle plastic oil as an
alternative fuel. The injection timing was set up to 15, 20” {factory default) and 25" CA bTDC
position by directly adjusting the camshaft profile angle. The engine was loaded at 50%, 75%
and 100% of full load with constant engine speeds of 3,600 rpm. The experimental results
showed that retarding the fuel injection led to the improvement of brake specific fuel
consumption and NOx emissions when the engine was operated with waste plastic oil at all
engine operating loads tested. The slightly reduction in the maximum brake power was
obtained by the use of waste plastic oil with respect to diesel fuel. To meet benefits of using
waste plastic oil as a feasible aliernative for next generation fucls in compression ignition
engines, the retard of fuel injection was recommended to adjust the injection timing of the
engine operated with waste plastic oil.

1. Introduction

Waste plastic can be considered as a very serious environment issues because of their disposal
problems all over the world. According to the Ministry of Natural Resources and Environment’s
record, Thailand plastic waste of 2.7 million tons was generated in 2015 (approximately 7,000 tons per
dayj and only 30 % of them was recycled, while the rest of them was dumped and burned. Nowadays,
by utilizing pyrolysis techniques, waste plastics can be successfully converted into fuel oil as an
alternative energy source for internal combustien engine. Most of research works have been done to
investigate the performance, emission and combustion characteristics of the engine operated with
waste plastic oil [1, 2]. Almost all the literature it was reported that the crude waste plastic pyrolysis
oil can be used directly in the engine without any engine modification |3, 4. However, the main
pollutant emissions especially NOx are higher compared to diesel fuel due to their properties and
combustion characteristics.

In order to control NOx, the fuel injection timing was retarded from the original injection timing.
Many researches of injection timing effects on emission characteristics have been studied with diesel
fuels |5-7]. However only few publications have been found for the waste plastic oil. Consequently,
the effect of injection timing on the engine performance and emission characteristics of a single
cylinder diesel engine fuelled with waste plastic oil are investigated in this study.

@ @ Conteni. from this work may be used under the terms of the Creative Commons Atiribulion 3.0 Ticence. Any further distribulion
(3 ol this work must maintain altribulion (o the author(s) and the litle of the work, journal citation and DOL
Published under licenee by TOP Publishing Ltd 1
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2. Methodology

Waste plastic o1l produced [rom pyrolysis process was carried oul in this experiment. lable 1 showsg
the basic physical and chemical properties of waste plastic oil and bio diesel compared to commercial
diesel fuel. Waste plastic oil possesses slightly lower calorific value while its celane index and flash
point are higher with respect to those of diesel fuel.

Table 1. Basic physical and chemical propertics of waste plastic oil, bic diescl and diesel fuel..

Properties Waste Plastic Oil Bio Diesel Diesel
(WPO) B40

Color Black Clear Orange Yellow
Specific gravity at 15.6 °C 0.800 0.859 0.828
Gross calorific value [MJ/kg] 44,98 40.1 45.39
Kinematic viscosity [cSt] at 3.065 3.85 3.439
40 °C
Cetane index 08.98 - 60.18
Flash point [°C] 36 120 78

Figure 1 below shows the schematic diagram of the experimental sctup. A 15-hp eddy current
dynamometer was coupled to the engine to simulate the operating load. The research engine is a four
stroke single cylinder air-cooled diesel engine and the specifications are given in table 2. The fuel flow
rate was measured on mass basis using an electronic weighing scale and a stopwatch. Thermocouples
wete used to measure the exhavst gas temperature and oil temperature. A TDC encoder was used to
detect the engine crank angle.

Figure 1. A schematic diagram of the experimental setup.
I: Dynamometer 2; Tested Enging 3; Weighing Scale 4; Encoder Wheel 5: Load cell 6: Control Unit

An exhaust gas analyser was used 1o measure NOx emissions in the exhaust. The engine was
loaded al 50 %, 75 % and 100 % ol (ull load with congtant engine speeds of 3,600 rpm. All the tests
were conducted by starting the engine with diesel fuel and then switched over to run with waste plastic
oil. At the end of the test, the engine was tun [or some Llime with diesel to (Tush oul the wasle plastic
oil [rom the luel line and the injection system.
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Table 2. Detailed specifications of the tested engine.

Engine Model Kawama 500D
Type fot_lr stroke si.ngk‘ C}’]il'lder'
- air-cooled diesel engine
Bore x Stroke [mm] 68 x 54

Displacement [cc| 196
Compression ratio 22:1
Rated output power |[kW|]@3400 rpm 242
Torque [N.m]@3400 rpm 6.48
Lubrication ail 10W30

The camshaft profile of fuel injection pump was modificd to obtain the carly fuel injection of 257
CA bTDC and the late luel injection of 15° CA bTDC compared 1o the standard injection timing ol the
engine (20° CA bTDC) so that the influence of injection timing on engine performance and emissions
was studicd.. Figurc 2 shows the detail of the modificd camshaft. The camshaft profile can be
switched between +/~ 10 degree from the normal position and then the injection timing can be adjusted
for advanced or retarded injection timing frem the default factory position.
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3. Results
A series of performance and emission tests were carried out on the research engine using diesel fuel
and wastc plastic oil at different engine operating conditions and the results are presented.

