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CHALITA KAEWBUDDEE : A STUDY OF WASTE PLASTIC OIL AS A
FUEL BLENDED WITH BIODIESEL ON A SINGLE CYLINDER DIESEL

ENGINE. THESIS ADVISOR : EKARONG SUKIJIT, Ph.D., 145 PP.

WASTE PLASTIC OIL/BIODIESEL/DIESEL ENGINE

This research studies the use of waste plastic oil and biodiesel as an alternative fuel
for a single cylinder diesel engine, which focuses on the comparison of the basic physical
and chemical properties of fuels, engine performances, combustion characteristics, and
exhaust emissions by using waste plastic oil that has been processed into energy by a
pyrolysis process which has not passed the distillation process yet. The test fuels were
prepared by blending waste plastic oil (WPQO) with biodiesel derived from castor oil and
palm oil at different mixing ratios of 5%, 10% and 15% by volume. The preliminary study
will focus on lubrication and viscosity of fuels, which indicated that 10% biodiesel in waste
plastic oil was the optimum ratio because the smallest wear scar diameter was obtained and
the viscosity was under the acceptable criteria according to diesel standard specification.
Engine tests were carried out on a single cylinder four-stroke diesel engine without any
engine modification. The tests were performed at constant engine speed of 1,500 rpm under
different engine operating loads of 25%, 50% and 75% of the maximum engine torque.
The results of basic fuel properties were found that the fuel blends showed higher density
and specific gravity and lower flash point than those of diesel fuel. While heating value,
viscosity and cetane index of fuel blends were similar with respect to diesel fuel. The
experimental results of the tested performance on the engine showed that the brake specific
fuel consumption (BSFC) and brake thermal efficiency (BTE) of WPOP10 (10% palm oil

biodiesel blended with 90% waste plastic oil) and WPOC10 (10% castor oil biodiesel



blended with 90% waste plastic oil) were close to diesel fuel at all engine loads. The
addition of biodiesel to waste plastic oil tended to reduce the levels of hydrocarbon and
nitrogen oxides emissions. One drawback of adding biodiesel to waste plastic oil was the
increase in carbon monoxide and smoke. Comparing among two biodiesels used in the
study, the presence of castor oil in waste plastic oil showed lower carbon monoxide and
smoke emissions without penalty in terms of increased levels of hydrocarbon and nitrogen
oxides emissions when the engine was operated at high load. In addition, the price of fuel
used for waste plastic oil blended with palm oil biodiesel is 11.33 baht per liter and waste
plastic oil blended with castor oil biodiesel is 23.77 baht per liter. The price of waste plastic
oil blended with palm oil biodiesel is cheaper than diesel fuel at 14.36 baht per liter when

the current diesel fuel price is 25.69 baht per liter.
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Group
Edible Oils Non-edible Oils Animal fats Other sources

- Soybeans - Jatropha curcas - Pork lard - Bacteria
- Rapeseed - Mahua - Beef tallow - Algae
- Safflower - Pongamia - Poultry fat - Microalgae
- Rice bran oil - Camelina - Fish oil - Tarpenes
- Barley - Cotton seed - Chicken fat - Poplar
- Wheat - Karanja or honge - Switchgrass
- Corn - Cumaru - Miscanthus
- Coconut - Abutilon muticum - Fungi
- Canola - Cynara cardunculus - Latexes
- Peanut - Neem
- Palm / Palm kernel | - Jojoba
- Sunflower - Passion seed

- Moringa

- Tobacco seed

- Rubber seed tree

- Salmon oil

- Tal

- Coffee ground

- Nagchampa

- Pachira glabra




39

A < 9 ]
5101 2.6 wAALAzAUA Y

1A o J

9
azyallansnsgewugedaunsvatenslulszimauadou 101Fe gls1
= I Al o Aa = Y = [ A a
pazuesmuunanny TauduialuteWininzuesn deazysaiunwsasygnaves
v 1 Y A 1 ] d' o ] A
Inemisnou Ugnldameunnmavesilszmaves Ine niawlgnazyandayeglumamiie
Y = = ' Ao o Y 1 N o ' =
MaaziueeniBeunilonazmanaiy unasilgnidian Taun mgauys §11 v anyjs
A 3 Y ' Y a 1 ' o Y 1 1 9y 2 Y
aszifs Wudu ualuilgiiuwandnazeanasodiauinii i luiiissneseanudesnisnald
4 4 9 <3| @ a 2
UszTemilugaaivnssuniosdion ldiuiagaulugaaivnssud gaaunisudane
I Y Y = o 9 3 ? o 1 9 1 & dy A
Wudu audeamaindwaaraziiuazaun lsonaalszma Gaaungueanunign
a A 9 A A a 9 2 ' v o o A
tazwananiuul Idnaaaenniiiosanrananlunesduedlussaud unasdagnsssn
1a I Y a g’/ @ J o
litteulgnilunlaclug winvzdanaususa salidareu i ldinyasnisnamsenls
' o <] { { ' o ] o a ]
Talumsquasnuwazinuinedna s lutima TuTadaielvdtun limunsnaa 39
I Aa o Y o A A A Y A 1 1 Y a
Wundien vildnwasnsiulilgnissiaduunu earaduanazyesinlvg laun vsida
a = = U = g a2
DUIAY U TTNTY LAZANTTOINTM
o @ ] P AA A J .. . < =
aﬂymzm”lﬂmmazm ASHINTIINYIAITNTIT Ricinus communis Aunalu
J 2 o a a = [ a 4
797819131 (Euphorbiaceae) WD unutia lunsnauesnmaziuesnuazuamaisition
[ Y A A Y I = Y YR = < ~ =
vatlu ldwunseduduvuiaan lanugeesdulane 6 was Hludulumerconize
[ Y (% =\ 9 a
ddunu danvazivandareurnantsznia 6- 10 unn lundelssuia 15 wuamas uay
a a9 [ Y A ]
o115z 60 isumuas Niduuayuavedly voulundn Mulunserensnsrilszuia

a 1 1 g ] a 1 A 4
20 - 30 uAWAsT dauasnaziuilureuinulatssen TasAuaziizisuoonaoniiolioy

9
A v oo 9 v S

Uszum 40 - 60 11 lupenazirzinididuazaniiveglugodednu yaldmsnaunas
Y | o 2 2 =~ 1 A o < ) 1 2 Y
ArguNaudunan naviaedll 3 - 5 uan yeaenlanyuziudu o unazdullszneualsaen

< o 1
@@ﬂlﬂUﬂigﬂqﬂﬁjuﬂULluu



40

S o

A ' & a a g A
Nﬁﬁi’E]Qﬂﬁ%?jQNﬁﬂBﬂl%Lﬂuﬂ’i\iiﬂ"l’JﬂigNTEI! 1.5 UAUAT FIU1TDNULNYN

o &

= 1 <] @ <
JUW 3 YW UAaZWITUNUAUNEAA anyuzrally

U U

=_

wawan lanelullszuna 150 T4 Havesay

[ <3

2 < ~ A <
Wy anvazveuvaatlugns s nasnwan

2a @

U'l4 Arlivuadienuiy MaRauANUINIZIL

Y v v o’

3
A ?,’ A %’ I dy IS A a a
Hmimaueslszunvsetmatumutuareaarenuauny maiumammn NI‘]JWI‘L!

&£

a

A A dy <3 =\ %} ] [ 9o’ v A 9 < 1 =
NUNY ﬂ1Elalu!,u’é)mamznumu’é)gmﬂslu Tﬂﬂumuw“lﬂmﬂmaﬂazm%uaﬂymmﬂu

A A A ' = Y a A & 9
mﬂQLWﬂjiﬁﬂﬁﬂuﬁlﬂﬂ@QSSH q MUIIVU Unauianlay

51U 2.7 lunaznaazya

=\ A Y

a a 9 ] 4 Y 1 a
A Tavesduazya iweduazyuaulaiiluvsedelszuna 6-12 Tu

' '
A °

~ a é! ~ @ a aa o 9 Y
TUFADNINAVUNYDA Glu%m3‘lfl“1f’€]uiﬂﬂ1ﬁﬂ@@ﬂﬂE]ﬂ@]ﬂlﬁﬂﬁ]ﬁﬁllﬂ\fl“];ﬂ!,l,iﬂlmﬂ’é]ﬁ)ﬂfl]'lﬂﬁ'lﬁuqlﬁ
' A4 4 a a & 4 2 < 2
“Hﬂﬂ@ﬂtliﬂ%ﬂﬁﬂﬁﬁﬁﬁWllﬂﬂ Lﬁﬁ)ﬂ\i“]g'ﬂu‘iﬂll"]fﬁ]ﬂﬂﬂlﬂﬂﬁl‘juﬁﬂﬂﬂﬂﬁﬁﬂﬁﬁﬁ]ﬂﬂﬂzLlﬁﬂﬁ]ﬁ)ﬂflﬂﬂﬂﬂ

Al A A A ' a X o ¥ o Yo Y A

PALUITN LASUNYANTIULANDDNITINYANTBDILALNIYAND € ”lﬂmmumumﬂu ‘1/]']611%1']ﬁull
a a 1 A d' o w
mssaau Tnededuiiies lamday

4 1 %‘ @ < A @ .. .oA wva

UszTowrvevazye diduwanazyadinga luu Ricinoleic nmdu1ia

% = wad'dd [] Y = A = 1 %’ Y a d' =K A
RNITAT LAsUAUTUUANAND l11]!,131’7\1\1'181 UANUYIUA UAZIHHIININMUIVUTUADU INUIY

o PR 1 a ] ?,’ ] A == 9
anlmtuarunanlumswanaaaimnssunaredszan iy hdurasau 11520 Uiy

E]

¢ A o y o

g [ o =K A dyds! =\ 9 =~ [
UIWITNHINUI HUNWUN YNIUNYY WAITAN W UILNYY ﬂuﬂule‘IﬂT ooy dauiiu

D.

] Y a

] ad o £ v o a Y 3 [ A o
ag‘lﬁj\‘l‘ﬂWTHﬂSiN’J‘ﬁVH‘lﬁﬂiﬁVI‘TJLLﬁ'JﬁnJWiﬂuTNWWﬁﬁj%Lﬂuﬂ"ﬁﬂ‘HWTiﬂ RFRNGEGEN

a

dyo 9 ] o EY o dl U
wonnnidduvesazaanioiunldlumsiubonszainla
2.63  mslynuveariniululefisa
?,’ [y v J a

o ¥ o a Ay ¥ o ¥ o A A ' B
ﬂ’liu’]u’lﬂuullli@ﬂlﬁlfacﬂUlﬂinﬂﬂ’ﬁu’]u’llluW%Wi@u’lﬂJuﬁﬁ’J%uﬂ@’N il ll’]sl,"]f\‘l'lu

A 3 1 o o k) ana [ an A A A
LWE]L‘]Jutlﬁﬁﬂ‘i"lﬁ\‘l\‘l'luﬁnﬂiﬂﬂ'lhlﬂ‘ﬂﬁﬁl’?l‘ﬁllﬂi%‘U’J‘uﬂ"li‘Hﬁﬂ 57900 N1TLIDINNNITO



41

HEUANEATIdIUnTzUIUMIHaALLD Ty TasBdadu nsuandadieanuiou uazlfnsen
o any o
NIUTOTND3 WIATU
9 9°/ @ =} o A I .
D m3lainaiuluTefa Taensanunsoseudama (Direct Use)
9)901 o = A 4 sol v A 1 Aa
s lainiu luTedalagasalumsossudunuiniudra Tag'ludy

| A Y J

] Y 9
mummamaumu%uﬂﬁumu"lﬂ qma%ﬂmummwcl%’umuﬁwmmmmuﬁm

Toe

[

Lﬁmﬁ]mumuwwaﬂﬂ”lﬂmmﬁn Auazmnzaunininiudas %ﬂﬁqumum”lﬂmﬂﬁm

o a v W ] A a9 Y 2 & 1 9
fgwa'émmqumﬂmﬂﬂmiimmu,ﬂuhlmhlmwmqmwmmm A Fuutlymiaonisle

U

v a 1

2 o A A =) a v v d A Aad o 2 '
THUBUAY TIUUIUUNTANIAD Lﬂﬂfﬂiﬂﬂﬁﬂlﬂuqmﬂqmﬂ@,N%WWﬂ’ﬂ VINATINWUIN

Soe ZD

9

1 o % % 1 1 %’ Y
ﬁﬂﬁiquu'llluI@fJ’E’J'IﬁEJf‘]’J'lll%}Q‘HGH’JfJGI,‘Llﬂ'li“Vifl’E’Jlllfl’iﬁ’Jb],alll,l,ﬁgiaﬂﬂ?ﬂ'ﬂhﬁﬁﬂﬂ]@\?u1mu
A a A gye A gt A 19 ¥ a ? o 9 9 v
LGBE]L‘Wﬁ\‘IL‘WE]Sl,ﬁlfﬂﬂlﬂi@\‘lﬂuﬁm‘ﬂ)'aiﬂﬂﬁﬁﬁ L‘wa"laJGlmﬂ@ﬂiywﬂumiﬂauumummmmﬂwu

Y &1 a 1 o w 1 o Y a ] 9 Y
Llﬁg‘ﬂﬂluﬂ'lﬂ1f.iLW'lh],WiJGU’EJ\‘lsU@\HG]ﬁJLWﬁ\‘1 Lmﬂ?ﬁ‘]/l'lﬂ\‘lﬂaW’J‘Vl'lslﬂl,ﬂﬂﬂ'ﬂhq081ﬂ1uﬂ151%01u1ﬂ

2) N1519992 (Dilution) H3OMIWEAL (Blending)

Y o A A ¥

o Y o < o v o v
ﬂ’lﬁl%‘@ﬂ']\'iﬂ%@ﬂ']iwfduﬂﬂu']ﬂu LﬂUﬂ'lﬁu'lu'lﬂJUWG]fﬂiﬁ]u']NUﬁm ﬁﬂﬂ

= Y @ ¥

E 1 1 4 o 9 %’ LY
"lﬁ’mmeﬂuumumcﬁamﬂamm’mmq 9 Lﬁaaﬂmmwﬁﬂmmumum uaz‘l AUTNUNTY
F4

A A P @ o w A ds! @ A 9}3’/ é’ "o a
Nue mﬁum“lﬂammﬂuumum«naummu Iﬂaamwmummﬁwhumwmueﬂﬂmmwgu
Y

U

@

Y
12 IuveuAaz iU Hans wumﬂﬂﬁuumﬂmﬂ%’ﬁmm%ﬁﬁwmammm Ao Noenlsznow

I a 4 a 4 @ <3
ﬁlﬂuﬂﬁﬂ INANITHETUUDINITUDU Lﬂﬂﬂ’]\uﬁﬁﬂjlﬁ'ﬂ\iQWﬂﬂf‘]ﬂﬁfﬂ@@ﬂ“MﬂsﬁuizﬁTNfﬂﬁlﬂﬂ
Y] 9 1 1 @ A ) Y v A %’ = %’ v Q) (=
5ﬂ1&l’]i!ﬁ$ﬂ’]§ﬂlsﬁ\ﬂu ﬁ\‘]Wa@]ﬂﬂ’]ﬁq@ﬁuﬁﬁﬂﬂ’ﬂﬁﬁ?ﬂﬂu’]uuﬂﬂu?ﬂulﬂuagﬂﬂ\iPji’)ﬂllé’{hlﬂﬂ

3) luTasdiasu (Microemulsion)
'J‘ﬁﬂWﬁ‘Vl’]thIﬂi ﬁﬁsﬁ/ulﬂlzlﬂi VIUNTWNANTE W'J']\TUTNHWGBﬂU@'Jﬁ a1y
J o av o A A~ U (% [

IR NRERIS] Tﬂﬂﬂ?llﬂsllﬂﬁlﬁaﬁllilIﬂﬁﬂllaqfu@i’)sUﬂ\TLﬁa'JWﬁlW]NﬂWﬁLLWiﬂﬁgﬂ'ﬁJ@]'ﬂuaﬂng
4 A A v 3| dal = [ ' a
VDINDADDYA ﬁnﬂfnﬁWﬁllGlJ@QLWﬁ’Jﬁ@\TG]fuﬂ‘ﬂllllag’za"Imﬂulu'ﬂlﬂﬂ?ﬂu TIUNNUUUINDUYNA

=2 () Aq ¥ g 4 a 1 [

193 150 Ll”ljl!tll@]i ﬁ?ﬂ1a$a1ﬂﬂisﬁlﬂu&L@aﬂﬂ3@@’1@1%1&@@]1\1 q U LUNIUDA LBNTUDA LS

Y
Y A a

2 ax Aq v 1 A A vy v ¥
INTUDA Lﬂuﬁﬁﬂ1§ﬂ1°ﬂﬁﬂﬂ’]ﬂ3’lnﬂuﬂLWﬂalﬁllﬂu13Jumff]LW'ﬁ mﬁﬂﬂﬁiﬂalﬂﬂﬂﬂﬂ

Y]

1
g = 1 ~ a @ 4
vniuda daulvlayminufannuesmsazaudrvesamivewiuaznounazenamiion
a v A 4 A SR I Y ?,‘ v A a Qddy
YINWHIRA 187 tazveunIoseuazaiutedevesiniuinan Tae3sH (Agarwal, 2007)
4) MIuAnAIaeAN5outIe 1115 la%e (Thermal Cracking or Pyrolysis)
v 9 Y A a IS a
MsuanddalenNuIounse s lage Wunszuiunsnasuuilaq
=) gﬂ 9 & a I a [ I a = A a U 9
maaivesasaiduriaria litlundasausionyiianilanTonareriia lagldanuieon

Y Y a A Y @ 9 1 v W 1 aan Y o Y
ﬂigfﬂuch’iLﬂﬂﬁ‘i@i“l)’“l"lﬁ\i\ﬂﬂﬂ'ﬂﬂﬁ@ﬂiﬂﬂﬂﬂﬁﬁliﬂﬂaﬂﬁfﬂ N32UIUNTIZADIMIN1E]1A



42

9y Aa [ I'd

o w a A = d‘ [} Y a 9 L] 4
ANNZNABONTRUNIOUT WU INA LW’f)thGlﬁlﬂﬂﬂTi!Wfl‘l’mﬂfﬂﬂﬁu‘uﬁiﬂlLLﬁ%ulﬂWﬁﬁﬂm“ﬂ

[ ¥ =)

A 3 a 1 1A A o Y I c;y/ 9 aan A o w
ﬂNﬂJuWﬂINlaQalaﬂa\i 'Jﬂf]ﬂﬂﬁ']ual?iﬂ]u‘ﬂufJiJu’liJfl‘b’l‘]Juﬁ’lﬁﬂ\iﬁualuﬂg]ﬂﬁfﬂﬂﬂu’luuwcﬁ
o

Q

=

o o v A a 4 o A A
"l"lmuﬁm ﬂﬁﬂulslluu@u‘ﬂ'iﬂllagluﬂﬁlﬂﬁlﬂﬂiﬂl’ﬂﬁﬂﬁﬂllélliJu QNﬁQN“ﬁi%iHﬂﬁ%U?MﬂWﬁ
g a a o o 1 a
Uszurae 450 - 600 mmwm%ﬁ ﬂiZUQHﬂWiﬁf’ﬂfﬂ*ﬂglﬂﬂWaﬁﬂﬂ!“ﬂﬁUWa']fJ‘Hu@LLaSfﬂﬂ
d' o A I Y a 9 zﬂ' = anna d' a d%’
VI‘ﬂ%ﬂ']‘l’Tu@‘ﬁi'ﬁ]ﬂ')‘ﬂﬂllal‘ﬁllﬂwaﬂﬁ'lll@]ﬂ\iﬂ'lﬁ lfl«lfNﬂ'lﬂiJﬂ'JﬁJWa'lﬂﬁﬁWfJéUﬂ\‘]‘]J;]ﬂﬁ‘t’J'lﬂlﬂﬂ VYU
Tuszuu
ann < aa o
5) ﬂgﬂi&ﬂﬂﬁi&ﬁlﬁ)ﬁMﬂiWLﬂ%ﬂ (Transesterification reaction)
aan 4 a o @ I aan 1 4
dgnsemsudioamoes thadu fulnsouaiszvinglasnawelsa
o v o Jdo s 4 a 79 Y
maaumuﬁ%w’%%uuﬁm Ulloanoaoa Iﬂﬂﬂ'ﬁlﬂﬁfJ‘L!UlﬁiﬂaLcﬁ@vlﬁﬂclﬁllﬂuﬁ'lﬁﬂigﬂﬂﬂ
I'4 = I 9 [} a =1 o 4 anna
IDAIADILASNALEDTOA L“]JUﬂ'liEJ'IEJWHLL?JaﬂﬁGUENll@]ﬁﬂalcﬁﬂhlﬁﬂﬂﬂl!@aﬂ’ﬂ3@@ ﬂaﬂiﬂ’l‘ﬂi’lu-
any o ~ 4 o o 9 a dzl 1 9 Y K 9 Y 1 aaa
L@ﬁlﬂ'ﬁ]ﬁwm%u"llﬂ\‘lhlﬁiﬂaLcﬁﬂhliﬂﬁ'llﬂiﬂwuﬂﬁﬂh],ﬂlla3LﬂWU‘L!ﬂ’f]uﬂl’lil%’li]ilﬁ@ﬁ@nﬁﬁﬂgﬂﬁEJ'l

| Y Y a ana Yy 2 Y a o 4 2
L‘WE]ﬂi%i{]uclﬂlﬂﬂ‘ﬂg]ﬂiﬂﬂﬂliﬂﬂlullﬁghlﬂWﬁ@]ﬂm“ﬂMWﬂﬂlu

% <
= -
: % -Q‘ Cataly . X
=R{ o q}w_)‘““:& ' .\'k.
Iriglyceride P.
m“)"mﬁ" — \M:Ilyl Ester Glycerol

d' ann .4 an % d' .
519 2.8 nsemsudieamas Wiagu (MW7 : www.energyfantasia.com)

U

aaa d an o
2.6.4 ﬂ{]ﬂﬁﬂ1ﬂ§1ﬂﬁ!®ﬁ!ﬂﬂiﬂ!ﬂ‘lﬁu

o aan o aa o A a =) I an A Y v
ma‘mﬂgﬂimmmm@ﬂmmwm%umawaﬁ"lﬂamqsmﬂuaﬁw”lmu
v X '

H ' 2 1]
anuiisuiigaludegiu Felfasemaudieames inruiuilluseiFon Tasia lilves

q

v v
=LK A

aaa a A Jd A 9 ' A ? o oA A v o =R J
‘]Jgﬂ581ﬂu1/liflﬂfuﬂﬂH\T‘Wﬁ"lll”liﬂ(lslfaﬂﬂ"lﬂ:]”lllﬂl!ﬂﬂl@ﬂu"IlluWG]fWiﬂllsUiJuﬁ@]:] 919

=

P

Y
asdszneudunidlszianlasndwelsd nazdSulssquantianusemasdilidnua
9

ee

= 4

Y v ¥ o oa o 9 o J ? o oA A v o A
AANYNUUINUALY A ﬁ13J1'5ﬂ1/]”I]lﬂiﬂEJﬂ"I'i1!”I]l@]3ﬂaLGB@113ﬂiuu1ﬂuWﬂfW3@1ﬂlNuﬁ@]31ﬂﬂﬂi

RKe

9

udawazdeli1d 11Ul gasemsudieamesThadusuaisseinnueanosed ladu

' A ¥ A 3 Aa ~ A = A A [
HU IUNIUDD IBIDNIUDA mummuaai]znJLmusm3J1mnqﬂmmmﬂmwmgmmmﬂmu



43

Y
v o

s a A = a9y A 1 A A A I
1PANDIPATUADY DANIGI TR IudIUVIAUaNTANNMEMHLaznIual Av 1TuTuana
<3 ?J A o 1 o Aana [ 1 <
WAl aaduasnanamsoiilgnsenunawesoalaed19siaE waz a1
o 1 ann Y = A =2 dal T a P Y o
azaeasalns e 1aa msisensevesluTeAtraluednurtiavooanagoan 19 1uns
Aaan o (] ] a < I P { I o
Ufisen enddedrasy enaeaaes (Huemaoin laninmsldeonmueauaislunish
aan a S I o A 3 o Aaaa
Ufnser viewnawaaes Wwemasinldnnmsldwmueaiuarslunisiilfase
) [ @ 1 anna g’; I ¥ [ I @ 1 aan =\ 1
dnsudnsalgnsertuansald ldvainvate ldieziludusalfisemani nia e
% 1 a % =Y a 4
W30ANTIFINN 17T nsadain (H,80,) nsalalasnacin (HC) Tmdonlaasonloa

(NaOH) 130 1 uaaidenlaason loa (KOH) wioama Hludu

Yy Y
[ a

v A a A o I = A a [
CVN‘L!’)G]Q@LUCVIu'liJ']Na@LL]Ju]’lLUT@ﬂLC]fa l,l,azmﬂu'lﬂlsllmﬂi%‘l.l’J“LJﬂﬁNﬁGlh’ﬂ

IS 2 Y o 1 aan @ ' 1 Y o o J ) 9 )
ﬂglﬂuﬁ’ﬁ@{l@u ﬁjliﬁﬂaﬂﬁﬁﬂ @G]ﬁ']ﬁ’)uilla5$W31QU1NUT‘IULL’E—J@T‘I@a'ﬁ]a (F@1769AU) BN gRIRY

1 o aan [ 1 dyd 1 a 4 Y o [ LY 1
Llﬁ3§$ﬂ$L’Jﬁ11H5$‘H’J1\‘]ﬂ1§VIT]Jj‘]ﬂi‘(’ﬂ ﬁmamamwamwawamﬁ% disvudaaiuluy

4
o o

o aan %I v oo 4 1 o 1 Jd
ﬂﬁ“l/l'lﬂgﬂiEJT’lJENUﬂJuﬂ‘]JLL’EJEIﬂ’EJ86@‘1&&@91}’JW1J’J1 Glﬁ%’ammauhﬂhamamaaﬂaaaamumu

va 9

d' Y a aan d' 4 1 a Y o 1 d' 1 gl.l d‘
3: ll,W’OELWLﬂ@“]JgﬂiEﬂVIﬁiJ“lQJJim Lm{1‘14!‘1/]1\‘1‘]JQﬂﬁﬁﬂii%ﬂﬁiWﬁ’JuﬂM1ﬂﬂ'ﬂuu IUBDITN

(3

Y Y a vy o ana
aams Ikanangaaz lgnar lumsiilgnseduas
o ] 4 d
265  msinlflaununsesun

Y
1) auautanmeamtazmaniveiniulyTeda

'
A o

wAa = = I o o A
ﬂﬂ!ﬁﬂJ‘UWﬂNfnfJﬂTV‘ILlﬁzﬂ?ﬂlﬂhﬂlﬂﬁhlﬂiﬂm%mﬂl‘!ﬂﬂ‘DEJVIE‘TT UNTING