3.1, Engine performance

Figure 3 below shows the variation of torque and brake power. [t can be observed that the maximum
brake power is 2.5 kW at rated speed for diesel fuel which was exceeded the rated engine power
claimed by the manufacturer. This may be due to the variation of diesel fuel properties and testing
environment conditions, The reduction in the brake power was obtained by the use of waste plastic oil.
The engine operated with waste plastic oil decreases the maximum brake power about 8%% with respect
to that of diesel fuel. Tt is clear that the brake power of the waste plastic oil is closer to diesel up to
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75% of rated power, beyond which it starts decreasing. At higher load, more fuel was injected to
combustion chamber o produce the power needed so the dillerence in calorilic value can play more
important role to generate different brake powers when diesel fuel and waste plastic o1l were used to
operate the engine. As a consequence of lower calorific value than diesel {uel, the engine Tielled with

waste plastic oil showed the lower maximum brake power. This may be due to the fact that at full load,

the exhaust gas temperature and the heat release rate are marginally higher [or waste plastic oil
compared Lo diesel. This may result in higher heal losses and lower brake power in the case of waste
plastic ol [8].

Diesef 100 %
Bl 5 = = = = — 5 = = — = = = — = — = ~ = — = — 47
f !
i . ¢
S5
' . !
YC 4 — — — — — —_—_-— = = = —_— =
] ! o '____a.-_.-—r—\ ‘ e
= i . . . i : . , € £
- \ . ‘ :
TOoRA A — = — = — = — = — = = — = - ey VW — = — 730 T
- ' . s Il |
i : e . &
e 1
, I - ) iy
e d - T e e - A - - - « — = « =
' ] ! e
i 1 . . kAT
' | I !
Y YT IR - - E - agn
JAc F) D EL MLy 2w L W
- s
peel{n.a) - fou .
WPO 100 %
£ X ) A o
0 i € € +
' ) ; > ' 158
. . i f . f .
TH 4 )
B « ' i € . i 0y 7
z P o
z i c
= . I, o ¥ A . i
T =l _ W % ¢
B A\
Y i = o . . e
4 ; - . ! 2 h
. L ¢ ¢ .
& L LT F U\
P A . : . . 150
: ! '
R )
Pkl 203 e gy a0 e Wit 00
- Toc
U Gt - Per

Figure 3. Performance curve of tested engine with (a) dicscl and (b) waste plastic oil.

3.2. Brakes

The brake specific [uel consumption (BSTC) at dilTerent injection timings tested with waste plastic oil
is shown in figure 4. Lt is clearly seen that BSEC inereased by 3.11% on advancing the mjection timing
Lo 25°CA bT'DC while reduced by 5% on relarding 1o 15°CA b'TDC (rom the original injection timing
of 20° CA BIDC. Because of advancing the injection timing of fuel to 25°CA bI'DC, more complete
combustion would have been (aken place that results in higher BSI'C. While relarding the injection (o
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15°CA bT'DC, the less time for combustion process can result in more incomplete combustion leading
to the lower BSIFC. The improvemenl of BSI'C was oblained as the engine operaling loads was
increased. The higher fuel conversion efficiency can be used to justify such reduction in BSFC, when
the engine was operaled al higher engine loads.

kv

PEEC ()

Lyectivn Tunin, T oTED (degh
Figure 4. Variation of brake specific fuel consumption at different injection timings
and engine loads for waste plastic oil.
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Figure 5. Variation of NOx emissions at different injection timings
and engine loads for waste plastic oil.

3.3, NOx emissions

Tigure 5 shows NOx emissions [rom the combustion ol wasle plastic o1l at dilTerent injection timings
and engine loads. The results showed that the advanced injection timing tended to increase NOx
emissions Tor all engine operating loads tested. This can be altributed to more available time for the
combustion process with advanced injection timing where mostly all the injected [uel can be burnt
near TDC Lo produce more complete combustion, resulting in higher combustion temperature which
favours NOx [ormation [3, 9]. When the injection Liming was retarded, less [uel was burnt belore TDC
while the remaining fuel was burnt in early expansion stroke resulting in less combustion temperature
related (o the reduction in NOx emissions [6, 7]. With the same injection timing, the reduction in NOx
emissions was found as the engine loads increased. The higher amount of fuel injected to the
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combustion chamber may participate in the reduction in combustion temperature, as a consequence of
higher heat needed (o vaporize more fuel molecules during the mixing process with the air leading o
lower combustion temperature and lower NOx emissions,

4. Conclusions

The effects of injection timing on the engine performance and NOx emissions by the use of waste
plastic oil as an alternative fuel for a compression ignition engine without any other cngine
maodifications was investigated in the study. The penalty of NOx cmissions from the combustion of
waste plastic oil scems to be controlled by the fuel injection timing. To reduce NOx cmission. the
retard of fucl injection may be needed to delay the start of combustien obtained by waste plastic eil.
The experimental results on engine test showed that the reducticn in NOx emissions was found with
the retarded injection timing at all engine operating Joads tested. In addition, the retarded injection
timing with the use of waste plastic oil can improve the brake specific fucl consumption. As the
benefits mentioned. the retard of fucl injection can be considered for the engine operated with wastc
plastic cil.
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