[

1 4 J (% a a a va
mﬁmmum@uﬂ%wm HAsAMANHUSUDINITINANANY Tﬂﬂﬂﬂﬂllﬁ}’lﬂmﬁmﬂﬁﬁﬁﬂ 9

1 1 9

' P
Gum"lﬂ@awawﬁmﬁwmim Ulﬁjllﬂ ﬂWﬂ’JHJifJ’LJL%EJL‘WﬁQ LAUHINU ﬂ’NlI‘Hﬁ@ AITUARUULIUU
< Y = Aaw A J = @ 4
i;@"lwam i]ﬂ’ﬂ‘]_lhl“l/\l WUAY FINUIVENHIUNINDIN ’]Jilﬂmﬂ‘iﬂhlsm\lu!,m3®ﬂﬂﬂi$ﬂ@“]J‘V]N
= = 1 o A 1 wa = A va
mmm”lﬂammmuﬂuﬂmwmwamﬂmﬁuumaﬂﬂamma ANTNN 2.4 LAANAUTNUA
%} &Y = d' a [ a a 1 1 vAa =
GU?NHHJHU]JUIE]@LWQWWﬁﬁ%1ﬂ’)§li}ﬂﬂ“}5uﬂﬂ1d | ﬂ1ﬂ§]1i1ﬁWU31ﬂmﬁﬁJUﬁm€]QVlUIf]ﬂ!ﬁ]iﬁ

Y A [ g v oA
%zﬁlﬂmﬂmﬂuumum%a

De

@

[ 4 g’; 1 1 %} @
wonni auauianmsvasauved lu TeAatiulinuinni1iiuaea

q

Y 9
¥ A a o ] Aav A

Feguantansiasauve i FoMAaIuEIINIT0FIoNN01gNT 1Fu Tagananuiden
1 1 9 =) 1 1 a A 1 d‘ = 1 9
ATHUTINUIN ﬂ1361,“]5kl‘ljIﬂﬂ!%'ﬁﬂf’)ﬂﬁﬂ!ﬁihﬂmﬁhﬂﬁﬂWiﬁaﬂau i’)llfNG]f’JEJ‘]Ji‘]JiJEQ

9 1] ]
Uszaninmvosiiaa1iadu 1o nguduian1svaoauIZ¥IeaANITFUITE 10T

%

=y 1 g’; dyd o Y a A = dy a Y o da! "o
Lﬁﬂﬂ‘ﬂ"IHLWI‘VNuﬂﬁ”lﬂJ”IiﬂV]”liﬂlﬂﬂﬂi”l‘]JﬂliJ"lﬂ ’mﬂLﬂfaLwaﬂm%uﬂumuﬂﬂﬂummﬁm”|'m

U

A

Tumsdesaas Wsinandivesoa uaznuaniianis Ina (Mishra, V. K., & Goswami, R., 2017)



44

M519% 2.5 uauiaved luTefrannannningauyiiaaig 9

(Thapa et al., 2018; Karmakar et al, 2010)

qmauﬁ’ﬁﬁﬁmémwae
it | meowdeu | madmu | mumila | anammiy galvam | ganulvl
gAY Homds (mm’/s) (kg/m") (°C) (°C)
(MJ/kg)

1hduy - 52 49 879 14 181
dundod 39.6 37.9 28.87 913.8 . 254
faaa 39.8 418 39.6 905.6 - 271
aen 38.5-42 46-55 3.7-5.8 864-880 5 162
azH 374 453 2512 955 - -

4 o @
2) ammummm’%mﬂuml,azﬂmaﬂymzmilm"lwﬁ
A I S Y v
ﬂ']iﬂﬂﬁflﬂﬁﬂiiﬂuzﬁl]@ﬁlﬂi@ﬁﬂUQ@LGHQHUﬂigﬂf]ﬂhlﬂﬂ'lflﬂ1iﬁi'linﬂ
a g [] o W Qy = dy a o a A a 9
WITTUIADTIAN €] 1YY NIAN mmamﬂamwmwmmmw azdszansnImFInIINIou
g v aw A = 4 s ) 2
L‘]J‘L!G]‘Ll INHNANITIVYINNIUNIINNITANHITUITIOUSUVDUATOIYUA Iﬂﬂﬁl,“]fulﬂif]ﬂl‘;]fai]'lﬂ
9

a 1 o o A

Y o 1< y a ' A o
UHAINNAUVAN WﬁNﬂUHWNuﬂL%ﬁLﬂUL%ﬂLWﬂQ Murillo et al. (2007) WU NITLNNUDAI

Q

¥ A

1 = o Ly 9 9 1 9 o [ t:‘ 9 d‘ 2=
ﬁauNﬁmlmlluiammamﬂumuwﬂ%ummwaiwmaw”lﬂmﬂmimﬂuﬁumaﬂm
d’ = (% [ %’ v A Y =
Lﬂﬂlﬂ%ﬂﬂlﬂﬂﬂﬂﬂﬂﬂuiﬂuﬂﬁh’ﬁ oY Kalam et al. (2011) llﬂ'inNTuNﬁﬂ”IiNﬁiJulUI@ﬂlcﬁﬁ
? o J = Yo 9 v 2 o oa A A 1 Y
RN VR FVETSIRT-$Y Lmﬂﬂam%a%mumumwsnﬂuumumma‘ﬂ 5% Iﬂﬂﬂiifl@]ﬁ ﬁQNﬁ‘lT‘i
o w . J o w 4 wa 4 a
mmmsﬂmmm%wummq 1.2% uag 0.7% 9138191 Lﬁﬂﬁ%?ﬂﬂ‘mﬁuﬂﬁ‘ﬂTQL%@W‘IQQGUGQ
~a A 9 A A o A 9 o Ao X
"l‘uTamcﬁa‘vmmmmsam%mwmmmmmumwa HAZA9ANADINUIIUIVYVDY Altaie et al.
dl [ A [ 1 = ?,’ Ly 4 ) 9 a S
(2015) NWUN ﬂ"lﬁlWiJ@@]ﬁ]ﬁ’JuWﬁiJ"l‘]JI@ﬂl%'aﬁl"lﬂu”Illl!‘]J"IaNﬂ]iﬂl!iﬂ‘ﬂﬂl‘ﬂiﬂﬂﬂ”laﬂaﬁ
Y "o
IﬂﬂﬂTiaﬂﬁﬁﬂl@ﬁﬁWﬁlﬂlﬂﬁﬂﬂTﬂlﬂﬁ]SllﬁﬂﬂNfﬁl@\?ﬂTﬂ'nll%ﬂul%@LWﬁﬂﬁﬁTﬂl@ﬂqﬂiﬂaL“}fa
v £ A dy a o g‘/ s da! 2 ' =
uazﬂmmamamﬂamwmwmmmwmsﬂumzummﬂmumuﬁﬂmumﬂﬂuTﬂm%a

A X A a A a a 9 = ' = A e '
INNUU LN@W%]SﬂﬂﬂSgﬁcﬂ‘ﬁﬂﬁ/‘lL“If\‘iﬂfl”llliﬂulﬂﬁﬂmﬂﬂjﬂiﬂﬂlwa‘wufﬂ hl‘]JIf’)ﬂL‘ﬂiﬁllﬂWﬁ"lﬂ?"l

20

v A é = A :ﬂy a = d'dl 9y c‘) '
TUUALEA G]Nllf?ﬂ!,‘ﬁGc]ﬁ]1ﬂﬂmﬁllUGWHQL‘M]LW’GQGU@QU],UI@@]L%Q‘1/]3Jﬂ1ﬂ’311|if]1!§]1ﬂ’31

o ﬁae

v A =2

i1 Y
umummammqmmwumuuuazmmwﬁﬂﬁmgqmuﬁmlﬁﬂmﬁwnuumuﬁwa aIND

TWm3nsznedniluazesidos 1@ 1@ (Nantha Gopal et al., 2014)



45

A A = o P = d v Ao w cg a
denasaneguanyazmar lnd Fuiulatendnyveusonas
Tasasnosuielaninidateais 4 1y anwanlunszuengu aAnua1sn1sgaszia
1 9 ' 9 [ v 9 I 9y
$raam s lvd n1sdaatlaseanuieon uazeasinstandaseniiuion 1Wudu
(Hasan et al., 2017) 91nmsany1ves luToamwa lusuaadnyagnsw ndwud luTedwa
901 o 4 = = [ 1 ?;’ v A
niniiuihaueag luTedwaanm Tuarlinnuaulunszuengugeganinnaniniuda
A =~ ~ 2 A X A o A o ~ a
iosvin luTedwalinnuawmlaousomasduwiziusn yamen uaudimu Usuw
a d' =1 dy a 1 9 d' 1 %,' v A 122
PONTFIUNG LAZIAIMINAFOINALA 1K INNNINNTUAIEA (Ozsezen et al., 2009) LADY
1 < a o [l 1 1) o 1
9619 lsna nudteundiulanui anudulunszuengugeganazdnsinslanildes

Y = Ao P Y oA 4 = @ @ 1
mmmuqqqmaﬂﬂammaummmmmum%a LﬁmmﬂmmaﬂymzmiWﬁuﬂmgmw

A A

[ dy A A a R & 1 I ~ (= 1
pimeanu¥emacn lua suuwannmanuriiaings msszmenatedulon 14d vage
Y dy A Ao VoA = [ io} =1 [l Y v 1 Y
ANUSoURINAING1IA I T sueun U uAEa damna lvionsinsdanllasennusou
gagalA1anal (Kegl et al.,, 2006 ; Sayin et al., 2009)
a =\ Ad' 4
3) wanyloi@eveunIoeUd
= 4 Jd a a = 2 o [
m3ldluTedwaluasossudaanaliinavany lotdedudinsy
A I Y A ¥ Pl P P P
inTesuAAralsTRoUAIeNaNEA1d 9 Jaun lalasasuey msueuueuen luq aon lua
[ dy 1 o A 1 9
o3 luTasiau nazduazeos uonINUWYI ATUNYNUaoso0nu19INNITINT T diveq
A o’g’/ a A 4 o a’é 1 g v A = dy a
mInssuatutlsualalasarsueutazmsuounouen laadinininiudra Fuaremas
1 a I Yy o a
TuTeRwalidaruilszaouvessondmuiluairnie lunismwi vl i ldnuur Tdyveatsuw
o 1 So' Y] g’/ 3 1y
ponleaveslulasioululeideganiniiudiga naliduazeosninmsidlulefiea
o J = Y
e300 UL DDIAIDNATY
Aov A 9 = %,’ @ 4 =)
nnuIseniu TaelyluTedmasininiuilavuas luTedwanin
A o 1 [l I dy a A I 1 = 1 A
amluaneasiaiunauae 9 Wwramadlwnseseuaaanui Ysuunmsdassvany
s 14 o A =1 ~ [ %’ v A
Tordelalasaisuouana 14.29% uag 72.86% a1ud1ay tefIsuieuduiiuamsa
3 o ] a
(Ozezen et al, 2009) TagitlumamainentlszneumaniivesluTofra wu USaeendiay
{ ' %} ] o =Y 14 'c'>
Aunniuaam IR luTedwailsualaTasarsueund (Hasan and Rahman, 2017)
9 v W o 4 = a o 9 1 1 A dy a =
AmenunuMsUeuNouen lag lasliauitelanaindn quautanusemasuesluTodwa
1l a o 1 [ g Y] I~ [ { o 1
wu PSmaeenguuazsiuaudmulimgeanininiudma Wuilsdeiih Idsmamsides
a 4 d'c') 1 g o o [ [
vaneMsuouNauen lsaaInu T UAra tazdanuIdnsaiunayvedluTofanas
A = 1 4 I A = o [
sUnUVVRUATRIEUATIHANTE NUADAIT DD UNDUDN 136 AT 09eUAALTA 1ASDATIAIUNTN

= A A dg! 1 Y 4 4 . A 1 =
ﬂlﬂﬂulﬂjﬂﬂlmaﬂlwuﬂlUﬁﬂWaiﬁﬂ’lﬁﬂ@uuﬂu@ﬂqcﬁﬂaﬂaﬂ (Durbin et al., 2008) (LaIUDNAING



46

1 U 9 =) (% % v A 1 1) d‘ =~ % % v A
Auazesanui Ml luTeAwandunuinivfwaizisaaduazesuiiofeunuiniudma
'd
Rakopoulos et al. (2006) l@fnuinmanyazuanyvedlulodwavigniuas luTediva
aol v 1 s =W =Y A o 1 9°/ v A = 9
pamiiudanu lulefwaiiduazoostsuaidininhiudwanaziinui lduaaag
A o \ a A 2
eoasarunauved lu Tedmanuiy
a 4 1 A Y] 1 =

msinneen leavedlulasnunuii edasaiunauvedlulefra
A 2 Y a I3 ~ 9y A 2
mnvudanaldlsnaeen lyduealuTaswuluur TdudiunIndu (Chauhan et al., 2012) 1y

Gokalp et al. (2011) wu Ysumeon leduesluTasougeiu 4.5%, 10% uaz 15.5% dmiy

v
o v =2

2 = a £ < A J
vl‘]JI’E]ﬂl,Glfa B20, B50 uaz”lﬂamcnamqwﬁ ATUAIAY BINTTISITUAITULITIVDIATOISUA

' %I Y

a a o =~ A = - a 1 Y
ﬂimmaaﬂ%ﬁmuazmuaummu%gamm yuatya imﬁﬂmiam%mmmwm

'
(% s 1 a

I v Aa o 4 o [
wazm e Iiiiuidenianudinyinenaoen lodves lulasnudmso luTedwa
(Hasan and Rahman, 2017) 1ag91nMsaAnB191UI8NA UL 195U
. Y o = @ ¥ o =
Yarrapathruni et al. (2009) lavmsfninuanyuzvewiniululofea

1 o o ?,’ v A o 4 o
MNAYANTUNUVUINUALE R Iﬂﬂﬂ'lﬂ'lﬁ‘ﬂ@’ﬁ@llﬁllﬁﬁﬂu%sllflﬂlﬂ%@\‘lﬂuﬁalcﬂaaﬂﬁﬂlaﬂ?

U U

=]

Aa %l 1 Y o Ay
VIiJ‘iz‘]J‘]Jﬂ’l‘ii$'1J'lﬁlﬂ'J'liJ%jau@gl}’gflu'l 1NNITNATDUNWUIN umu”lﬂ@?]wa‘ﬂumuwﬁmmﬁ
ao) o = 1 o =Y 1 9 A =Y Y 2
umu"lﬂam%aﬁu“m 25% Taad5u1as dewalvaussouzvounsesosualansyus Inaines

Y A 'd 'd v
vihsiuda druiiuluTefwaaydmusgnsiilnlszansnmdnnudowusndinii
2 ' A a2 P s < 7 v o A A
natimsaseuany lodensarsusunauen lua asuey laoen lua uazaiumilsuw
anag

a 4 a 4 o
Hirkude et al. (2012) ladnyuazimsizvvany loideveaunieisud aa
Y = A a ?:I o Yy 9 & o A I [
Taals luToawsanaanniiiul¥ua) F991nMINAADVRVIATDWWUAAFANTI AUTTOULVDI

A J 9 = cad Y Y A 1 = Y v ¥ o a

1n30auanM3 19 1u Teasavini i lsud N arumanais q ianulndimeadiniuauwa
a 1 4 J 1
uazTudmuany lo@olsmamsdaesmiveuneuen leaanalszinm 21% - 45% duazood
[ 4 4 o [ =
anadtlszinm 23% - 47% vazsames lasen lsaanasdszuna 50% - 100% d1m5ululefwa
g Y] y 9 A o 1 1 A = (% %} v A
v lsdneaaIukaNae 9 el eumeunuliniuaa
Y o s A ¢
Shahabuddin et al. (2012) ldans1a13 1555w auunaeamesnawy
[ %} Y= a 1 Y v 1 [ dﬁl A 4 a 4
AuTuAsaaznaNasaNuad Jasl¥easaiunauadil As 20% vesihauunawames
s A o @ a oA o o s
(B20) 20% 11auunaeainosnaunua1sanuadn 1 1osiasua (B20+1%) 20% 11ay

a 4 [ a 1 4 a Jd a =<

WAL ANOIHAUAVTITIAULAL 2% (B20+2%) tazihduuiaomnoiuigns (B100) 110K
1 a [ o 1 4 a J o a
ATNAADUNLI MTHANATIANUAIAIBTAT 1A IUNAY 20% 1auufiaeames nuaisay

(Y

A o Y A o A = Y A tg a = a
1NN 1% 1’]’]1“?[”55'@11431?]5@\181!@@%@@ Hoasimsaulasuronasanas Usuiumsina



47

I s s A A A A o
eaﬂ"l«mmm"luimmu llﬁiﬂﬁ?ﬂﬁ‘ﬂ@ul!ﬁ$ﬂ13U@umﬂuﬂﬂllcﬁﬂllﬂﬁiﬂﬂ!ﬁﬂaﬁmﬂlﬂﬂﬂﬂ‘U

Y
o w A

W UALsa
Anbarasu et al. (2014) 1N 1INATOUDUIATDIUAATAGUIRGD 4 194

9 = v % = A o 1
Tael¥ luToRanar Tuawau A VN UAaN AT 1A IUNTN 20%, 40%, 60% LA 100%

{ < 4 1 4 4 J a
ﬁﬂ?WNLﬁ?i@Uﬂl@ﬂ!ﬂ%ﬂﬂﬂuﬁ 1,500 ﬁfJ‘U@I’BHWﬁ Lﬁ@ﬂﬂﬁauﬁmiaummm%wummwawu

'
a [

= J 4 = Y A =
VI,E]LZ‘TEJ NANITNATDUNLIN ‘laimmiuaummﬂuuaﬂaqmmw E]G]i1ﬂ1§Nﬁ3J]lDIE]ﬂLGﬁa

v o %l o Aa = Ao ' A = v ?;’ v A 4
AIUATUDIUTUUN VlﬂiﬂﬂlcﬁﬁWﬁ'iﬁ]g3Jﬂ'lGl'lﬂ'J'lLiJ’E]L‘I/]EJUﬂUH'ISJUﬂL“Ifﬁ Lmzaaﬂ]lﬁmsum
3

S 1 v A
"luimmuummmmmum%a

U

. Y= A s a =
Senthil et al. (2015) ‘lﬂﬁﬂmammummmimﬂummzmwy”lamamm
A (G @ A < J = = @
AT UNALER 1 Q"]J 4 NI NANULIITOU 1,500 5DUADUIN T@ai%ﬂlﬂemmamﬂgﬂwau

! S = = a Aa a 9
L’Hﬁ'ﬂ\‘i INNITNATDUNUIN llﬂamcuml,az”lﬂamcmwﬁamﬂﬁzﬁmmwwammmumsﬂ

o v Y o oA <

9 o 2 4 a o o
m’numumcﬁmaﬂuaﬂslmqﬂmiwm ammmmﬁmﬂﬁawﬁmwaaﬁmwwmmumuﬁwa

Bo

1 Y ~ A = = v = o A Aq ¥ dy
muawﬁmmgﬂiﬂumﬂuﬂulluTamcnawﬁumau 9 1/]1%1‘14ﬂ151/]6ﬁ’0ﬂ UDNITNU

Q

g}

=}

4 4 J = A o 1 4 ~ o ¥
fﬂi‘UE]ullf]u@ﬂU],GliﬂLm$1§]I@iﬂ1iﬂ®uﬂjﬂﬂqﬂiﬂﬂﬂh’ﬁN’dlliJGﬂﬂ’ﬂLﬁ’é)mEJ‘]Jﬂ‘lJuHJuﬂLG]fﬁ

J o =l ' %’ C)
muaaﬂ"lcnmjm”luTmmunmqqmmmum%a



UNN 3

as o a\ a v
ABNMIIAUHUNIFIIVE

U

3.1 NSOUMSAUUUNTIVY

a A Jo a9 9 '

¥ ¥ o T { a A A Y,
ﬂ'lﬁclﬁlfu'llluellflgwa'lﬁﬁﬂLW’OL‘]JuLG]f’OLWﬁ\°|1/I'l\°|l,ﬁ’Oﬂiulﬂﬁ@ﬁﬂu@lﬂﬁnm@@@ﬂ@ﬂ@’lu

u

1 a Ya o 9 v ¥ o a IS @
mstaesuains loide fidedesnisanyinislsiniuveznaradngnulsgiidundeau

o w 1

1 a o [N} ) [ 4 o
muﬂizmu"lwii"lammﬁm"lumuﬂizmumimsﬂauamumuuﬂ%’muﬂum%wumﬁma

A

A Y I ¥ o A A A ° Y a ) ° 9 Ya v R A

lW@GLGIflﬂuuTJJULG]f@LWa\‘lvn\ua@ﬂl!azﬂ'ﬂﬁlﬂﬂﬂ'nuL%@NuﬁlUﬂ']ﬁu']”lﬂ{lslf\ﬂu HIYIUNA
= 9 ) Av A Y] 901 Y] a Y 1 Y 1 )

ﬂ??i]ﬁuﬂlﬁ]“luﬂ']ﬁﬁﬂy'] AUANI Lzamﬁ]EJ!,ﬂfnmeiJuleEszmﬁ@lﬂﬁlumumﬂ d "lﬂllﬂ AUTNUA

4 : 4 @ U
ﬁuﬂ’]u‘l’l’]ﬂﬂ’]ﬂﬂ’]Wlmgﬂ'NLﬂﬁ ﬁmmuzmmm‘%maum ﬂﬂ!aﬂﬂﬂ!%ﬂ”lﬁlﬂ’]ulﬁﬂ Msvaos

[

a = A A 9 aol ] a ,;l Yy o A
MﬁWlﬂlul’f)LﬁfJ uazﬂmﬁumms‘ﬁa@aumﬂmﬂwmumazwmﬁ@m HINIINU HIVYYIUAINY
o 2,’ 1] a [ = 2,' o ] d‘ Y d' ) 9
ﬁu“lfu“lumsmumumazwammﬂwﬁmﬂﬂammmmumuazm LW@iﬁLﬂiﬂ\iﬂuﬁﬂNTuqﬂ

(] = Aa a zg [ Y 9 aol o a = Sol ] =
@mwﬂizﬁwﬁquwuLLaz‘ﬂiuﬂgwaﬂaﬂmmmuumﬂzwmﬁgm mumuazﬁwuﬂu

'
a A

uvaetagaui ldansasulszmulduazudivimanzanlumamizignlulszmealne

a

o o o mill [} @ wa ? o a I
winlasumsativayu maininivazanldlsulssnaauifuesiniuveznaraaneziiu

9
] 1 @ v 3 J a @
fﬂia@ﬂ')’lllllllﬁll@]la53ﬂﬁ1ﬁﬁ‘]ﬂ@1ﬁ1illa$ﬁéﬁwa\1\ﬂu ?Jﬂm!,ﬂuuu’mN?Nmiilmiclﬁffwmdm

Y v v
ﬂ1ﬂﬂﬁﬂﬁ‘i§3\l°])"l§]l,m$ﬂlfl$L‘Viﬁ@ﬂ\?@ﬂﬂ']\‘lﬂﬁ\? TaglduaouMsanilumsIte aegin 3.1

U

) o A ao & g =\ &t 4 I o [
Glmm@l@ul,!,‘iﬂﬂlaQmimmumi’Ji]tluunJum‘m@mQLﬂ%ﬂwuﬁﬁ%mﬂﬁﬂﬂﬁaUﬂU

[

launTuiimes uazyagilnisingiaind1s q Sndrunilsvesmaaniumsiseds minaa
~ y o 1Y aan L4 an @ ~ Y o X Aa
luTeRmaniminiuazysdrel fisensudoames adu tazasouiniusomainagoy
o a 9 = ? o ' (g 3 0o ¥ o zﬂy a
Tagnauiniuveznardanalelu Todrranininiuaz e wasnniumdumsininiudemas
. Y wa & = 4 ¢ o
Tshimsnageuaiuais g 1dun auiaiugiumanil aussouzv0unT0wUa AUANBUE

9 1 a ~
M luy uazmsilaesuany leide



== =
MIIANHHMITIDY

=l : o 5 =
M IEHH T BIa

= =l :I LT ]
nskad lulaamanminiasa

[NELZES ?ﬂﬁ'ﬂﬂﬂlﬂmﬁmﬁmﬂﬂ'lﬂ natn ;I

) =) :',u ] o
!lﬂzFJﬂ!ﬂi-lﬂﬁﬂ'l'!'l‘lﬂﬂﬂ“‘\]ﬂﬂ'i—!'lil“I‘IFE!!i"IfFi

4
MEINATIUaUIIaUE: ﬂﬂﬂlﬂ‘iﬂﬂﬂ“ﬁ

[ ko = =)
AaEnyaMIEn Ty uazuaiiylaime

N ERIGER R afiluanamInaaay

3

1

A
N

3.1 NFOUMTANUUNITIVY

49



50

G Z U tg a
3.2 MSATENNNUITOINGY
321 mswaalulefiraniminiuazya
a = % ] T 9 Aaaa 4 any ]
nszuuMsnaa luTedraaininiuasedrelgasomaudiodmes Mindgu
J a3 @ ' aan I I ¥
Taold TnuadiFouloasonlamiduansalfnser vazlfmmueaduwduaisasdu
é = = gj a v g
493131902 DIATUADUNTHAAAIL]

a

1) MseseNIngay

Q

b4
4 a o Y

NSRS INIARAVIINHINY

Q

9
riad1sumsiiunaa lu Tofiesauu

o Y o 1 = @ Y o
%zmmimmmuazmﬂimm 500 NTN AU

WuazHINTo Uz NoULAZATA
1 ¥
Farluileusan
~ 4
2) MIIHTENEITAZAULDANDIDD
o 1 o @ I gl.: o Aaana a
mmsaramueanlsdmiuiduasasdulumsilgasedsuw
[ o =y 4 [ 1 {
155 A5y vazs nuaazoulaasenlesd 2.5 a5y udanldluwniusanaeld nrulasls
[ [] I 9 d‘ 1 ~ o
unaumanalgaseanIvasaun N Inuaasey laasen lsdrzazarsaunua
o ana 4 a Ay o
3) myinlgnsemanudieamesling
v ' ' v
inhiiuazjeiasen 13 lguinguugidszunm 50 °c minliinluundes
9 v Y v ' A o |aaa & A A s
aulaesnlivuanounaziinljnser nniumumueanazats Inuameonleason loa
Y 1
Pudraclmiiuazye udnlsoldgungiveslfnseredn 50 °c Tasldarlszuim
120 w9
= =
4)  MILeNNaEeaU
[ o Aaaa 4 an o < o ao) o 1
na191nmlgasensudeamoslinruasy inhiumlalumsue
] 9 2’, Qy Y a g‘; 1 a Jd A = [ =
agdruyudrnsia lldinanmsuensuseniauiaedaeinie luTofranunairoson
A ) ] 1" A g’/ (] < Y o g’./ tg} Y I o
o lduilaiuRamsuenauedsanysaidisvasng Iduna 8 - 12 92 Tus
v 9
5 msdnaaluileusen
2 y A4 & < o a R T
Tupeumsdaaaluileousonaziilumsiinlulefmadiadienir iievia
U aan = 1 d' % A 1 a %} 1 (%
wmuea @15159lgnsen nazndmeundiundinaunaesgesn b Tasnisiduinniny
9 H v
1/4 vaa'luTefwarinmsdrasuiinnlylumsédralulefanesnuiala
Y Y
6) miviaesniugane
A g A & v & Y A o A A
edndsuilousennuandl TuasuganIsno NMIYIAINHAUNAD

: o a I '
Tu'luTefwaoon enszsirlaesnis Iiausousudeguuyd 120 °C 1ilunatediation

20 WA



51

a : Y d
322 mswanlulefimaoiniiniuihax
9 [ a = LY J Jas = Y
drisunszuaunswaa luTedtrasininiuiduez 1935 ma@eanu
[ a g o ] a ann o aa )
AumskaaluTedanminiuazyvene wan laeldlnsemsudioamesindu 14 Tnuaa-
= J <3 (L aan 9 <3| <3| ¥y &2 o~ = ]
@ou'leason laailudnsslfnsen uazldmmuesailuiluasaidu silineazidoaiunou

Y
MINANAITl

a U

1) Mawseuingaunounsilgnie

a

9
a o w

[ J o 12 o a g o
ﬂ1ili§ﬁi83\|’JG]’L]WU%WﬂHHJu‘]hﬁiJ’dTﬂi“Uﬂ1iquﬂWﬁﬁhl‘]JI’ﬂamm‘L!‘LH]Z‘VH

Q

4
o o Y

g o [ a [ J 4 o w
n3aiiuazelsura 400 n¥u udnhinimlduninseuiioteaznounaziiia
' 9
Aauilouesn
~ J
2) MINITENAITAZA1LLDANDIDD
o ~ 9 o @ I~ gJ/ 9 o aan a @
Mmnsarunmueanlydmsuduaisasaulumsiilgazen)sua 180 niy
@ - s Y o S A R a g ) 9 '
uazsa Inuaadeylaason laa 2% veuiniuiduauaanaily 8 n5u udanlalwuniuea
= v Y = A ! - P
7191914 nauTaslFunanumandlrassiniuaisaunn nuaaisen laason lyaazazaie
IUNVA
o Aana 4 a a o
3) msmgasemsudedmnes liadgu
o ?,’ [y} 4 { 1 { a o 9°/
inifuhauiasen 13 hlguiguugiidszunm 60 °C wniiiluundes
v v ¥ D) e ~ - MY Y Y o
du'larheenldivua amiumwmueanazate Inuamadeylaasen laa 1udraeluingu
o [} a ana 1 H o
hdundlSuldguugivesl§iseodi 60 °C Tasldalszuim 30 wrd
4) MIUENNAEDAY

o o aaa J aa o 3 o ¥ o '
Wa\‘lﬂ'lﬂ‘l’n‘ll;]ﬂﬁfJ'Wlﬁ']uﬁlﬂﬁlﬂ@ﬁﬂlﬂcﬁulﬁﬁﬁ] ummumﬂlﬁﬂlum%uz

v v
1 v A

Y Y a Z’, ' a s A = o =
mmﬂﬂmmua’mwa”l’ff“lmﬂ@mmaﬂ%mzmmu‘wmaﬁmaima”lﬂeﬂmaﬂuﬂm%iaa

9
o & & I~

d'dy ya lllSl o = @ <3 Y = v Y Y 1
Glu“lflqu’) YAIN 'JHJ“L!L’JEYI 24 GI)"JI&N Gmi]z:mmmmu”lmmamaaaa%ag%umuamgaz

)

I
suamuuaziluluTodra
v Y
5) msdndauilousen
) @ < o = Y Y ¥ A @ '
Juasunaaziiiumsi luTedwadeaiein iovdamwniuea 15159
Ufnsemagndeuediundiaurasogoeon
9 9
6) Myvimveniugang
4 9 A A v & Y A o ¥ A &
wednailuileusenruauad Yuasugamsne MIVIAINaLa
¥ o 2 & o ¥ v = a o & "y
TuhiuluTefianen FansziTasms ldanuieusudgangl 120 °C ilunatediaioy

20 WA



52

3.2.3  MSNaUINNHINVEZNaIan
o %’ o I ~ 9 o [ Sol o A AA
ganauivwuglnsanlsdivivneneiduainveznardadanni

g v A g Y

va A 1w o A F IS A
AUANUANYUNINUVUINUALGADD NN UINY Lwai%”lum‘smﬁamﬂuqﬂmmm‘smum

9 o ) 9y Y <3| o o Y 9 A A A »
ﬁTVijllﬂ15ﬂauiﬂfﬂuiﬂﬂuﬂaNﬁ@\iﬂ@lﬂuﬂ15}5ugﬁ1‘Vijﬂ‘l‘ﬂﬂj11ﬁ@u NIATOINDIAYUN DN

Y

)]

) v 2 v 3 ad 4 o A
l¥msvandualen Taglvuaeunsnauadtl

a

o %’ v A %} Ly a -d' 9
D dniiuay afuanveznaradn) Nlaannszudrums inlslaga
1 9 H =Y a Aaana 1 9 9 g’/ Y o v Aa
mldvasaudia19nsuias 250 tadaas mldmvuzldanuiou 3 ase az'lariniuay
Aa aa I~ glJ Y { U o 1 g”
750 Haaans HudSuesvesasasaunlylunsnauunazasa
~ g}/ Y A Y o @ o [ Y 1
2) wssuvInazgarasaunINlsdiunsnauulszneunulvedly
Y] 9 9
anvarznsonlyau
° 7 a 2 Y A o @ 9 9 A o
3) unes Iulmeiaoainyesvesmrusaiviulianuisunannum

9 zﬂl (% a gl./ Y a (% o’d‘ 9 o 1
agviaoaun 3 VIWQLW@?@QTM‘I’?QN@'W?@Q@HLW%Na@]ﬂﬂl“ﬂﬂqﬂiﬂﬂ@ﬂllﬁuﬂﬂQTSﬂl’f)\i

=4

s A s aa ! ' ' S '
LﬂﬂﬁjlﬂlmﬂﬁﬂfﬁlﬁﬂqﬂﬂﬁﬂaWﬁﬂl@ﬁﬁWiﬂﬂ@%}u Lmzmﬁﬂmwawmﬁaamﬁ}a 3 VIWQT?IL‘IJLWI'NW'IH
YOIHAAN N

G d o [ Y 9 1 Y A 1
4) L@]iﬂu@ﬂﬂﬁmﬁTﬁﬁ‘Uﬂl‘ﬁﬂ'ﬂ‘JJﬁ’t’)ulm$@]ﬂﬁ1881\1ﬂ'@ﬂlﬁuﬂﬂ gy
1 g Y o @ d‘ Yy %,’ U dy o o Y a [ o’d‘ Yo
DWRWUUVINUNADANAU LW@GlﬁﬂJuWﬁﬂ@LﬁﬂﬂﬂWﬂcluﬁﬂ'ﬂﬂﬂﬂu@a@ﬂﬂaTﬂTiﬁWa@ﬂm“ﬂﬂqﬂﬁﬂ
Y v oY
ﬂ')']iJii’)l!ﬁ”liJTﬁﬂﬂﬁuﬁ'Jnlﬂ
Y 9 a ] ° Y =
5) Glﬁﬂ')'luiﬂujﬂﬂﬂ’lﬂﬂu'qmﬁﬂ“i]@flTQﬁiJTlﬁﬂﬂlla$31\1ﬂ1‘;}fu$1ﬂﬂ§,}1’l
o VR ] Y
@]”Illfﬁuﬁﬂ\‘lﬂa’]\iﬂisﬁuzﬂlﬁﬂ'ﬂlﬁ@u
A 1] 1 1 A a [ A Y o Y
6) LWJJﬂ'J']iJﬁ@‘L!@ﬂTQﬁﬂlu@QTﬂﬂWﬁ@]ﬂmcﬂﬂLi?ﬁ@ﬁﬂTﬁuTqﬂisﬁiuﬂWﬁ
L 2 1 =) = U =) ﬂo} % d'
‘Vlﬂﬁf]'ﬂilzLiiJ@’E]ﬂ‘JJ'IG]\?LW]QﬂJWQ?J 170 - 250 93 Y ALY T Ll,a%’)ﬂﬂiiﬂmu'llluﬂllﬁlﬂ'lﬂ

N1SNAU

33 NIIANTIVIANUATNUAVIIHUINHLYIINEAN
E4 4 [ o 1
ﬂ'liﬂ@ﬁ@Uﬂmﬁ'llU@]"U@Qu’liJul%’f]LWﬁQﬂi%ﬂ’f]ﬂﬁ')U AITUDNIUNS ﬂ'J'liJﬂ'NL’f]ﬁul’E)
' A 4 o v A 1 9 X a
AU UILUU AUV UAIAUAITAT N1TNAU ’gﬂ')'l‘ﬂl’h/‘l ATVUBINU ATAITUIDULIBDINAN
2
U

[

=) V=N 1 d‘ d[ = = Aady
Mslsziunuanansnasau $IazRenITMINATOUA
331 ANANIUWNIZANNEINDN D HazANNHRUIMUY
1 o . . Y o 4 a Y
ATNATOUANNDITUNE (Specific gravity, SG) Yo UFoINaIn18]1A

VIATFIUNITNATOU ASTM D1298 1A NI5AIUINUAIANEU0T 10 (API Gravity) Taald



53

1A509310 Density API & Specific gravity - Tempering bath IN®111552YANUNUNILIVDI
) .
UunaTeUNgUNY 15 03rmsalied (60 °F)
r Y ) Y

) Waniesdeonadey (81911A21ANQUUYN) HazAIAIgURYNB191

AIVANYUUYUN 15 DA UFQITY e
aol % g a 1 o zﬂl Q' A
2) nseutNuw¥emasneun st lnaasuiiensnasanidsnrsoay
Y
ALNOUAN 9 09NN UNATDY
P k2
3) MmN aanaasuadlunszusnalavuIa 100 Haaans uaziin
(] ' %,' ad @ { a
N3LUBNANFAI U8 1INAIUAURUN I UNET 1| ¥ TN Ngarginade 15 esrariod
1 a 4 1 4 a A
4) ulalasimednslilunszuenaiudilaoslvaoe e laTasiimosils
Y o ' ' v =R 1A 9
ugihmsoauaziiuinnaine u la
E 4 d‘ L] U 90} % ¥ = H

5) MMINAADUN 3 AT ATeN 4 dmsuiiuwamainlglumsnage

uaz¥ila udIMIAUNALIINNTATIVIA

oA Y a J o o I 1 =
iﬂﬂﬂﬂ/]’éﬂu]lﬂ%1ﬂl1E’Iiﬂilll,ﬁ@i?ﬂllﬁﬂ‘LﬂﬂJWﬂ1u3mlﬂuh1ﬁ‘i1ﬂ’ﬂui‘l’3\1m‘Whlﬂ

(API Gravity) Tagtiieuminnualesumgmuiama laasaunsi 3.1

L 141.5
ANualaedile = ~131.5 3.1

AMWDNINUNIZ15.6/15.6 °C

9 9
v A

1 1 o o 1 1 %I o
1/]\11!5]1ﬂﬂ1ﬂ’3111ﬂ’]\1i]1L‘W13’(?Hlﬂ‘iﬂ1%}1uﬂ15ﬂ1u3mﬂ1ﬂ’31hﬂuHL’L&’L&"U@QHHJ‘L!

9 ]
Fomaanaaou la lasldaunsi 3.2

ANUHUIUY = SG X 999.016 (3.2)

3.3.2 ﬂ]W”ﬁﬁﬂ%ﬁ‘Mﬂ]ﬁﬂ%
J ¥ o ¥ a
ﬂTﬁVIﬂﬁ@Uﬂ?TﬂJﬂﬁﬂﬁ]ﬁuﬁTﬁ@ﬁ (Kinematic viscosity) GU'E‘]QUTNUL%f‘]Lwaﬂ

molauiasgiunagon ASTM D445 Tagldiasesiiodn Viscosity - Kinematic capillary tempering

) v A 4 A

: a3
bath high temperature “?Q‘]Ji%ﬂ@ﬁﬁjﬁﬂﬁaﬂmlﬁﬁimﬂﬁ”l‘l’ii‘]JTJ!ﬂﬁSﬁWﬂ’ﬂiJ?iuﬂ mﬁwaamﬁ'ﬁ

U

< 1 ¥ ) o A L4 a @ %
Jtan (Capillary tube) E’JN‘Lﬂﬂ’J']JﬂllQil!‘Vf{]Nﬁ”lﬁi'u’JLﬂ318ﬁﬂ’ﬂﬂJﬁﬁﬂLmSU”IWﬂ”ﬁ]'UL’Ja"l "T;’\iﬁ

Y
=1

dMInagauLazMImuUInuaIae 111



54

9 ¥ v
1) ﬂ'NHTNUL%@LWﬁQVIﬂﬁ@Uﬁé]}@Qﬂ'ﬁVIﬂﬁ@‘ﬂﬂ51]']&! 20 yanang aﬂu
) g a <
NITUDNAN Llé}jlﬂu'lﬂJUL%@LWﬁ\‘]ﬂﬂﬁ@ﬂﬁ\fll‘lﬁﬁ@ﬂllfa{?gmﬂ

g’/ o Y <3 o = ] 1 aol ~
2) %']ﬂlﬂﬂ!'lﬁﬁ@ﬂllﬂ?glﬁﬂﬂﬁgﬂ@‘ﬂﬂﬂm']ﬂﬂ uamwadﬁlummmmamn

[

A o a 4 A A g’/ 1 a 9}::' = [ A
Qﬂ!ﬂﬂllﬁ"lﬁ5‘]J'Jl,ﬂi"I%Wﬂ'J"IﬂJWUQVIQQﬂ"IQﬁHWQNVl'JVI 40 D3fLsaLse ﬂ\‘]qﬁ;ﬂﬂ 32

U

[

Wﬁiﬂalﬂ51$ﬁﬂ31hﬁﬁﬂ

San
=
=D.
(98
\®]
>
N
@
Lo
=N
=)
D

¥
¥ Y A

Y 4 a 2 9 I o 4 Y o a
3) wsifFsmanagaund 1 ilunar 1 9 Tua e Idiiuaemas

a S

Y q9 v A Y o )
Wﬂﬁﬂﬂﬁqmﬂﬂm 40 DA ALK YT Llaﬁi%ﬂaﬂﬂﬂ’lﬂﬁﬁﬂﬁﬂﬂﬁﬂﬂﬂlﬂﬁﬂﬂuWﬂuﬂﬂﬁﬂﬂiﬂgﬂ

U

1932AD A naglEudunalousunal laauwNsza B nazvgadunauievoural lnaag

H o ) { o 9 a @ 4
1NTLAU C unnnamavlailuiui aesln 3.3

U

= 9y 3 9o y o tg a
EL]J‘VI 33 Wﬁ@ﬂLlﬂ'Jgmﬂﬁlﬁlﬁ‘l‘UL3ﬁ1ﬂ1'§ul1’ia‘ll@\1u1llulﬁlf@!1/‘|ﬁ\1



55

o { ) 1T @ a 4
4) e ldnnmInaaaufmuIumf UM NN ANVUIAYDINADALAD
<3 o v A 4 A
JANANTVIATIEHANNKUA
333  mMsnau

a & Y o A a
mimaauqmwgumﬁﬂau (Distillation) mmumug%mmmﬂiﬁmmgm

[ 1

NATOU ASTM D86 1/52n0ud109a TnA1guugimMsnay 1IANsNau N3zUsNAN UIWNTU

q u
1 4

o a 4 aa =® ax = = v =
181 N3 INNIADT LLﬁ%i}ﬂEJN"]faTﬂu °]N’J‘ﬁﬂ'li‘i/'lﬂﬁﬂﬁui'lﬂazlﬁlﬂﬂﬂﬁﬁ@"lﬂu

¥ 4 a a aa
1) G]’Nu1mul%ﬂlwaﬂﬂﬂﬂﬁlﬂﬁl’]8ﬂi$ﬂ’E]ﬂ@l’N"lJu'lﬂ 100 Haaaas Lazin

Yy v
Y A a %

9
Wiuromaanagovasluviamsnau

2) szneuginsaiaie q uazllarhviananau udwihmslszneugilnsal

{ J o @ a - y a
317 3.4 gilnsaidmsunageugaginsnaud TG

' T 9 9
3) Tianudoudlonsoslinnuiou (Heater) tiiovniusomainaaoulu

v ' 1y Y J
GU'Jﬂﬂautﬁulﬁ@ﬂiﬁ}ﬂ']ﬂ'liﬁ\uﬂﬁllagﬂuﬁﬂqmﬁ Mﬁu1uut%@lwa\1ﬂauﬁj’ﬂ@ﬂll']ﬁﬂﬂllﬁﬂ

v
Aad

o o a sAa
Taotiuiingaungineu ldaanmes Tuiimeinaae

v
[ [

9
giuvIANITNAY

4) Fuvunauazaugums ianudounuvianau ieiruasasimsnau
g 1193 4 - 5 Uadaasdown

v
a [

a aa ? o - a { v
5) UUﬁﬂQﬂ!ﬁﬂﬁJﬂ]iﬂﬁunﬂ 9 10 uaaammmumm%mmﬁﬂau@@ﬂm

U

AMNT10T 50 Tadans visedevaz 50 Tasllsunas



56

334 el
msnaaauya1u'lil (Flash point) siimsnaaeunislduiasgiumnagen
I [ a 4 { o [

ASTM D93 1ilumsiaganullumsusila insesdionlddmiunmsnaaoulsznoudas
4 LN L} %’ %
in3e9lonadouya21u19luny Pensky — Marten close cup apparatus 828 1d@2961911370

4 a 14 9 9 [ f,' o A a [
nadou Mo’ Inlmes nazunayedy Tasasrviaiiunageuniigungiigany lvleglu
1 =3 = é = = Aad % U 1 dy
%39 40 D4 360 DIRUVAFOT FITT18ZIDIAITNINAADUUALMITATIVIA Hase 11T
a [ ay [ o I 4 [ a
D dlaudana Basuimsnaaeuiumar 30 w1i s Iudanans Iva
Tunaalu
o % I v 1 a %’ Y o 4
2) vmsvandan Wl Fuiludae Iiinanisnu ldveniniu TaslSuanan

unalilad Ilfivinadurugudnaialseus 3.2 - 4.8 Tadwnas aagii 3.5

51/ 3.5 ginssinaaeuyay il

Q Q

y ¥ =) 1 % { L}
3) iminiuFomamadouasludieldtifFinasmnuianliingegludie
4) 1118720 Pensky - Marten Usznouinnuasesnagougany il udnia
AINFINTDINAT DY
A a o o %’ @ d’l A A A Y o Y a
5) Aaaad luwaniuiniwemaiinagey Wwedeamsi liine leszive
%’ v A o a A A ?:’ o 9 <3 o A
youhiunhuInamierivesiiy Tasldnnusiseumsnyuluwanivegnilscua
90 - 120 SOUABUIN
A Y 9 lsol ] d’l a A o Y a ?,’ ]
6) Buldinnudeuuminiudomainaasy e lina levesiiigiu

d%l o (% [} [ Y 9 u:' = 1 =\
NATdVNINUYY 1/]']ﬂ"li‘IJi‘]Ji3@U@¢151ﬂﬁﬁlﬂﬂ’ﬂwiﬂuﬂg1’l 5 -6 DIAUBAUKITNDUIN



57

v v k4
7) Gumsnadeunigany Ilvesiniuyomdimadon Tasdannumvyu
nagovaugaudaseriilar Tl lude IviRanis 'l vegidielaserivewtlaa 1l
v A 1 o 1A Aa Y o A ' A A A a
wnduAugmumiady luvazhdeununadoulidunagqulailinvesieiidaseniioda
HAUNATDY
A a [ <3 dal a a 9 901 o g a
8) wamagany zdunamiunlar ldnuvvusnarmihveniniuiemas
a = Qd‘ a dyd a sol [} zg a
nadoulszanm 2- 3 i gunglinalar Ilifegurgiiganu Idvesiniuyemas
A
Nnagoy
o 9 a oa =2 5 ) ¥ ¥ o a A o
9) yhimInaaeumNTeURIA 3 898 413 A34 Taelminiunadeusiiamedn
) 1 ~ L Ay Yy o
ud i wamaeana1n lannmsniinia
335 arHamu
1 v AA %I 5 4 a
MINATOUMIAIAYHFINY (Calculated cetane index, CCT) ¥DIU T UIFOINAT
[ [ o J a
Melduasgiunisnadon ASTM D976 Tagawfidmnulduininanuduiusvesguugi
o d'BI =3 A = = [] A 1
ManauNiosay 50 lagd5uas 1309ANINAINVBINITIADALAZANUUUIMUUHITOAINA I
= A a = 2 1w oAaa 9 A o Y
i lofiguugil 15 osrwadod Gemarimmudinniontlannlulunsviomuinld

NNANMIN 3.3
CCI = -420.34 + 0.016G” + 0.192G log M + 65.01(log M)~ 0.0001809M" (3.3)

Taw CCI 7D ABHHINI (Calculated cetane index)
A U = L
G A9 ANUDINEN 1B (API gravity)

A Al & A Ay
M o Qﬂ!ﬁJ;]il‘l/lﬂqﬂﬂ\iﬂaqﬁm@Qﬂqﬁlﬂ@ﬂﬂﬁﬂﬂag 50 Tﬂﬂﬂ%lﬂﬁﬁ (°F)

33.6  manudeuramag
Y
MINATOUAIANUTDUAOINGS (Heating value) Fmsnadeumeldmasgiu
4 4 aa 4 o A
AINATOU ASTM D240 TagldinSeaiiououiiunaoaiinos (Bomb calorimeter) 1111015

[

& = S ad dﬁl
NATDUAIUUINTIIU FINTWALIDYAITNITNATDUAIU



58

A A A 4 an 4
g‘lhfl 3.6 INIDINDVDNULADDANIADT

A ° s A a PR o v s
1) WaszuumsauyedglnisingsddniziaAINGIIuAINToU 1d)
a a a 4 o w
ponau 11a 1150053 CALWIN lunsunimes auaiay
o g’/ J 3 '
2) vhmsasam Tdsunsuliiluldannnasgiumsnaaen ASTM D240 #1%
lumssdsdmsumnaden
o & %,' o %’ o dy a Y ?:‘ @ 9
3) MMIFINMIAve T aINaInaael alemsadariiuu laglsvaoa

o @ 1 o 4 s aa v ¥ @ @
1’?Elﬂ’fﬂiWﬂﬂa\‘lsluﬂ'lﬂ)'ugﬁ'lﬁiﬂclﬁﬁTi uamﬁuum’%awmwaaiﬁﬂﬂumuﬂ 0.25 NTU

Y
o Y

4) 1¥auaedieeanul 1 1du dardudieldaanuaia udnirdaelaiingu
Aa A g’/ o Y 9 A o Y F)
nadou MUULNUeglilsnvesganadon Mnuwin)aeveudusienwu 1iquasludle
DEEERTL
4 o A A =~ 9 a A
5) dsgneugnuent Taemsihasiwion 1iussyaslunszuenguogiiiion
S Y A v = A A ) a 2 A a 7
nindunaasliatinudrymnasegiioy Welszneugnuewid lUAaasluasoadins iz
MNFINUANUTOU
3’/ o o ) 4 a d [
6) AUUNINTFINITNINUVDUATOINATIEHAINGIIIUANNS DUDU
4 a I'd A o [} U
TUs1n51y CALWIN 1a5091a51e W g5 usiavuuaz 1dmarlunmsfaadszuia 20 w1
d‘ a 4 1 1 Y] 9 9
IAT9NATIZHIZOTUANAINUANLS oUoDNIN IR
337 poaauiansvdeay
U 4 ?:} v 4 a
MINATOUAUANUANITHADAY (Lubricity) Y99I UFOINAINIWNIATIIU

[

180 12156-1 Tagl41AT 04 High frequency reciprocating rig (HFRR) 94351% 3.7 Ysenouny

v
A v %

2 2 & a9 H 3
FHUITUNATDU 2 FU NY ﬂymmﬂugﬂmmmmwuﬂﬁﬂ c?aﬁ*uumu Sh|



59

3‘1]171 3.7 1304 High frequency reciprocating rig (HFRR)

1 4 ! @ a J
lusgriemanadeugnueaszinasuiuuunay limuudanngndalilu

A ¥ o Ay ] ~ A A
MFUSNUUIUUNADINITNATDOU 1uﬂ1§ﬂﬂﬁﬂﬂﬂ$1°ﬂl’3a1 75 UIN 5383ﬂ15&ﬂﬁ61&1/1"]]ﬁ]\1@,ﬂ

a A { a J 42 Yo [
Uﬂﬂﬁiﬁlz 1 Yaaluag ﬁ'wmmﬁ 50 LITAY Lm%ﬂﬁgﬂiill‘i/]ﬂfu‘i/]ﬂﬁﬂ“]_lulﬂiﬂﬁﬁl 200 NTY

v a6 9

a H A aa a Y
ﬂimmummn G]ﬁ/lﬂ’dflﬂﬁii] 2 Uanang uazqmwgmmwﬂﬁaugﬂﬂmﬂn%ﬁ 60 93
=
LGS
Wﬁ’\‘lﬂ1iﬂﬂﬁﬁ]ﬂiﬁ]ﬂﬂa’0ﬂﬂugﬂﬂﬂai]ggﬂ’ilﬂellu1ﬂ"ll63ﬂ31ﬂ8131ullu’3ﬂ15
1 v 1 T H
mﬁauﬁmmqﬂuaa (LL‘H’JLLﬂu X) LL@ZLLH’)ﬁ@\?ﬂ1ﬂﬂﬂﬂ1§£ﬂ§ﬁ]uﬁ%®\1@ﬂﬂﬁ]a (umuﬂu Y)
Y Y o o " w A 2 Ay o s
ﬂ’)ﬂﬂﬁﬂ\i%ﬁﬁﬂiiﬁﬂﬂ1ﬁ\iﬂ]818 100 1M ﬂﬁgﬂ‘ﬂ 3.8 Llﬁ%ﬂﬂ\ﬂﬂlﬂl&ﬂ%ﬂﬁﬁllﬁﬂN1uﬂu€lﬂ€ﬂ\ﬁlEN

5980000 (Mean wear scar diameter, MWSD) Hugﬂﬂﬁ]ﬁﬂlﬂﬂﬁﬁﬂﬂN A9AUNITN 3.4
X+y
MSWD = —— (3.4)
2

9 J
Tag X ﬁ’t] VUINTOIDADN TUUUIAIRINAUNAN WM TTY (um)

y A9 YUIATPEDAN TULUIVUIUAVAANINMTTY (m)



60

Test Ball

Less Distinct Worm Area

Unworm Area
Worm Area

.
i
|
i

e

gﬂﬁ 3.8 ﬂ”l'i’slﬂslluiﬂ“llﬂﬂﬂ’ﬂ'“fﬂ’ﬁﬂﬂﬂﬁﬂﬂﬂugﬂﬂﬂﬁﬂﬂﬁ@‘ﬂ

a g’J 4 J
34 ﬂ]iﬂﬂﬂ\‘l!ﬂ%i’)\‘lﬂuﬂ

A A o
3.4.1 msmummzqﬂnsmmsﬂﬂﬁﬂu
A I
1) IAT99YUAALYD
A =) o w A I o
NIINATDUANUITTIDUSIATOIYUAAIFAVSNINUIATOIYUAALY D 4 IINIL

§ J 4 [ 1
1 ’C;f‘U "lJ“HW]ﬂ'J'IﬁJ%q"UfNLﬂ%ENUUG] 661.5 G?)"?f 5$UU§$U18?]313J%}®H@91}38U1 ﬁ'lﬁJ'lfiﬂ“lJT]J’E]ﬂiWﬁ'Ju

9
v @ a o 9 o

o Y 4 J a J a { o o a 3’,
ﬂ1ﬁ\1®ﬂhlﬂ Tﬂﬂlﬂ%fNEJu@]i]3GlﬂGNI,"IJ'lﬂ‘]J‘1@]“LHTIIllm’ﬂi“]fu@]ﬂi$Llﬁlﬁﬁ83u1lta$ﬂ1ﬂ1iﬁﬂﬁ\1

9 w

o Y a = 9 1 a < [ ay = dy a
Qﬂﬂﬁmﬂ1§’Jﬂﬂ'lWT§13Jm@i1/]ﬁ'lﬂﬂl ul,ﬂll,ﬂ LIAUA ATULTITDU 'E]G]i'lﬂTiﬁul‘]Ja’O\in@LW'ﬁ\i

g

@ A 4 [ A = A J o A
Tﬂﬂui’fmaﬂ‘lslmzeumm‘imauﬁmﬂuaﬂ @Ngﬂ‘ﬂ 3.9 LT IYLIDYAVDUATOIYUA ANAITINN 3.1

[
A

A I R
517 3.9 in30sudayan lglunmsnadeon



61

{ ° 4 J o 1 o v w @
A1519% 3.1 ﬁﬂ’au‘.amzwwmam,ﬂ%qﬂummmaumm@ﬂuﬂiwu

Engine Specification
Engine Model 240PE
Engine type 4-Stroke, 1-cylinder, Water Cooled, Direct injection
Bore x Stroke 87.5x110 mm
Total piston displacement 661.5 cc
Compression ratio 12:1-18:1
Rated Power 3.5kW @1500 rpm
Fuel injection timing (BTDC) 23 degree
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Model AG10

Make SAJ Test Plant Pvt. Ltd.
Hot coil voltage max. 60 VDC
Continuous current amps 5.0A

Speed max 10,000 rpm
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Propane: 100-21,000 ppm

Butane: 100-18,000 ppm

Measurement
Measurement Rang Accuracy Resolution
Parameter
o, 0-25 vol% +2 vol% 0.01 vol%
CO, H,-comp. 0-10,000 ppm + 10 ppm (0-199ppm)
+ 5 ppm of reading 200-2000ppm
1 ppm
+ 10 ppm of reading (rest of
range)
CO,,,, Hy-comp. | 0-500 ppm + 2 ppm (0-39.9 ppm)
0.1 ppm
+ 5 ppm of reading (rest of range)
NO 0-4000 ppm + 5 ppm (0-99 ppm)
+ 5 ppm of reading 100-1,999
ppm 1 ppm
+ 10 ppm of reading (rest of
range)
NO,,., 0-300 ppm + 2 ppm (0-39 ppm)
+ 5 ppm of reading (rest of range)
NO, 0-500 ppm + 5 ppm (0-99 ppm)
0.1 ppm
+ 5 ppm of reading (rest of range)
CO, (IR) 0-50 vol% +0.3 vol% (0-39 vol%)
+ 0.5 vol% of reading (rest of 0.01 vol%
range)
HC Natural gas: 100-40,000 + 400 ppm (100-4000 ppm)
ppm + 5 % of reading (rest of range)
10 ppm
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Technical Data

Measuring Range 0to6 RZ

Accuracy + 1 digit +0.2RZ

Resolution 0.1 RZ
General Technical Data

Pump capacity 1.63+0.1L

Reference filter

At 990 mbar and +20 °C Ambient Temperature

Display

Segment display with background Illumination

Norms and tests

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

Operating Temperature

+5to +45 °C

Storage Temperature

-20 to +50 °C
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ASTM D86-16a Standard Test Method for Distillation of Petroleum Products and Liquid Fuels at
Atmospheric Pressure
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International Standard ISO 12156-1 Assessment of lubricity using the high-frequency reciprocating rig

(HFRR)
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Abstract

This research study measured the engine performance and
emissions using fuel blends by pyrolysis of waste plastic oil
compared with waste plastic oil mixed with n-butanol. Nitrogen
oxide emission is the most harmful emission from the
conventional diesel engines. This aims to investigate the effect
of n-butanol blended to waste plastic oil on engine emission
from a Single-Cylinder Diesel Engine. The 4 sample test fuels
are prepared in the ratios of waste plastic oil to n-butanol 60/40,
70/30, 80/20 and 100% waste plastic oil (Bu40, Bu30, Bu20,
WPO) and then tested in the engine. Tests were carried out in a
single cylinder, unmodified, and difference engine speed
(2500-3000 rpm) by using 4 test fucls. The test results
demonstrated that the fuel consumption of waste plastic oil
blends were higher than waste plastic oil. Amount of nitrogen
oxides emissions decreased but CO emission was higher with
the rising the content of n-butanol in the fuel blends.

Key words: Waste plastic oil, Emission, n-Butanol, Diesel
engine

Introduction

The use of alternative fuels is becoming even more important
role and it is an alternative to research more, today.
Furthermore, possibilities of developing a variety of plastic
recycling application and waste plastic management problem
are big issue in present in Thailand. Tn 2010, municipal plastic
waste in Thailand was 2.57x10° tonnes which accounts for
almost 1/4 of the total solid waste [1]. To find the type of fuel
that will be used to replace or mix to reduce the amount of
primary fuel used. Many concerns have researched by using
alcohol to replace or mix with the main fuel. Butanol is a
promising candidate fuel for utilization in compressed ignition
engines and it shows superior properties over ethanol and
methanol, for example, high Cetane number and heating value,
low latent heat, and good miscible with diesel [2]. For this
research, it is a test to examine the influence of fuel blends on
engine performance and exhausted gas emissions on a
single-cylinder, brand KAWAMA model 500D. Normal
butanol mixed to waste plastic oil in different ratios by volume
were used to find the optimal of the mixture for future use.
Finally, for a guide of further study.

Methods

In this research, it tests some physical properties of fuel and
its mixture on diesel engine which mounted on a gas exhaust
detector. The detector was used to find Nitrogen oxides (NOy)
and Carbon monoxide (CO). The fuel consumption of the
engine was examined by adjusting speed of the diesel engine.
Therefore, the scope of this research is limited as described
here:

1. Utilization of fuel mixtures between n-butanol and waste
plastic oil at various ratio are 0, 20, 30, and 40 percent of n-
butanol by volume mixed with waste plastic oil to determine the
suitability of the n-butanol and waste plastic oil used as fuel.

2. Tested with a single-cylinder diesel engine, KAWAMA
model 500D without any modification of engine. And installed
a gas detector in laboratory to compare the amount of exhaust
gas at different ratios of fuel blends.

A. Materials used

Laboratory supplied the n-butanol with a 99.9%purity
certified was obtained from Sigma Aldrich. The waste plastic
oil which employed in this study, was obtained from the
pyrolysis of waste plastic. Pyrolysis process that causes the
plastics to decompose by heat in an oxygen-free state. The
master plant of processing waste to oil is located at Suranaree
University of Technology.

TABLE 1 CHARACTERISTICS OF TEST FUELS

Waste
Properties n-Butanol [3]
Plastic Oil

Color Black Colorless
Density (kg/m*! 799.21 810

44.98 331
Calorific Value (MJ/kg)

(Gross) (Lower)
Kinematic Viscosity, ¢St @ 40 °C 3.065 222
Cetane index 68.98 17
Flash Point (°C) 36 35
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1: Tested Engine 2: Dynamometer 3: Weighing Scale
4: Encoder Wheel 5: Load cell 6: Control Unit
Fig. 2 A schematic of the apparatus setup

TABLE 2 TEST ENGINE DETAILS

Engine Model KAWAMA 500D

four stroke single
Type Engine
cylinder air-cooled

Bore x Stroke (mm) 68 x 54
Displacement (cc) 196
Compression ratio 22:: 1
Rated Speed (rpm) 3000
Max. Power (kW) 2.42 kw
Rate Output power (kW) 2.2 kw
Start system Recoll starter

Lubrication Oil 10W30

B. The experimental testing

The experimental design was performed to compare the
test results of experiment obtained from the use of pure
waste plastic oil and blended mixture between waste plastic
oil and n-butanol at the various mixture ratios. Equipment
and measuring instruments used in laboratory room were as
follows: a single cylinder diesel engine, KAWAMA model

500D, with gas detector. The engine is air cooled. The
engine is mounted on fixed bed floor in laboratory room and
load applied on the engine. The picture of apparatus setup is
illustrated in Fig.1&2

B.1 Testing by adjusting engine speed

Before testing engine emission with different fuels, it was
always clean the combustion chamber. Then it was tested
using only waste plastic oil as a fucl, compared to the
blends with n-butanol. In tests with each fuel blends, the
engine speed will be adjusted as follow each value will
adjust the throttle. Fuel consumption rate and amount of
emissions gas were recorded at each engine speed. The fuel
consumption of an engine is determined in the change of
fuel weight between before and after the consumption test
divided by the testing time.

B.2 Emission Testing

In each test engine, It adjusts the engine speed was varied
by gradually adjusting the throttle and measuring the actual
speed through the Encoder Wheel. To measure the tested
value of exhaust gas emission of 100% waste plastic oil and
its mixture ratios. Exhaust gas detector, testo 350-XL model,
was employed to determine the emission gases, carbon
monoxide and nitrogen oxide, from the engine.
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A. Mass fuel consumption
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Fig. 3 Variation of engine speed for test fuel blends.

Fig. 3 provides information about the fuel consumption
rate with the speed. The direct injection diesel engine was
fed with waste plastic oil, Bu20, Bu30, Bu40 and ran at
varied engine speed at free load. The test results showed
the fuel consumption of waste plastic oil blends were
higher than pure waste plastic oil. It is found that the
consumption rate is similar for all fuels. The pure waste
plastic 0il 100% at 2,500,2,750,3,000 rpm. The fuel
consumption rate were 0.101,0.108, 1.118 grams per
second, respectively. The waste plastic oil was added at a
ratio of 20% at the same speed. The fuel consumption rate
were 0.124, 0.135, 0.142 grams per second, respectively.
Waste plastic oil was increased the mixing ratio to 30% at
the same speed, The fuel consumption rate were 0.135,

B. Emission

1000

0.146, 0.152 grams per second, respectively. The mixture
ratio was increase to 40% at the same speed, The fuel
consumption rate were 0.135, 0.146, 0.154 grams per second,
respectively. Tt was seen that low range of the engine is a
similar rate of consumption. As the engine rises, the
tendency of the fuel consumption rate varies with the speed
of the engine. Fuel blends are slightly higher than the pure
waste plastic oil at higher speed. Nevertheless, it was said
that the fuel blends of n-butanol/diesel is not significantly
difference of the fuel consumption due to the heating value
of butanol fuel is similar to diesel. As a result, the fuel
consumption rate in the combustion is similar [4]. The
disadvantage of alcohol fuels is that it posed the higher
consumption of fuel, compared to the sole diesel fuel [5,6].

—wro
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Fig. 4 Carbon monoxide gas content at difference speed

From Fig. 4, the CO concentration of n-butanol fuel
blends and pure waste plastic oil fuel only at difference
speed. The result shown that CO gas content is higher when
the n-butanol fuel ratio was increased and higher than pure
waste plastic oil. Because of carbon in the n-butanol
component can not react with oxygen during combustion
completely. Therefore, the remaining carbon will come out

in the form of higher carbon monoxide gas. The use of
n-butanol lead to increased CO emission because the high
oxygen content in butanol promoted an oxidation and
promptly converted the fuel into carbon monoxide [7]. The
rapidly increase of CO emission at higher engine speed due
to higher fuel consumption rate. The results showed that
blended fuels affect to higher value of CO than waste plastic
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Fig. 5 Nitrogen oxide gas content at difference speed

Nitrogen oxides (NOx) is the toxic compositions in the
exhaust gases from diesel engine. From Fig. 5, emissions
NOy from the direct injection diesel engine are compared,
For all tested fuel, pure waste plastic oil, Bu20, Bu30 and
Bu40, It was found that the NO, emission was not significant
changed when increasing the engine speed. And when the
fuel mixture ratio of n-Butanol increased, the amount of
nitrogen oxide gas generated was lower than that of pure
waste plastic oil. As could be scen in the plot, the NOx
emissions slightly decrease while the content of n-Butanol in
the blend increases. Similar results is also observed in the
previous reports dealing with mixtures of butanol-biodiesel.
It may be ascribed to rise in the overall content of oxygen in
the blends as diminishing its cetane number. The lower
cetane number in the blends of n-butanol/diesel induces the
delay of ignition longer, and consequently results in the
higher combustion temperature [8,9]. Similarly, addition of
ethanol to diesel decreased the emission of NOy as
previously reported [10].

Conclusion

The investigation was experimentally carried out in
order to evaluate and compare the utilization of the waste
plastic oil to n-butanol at blending ratios of 60/40, 70/30,
80/20 and 100% by volume with the Single cylinder diesel
engine running at difference engine speeds. In each test,
emissions of exhaust gases such as NOy and CO were
analyzed. The carbon monoxide emission increased with
the ratio of the butanol-waste plastic oil blends, with this
increase being higher the percentage of butanol in the
blend. The nitrogen oxides emission diminished with the
ratio of the butanol-waste plastic oil blends. Concerning the
fuel consumption for n-butanol addition to fuel blends,
increasing the content of n-butanol in the fuel blends found
slightly higher consumption of fuel.
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Abstract: This study examined the use of waste plastic oil (WPO) combined with biodiesel as an
alternative fuel for diesel engines, also commonly known as compression ignition engines, and focused
on comparison of the basic physical and chemical properties of fuels, engine performance, combustion
characteristics, and exhaust emissions. A preliminary study was conducted to determine the suitable
ratio for the fuel blends in consideration of fuel lubricity and viscosity, and these results indicated that
10% biodiesel—derived from either palm oil or castor oil—in waste plastic 0il was optimal. In addition,
characterization of the basic properties of these fuel blends revealed that they had higher density and
specific gravity and a lower flash point than diesel fuel, while the fuel heating value, viscosity, and
cetane index were similar. The fuel blends, comprised of waste plastic oil with either 10% palm oil
biodiesel (WPOP10) or 10% castor oil biodiesel (WPOC10), were selected for further investigation
in engine tests in which diesel fuel and waste plastic oil were also included as baseline fuels. The
experimental results of the performance of the engine showed that the combustion of WPO was
similar to diesel fuel for all the tested engine loads and the addition of castor oil as compared to palm
oil biodiesel caused a delay in the start of the combustion. Both biodiesel blends slightly improved
brake thermal efficiency and smoke emissions with respect to diesel fuel. The addition of biodiesel to
WPO tended to reduce the levels of hydrocarbon- and oxide-containing nitrogen emissions. One
drawback of adding biodiesel to WPO was increased carbon monoxide and smoke. Comparing the
two biodiesels used in the study, the presence of castor oil in waste plastic oil showed lower carbon
monoxide and smoke emissions without penalty in terms of increased levels of hydrocarbon- and
oxide-containing nitrogen emissions when the engine was operated at high load.

Keywords: waste plastic oil; biodiesel; castor oil; emission; diesel engine

1. Introduction

The demand for and consumption of energy is expected to increase, especially for fossil fuels.
In Thailand, fossil fuels, also known as conventional energy, are widely used in various forms of
transportation and industrial plants because of their convenience and ability to provide a high heating
value. Fossil fuels are a nonrenewable resource which continues to be used by humans, with demand
steadily increasing. Thus, these fossil fuels will soon be entirely consumed. For this reason, many
countries are beginning to rely more on alternative energy or renewable energy sources.

Thailand still lacks any significant alternative sources of energy. Moreover, it produces insufficient
energy to meet the demand, resulting in the import of over 49% of its consumed energy in 2017 [1].
The value of crude oil and imported petroleum products in Thailand increased by 39.8% and 23.0%, in
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2016 and 2017, respectively, due to the higher oil demand. Thailand has mainly imported crude oil
from Middle Eastern countries. In Thailand, the share of energy from renewable sources is expected
to increase steadily. To increase this share and reduce primary energy consumption, waste plastic
oil has been proposed as a new option for use in transportation. While there is less demand for
transportation energy, this initiative represents a move toward the direction of diversification of fuels
through energy conversion technologies. It also focuses on using oil from plastic waste in diesel
engines. Plastic waste is a petroleum waste that comes from both household and industrial sectors,
leading to a large amount of plastic waste. These wastes require hundreds of years for decomposition
and are a burden to manage. Most plastic is recycled using mechanical recycling, while only 2% of
chemicals are recycled [2]. Generally, the waste management process that is currently popular is the
landfill method, which normally requires a lot of landfill space and has an impact on the environment,
resulting in soil pollution.

Plastic waste is composed of hydrocarbons, which are the main component of conventional fuels.
This raises the possibility of recycling these plastic wastes through their conversion into fuel. Products
can also be obtained from the production process, in addition to being used as an energy source similar
to conventional fuels. It is also able to provide environmental benefits in terms of waste management
for maximum benefits and reduction in the amount of plastic waste, reduced plastic waste disposal,
and also minimizing the problem of finding places for garbage landfills. The use of plastic waste as a
renewable energy feedstock also helps in mitigating the energy crisis.

Several studies have investigated the use of waste plastic oil in diesel engines as an alternative
fuel. Waste plastic pyrolysis oil has properties that are similar to diesel fuel, including the heating
value, density, and cetane index, and can be used as a substitute for diesel fuel [3]. The literature
also shows that diesel engines use waste plastic oil to provide stability in performance and a similar
efficiency [4]. The different types of plastics are also basically impacted by their different compositions.
Recent studies have shown that the oil product of HDPE (high-density polyethylene), mixed with
LDPE (low-density polyethylene), has a higher heating value than LDPE, PP (polypropylene), and
HDPE alone. It was revealed that LDPE produces the highest yields [5]. Waste plastic oil has also
been studied with regard to engine power, and it was found that there was no significant difference
from diesel fuel [6]. The thermal efficiency of waste plastic oil was higher when compared to diesel
fuel [7,8]. However, one study examined the exhaust emissions of a four-cylinder, direct-injection
diesel engine running on diesel blended with different ratios of waste plastic oil and found that the
amount of nitrogen oxides increased because of the longer ignition delay [9] and that there was greater
hydrocarbon emission in comparison to diesel fuel [10].

In addition, it is expected that biodiesel will be used as a renewable energy source in the energy
transportation sector. A great deal of research supports the use of biodiesel as a suitable alternative in
replacing diesel fuel. The presence of oxygen in fuel molecules is expected to result in cleaner biodiesel
combustion, leading to improvements when considering emission. However, there are only a few
reports on the use of biodiesel mixed with waste plastic oil. For example, Ramesha et al. [11] reported
that B20 algae biodiesel blended with waste plastic oil can be a suitable fuel for diesel engines. The
waste plastic oil-biodiesel blend showed an increase of 16% in brake thermal efficiency with respect to
diesel engines. Additionally, the carbonaceous gas emissions, including hydrocarbons and carbon
monoxide, were decreased, but nitrogen oxides slightly increased, as compared to diesel fuel. In the
study by Senthilkumar et al. [12], waste plastic oil was mixed with Jatropha biodiesel for diesel engines.
The brake thermal efficiency and brake specific fuel consumption of the waste plastic oil-biodiesel blend
were higher than the waste plastic oil. The hydrocarbon and carbon monoxide emissions decreased
when waste plastic oil was blended with Jatropha biodiesel.

In the present work, waste plastic oil-biodiesel blends were used as an alternative fuel in a diesel
engine without any engine modifications. The selected biodiesels were produced from castor oil and
palm oil through a transesterification process and were then blended with waste plastic oil. Palm is an
important economic crop and main feedstock for biodiesel production in Thailand. To avoid the use
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of edible feedstock, castor oil was considered because of its benefits of high oxygen content in fuel
molecules and excellent fuel lubricity. These properties are attributed to the presence of ricinoleic acid,
which is the main component of castor oil [13]. The oxygen in the fuel molecules contributes to better
combustion processes in terms of emissions. In this study, we evaluated the effect of biodiesel addition
to waste plastic oil in terms of basic physical and chemical fuel properties of the resulting fuel mixture,
mainly focusing on fuel lubricity and viscosity, engine performance, combustion characteristics, and
exhaust gas emissions of a single-cylinder diesel engine. In the section of combustion characteristics,
basic parameters comprised of in-cylinder pressure and crank angle were recorded during the engine
test. After that, heat release rate of test fuels was calculated on the basic principles of the first law of
thermodynamics, which the specific heat ratio was calculated based on the in-cylinder pressure and
combustion chamber volume through the assumption of polytropic process.

2. Materials and Methods

As part of this research, some physical and chemical properties of test fuels were determined.
Experimental tests were carried out on a single-cylinder diesel engine (model Kirloskar TV1 with
product code 240PE). The engine was connected to an eddy current dynamometer to simulate the load
and was tested at a constant speed of 1500 rpm under variable load conditions, i.e., low, medium,
and high load conditions (25%, 50%, and 75% of the maximum torque). The gas detector was used to
determine the levels of carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbon (HC), and smoke.
The fuel consumption of the engine was tested by adjusting the load of the diesel engine. Therefore,
the scope of this research project was limited to the following;:

e  Tofind a suitable ratio of the fuel blend by mainly considering fuel lubricity and viscosity; the fuel
blends were prepared at various ratios, i.e., 0%, 5%, 10%, and 15% (by volume) of the biodiesel to
the waste plastic oil.

e To test the suitable fuel blends with a single-cylinder diesel engine without any engine
modifications. The objective of this test was to evaluate engine performance, combustion
characteristics, and exhaust emissions.

2.1. Materials

In this experimental investigation, waste plastic oil (WPO) was used as the main fuel, whereas the
other fuels included castor oil methyl ester (COME) and palm oil methyl ester (POME) as components
for blending with WPO. The diesel fuel was commercial diesel fuel (B7) containing 7% biodiesel,
according to the department of energy business in Thailand. The waste plastic oil used in this research
project was produced from waste plastic by the pyrolysis method. The pyrolysis process is a chemical
process of heating that decomposes plastics in the absence of oxygen. The master plant that processes
waste plastic to oil is located at Suranaree University of Technology.

2.1.1. Waste Plastic Oil

The raw materials used in this study were from plastic waste, such as plastic waste bags collected
from waste in Suranaree Subdistrict, Nakhon Ratchasima, Thailand. The composition of these plastics
includes polyethylene (PE) and polystyrene (PS) and about 70% was contaminated organic matter. The
waste plastics obtained from mechanical biological treatment (MBT) were processed into raw materials
using an agglomerator, which processed the plastic into small pieces that could be continuously
fed into the oil processing plant. The waste plastic oil was recycled using pyrolysis and did not
undergo distillation.

The pyrolysis process involves the breakdown of large molecules into smaller molecules by
chemically decomposing organic matter through heating in an oxygen-free environment. Waste plastic
is processed to maintain a temperature of 300-350 °C inside the reactor, where the waste plastic is then
vaporized and the outlet gas condensed through the condenser unit at this high temperature. The
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obtained liquid was taken as fuel, and this process happened constantly in converting the waste plastic
back into usable oil. All gases from this process were treated before being released into the atmosphere.
The exhaust gas was treated through scrubbers and chemical treatment for neutralization. From the
pyrolysis process, the following output products were collected: Waste plastic oil (70%), gas (10%), and
solid (20%), with values based on the weight of the input. The plastics yielded approximately 600 L
per ton.

2.1.2. Production of Castor Oil Biodiesel and Palm Oil Biodiesel

The experimental work was carried out in a laboratory at Suranaree University of Technology.
Castor oil was used in the transesterification process to convert castor oil into castor oil methyl ester.
Methanol and potassium hydroxide (KOH) catalyst were used for the reaction. The reaction was
carried out using methanol and castor oil in a 9:1 molar ratio with 0.5% KOH (by weight of oil). The
KOH was first dissolved in methanol and was then mixed with the castor oil. This mixture was heated
and stirred using an electric heater and a magnetic stirrer. The reaction was carried out at a constant
temperature of 50 °C for about 120 min. Then, the mixture was poured into a separating funnel to
separate the methyl ester of castor oil and glycerol. The layers were separated and were allowed to
settle for a minimum period of 8 h, with glycerol at the bottom layer and the ester at the top layer. The
castor oil methyl ester was then washed with water to remove any traces of methanol or potassium
hydroxide that was not reacted. The castor oil methyl ester was heated to 120 °C for moisture removal.

However, palm oil was also used with methanol and potassium hydroxide (KOH) in the reaction.
The reaction was carried out by taking methanol and palm oil in a 12:1 molar ratio and 2% KOH
(according to the weight of the oil). KOH was dissolved in methanol and this mixture was then mixed
with palm oil. This mixture was heated and stirred using an electric heater and a magnetic stirrer. The
reaction was carried out at a constant temperature of 60 °C for about 30 min. Then, the mixture was
poured into a separating funnel to separate the methyl ester of the palm oil and glycerol. The layers
were separated and allowed to settle for 24 h, with glycerol at the bottom layer and the ester at the
top layer. The palm oil methyl ester was then washed with water to remove any traces of methanol
or potassium hydroxide that was not reacted. The palm oil methyl ester was heated to 120 °C for
moisture removal.

2.2. Gas Chromatography Analysis

The column for GC-MS analysis was a DB-wax capillary column (60 m length X 0.25 mm inner
diameter, 0.25 um film thickness). Helium was used as a carrier gas with a constant flow rate of
1.0 mL/min. The oven temperature was programmed to operate from 70 °C to 250 °C, with the initial
temperature of 70 °C that was held for 3 min, followed by a rate of heating of 3 °C/min to a temperature
of 180 °C and then a rate of 10 °C/min to a final temperature at 250 °C, which was held for 25 min. The
inlet was held at 250 °C with a split ratio of 20:1. The injection volume was 1 pL per sample. The mass
spectrometer was scanned from mass to charge ratio (m/z) of 35 to 550 with the source at 250 °C.

2.3. Experimental Setup

An experimental investigation was tested to evaluate and compare the results obtained for the use
of different types of test fuels. This study aimed to investigate the effect of waste plastic oil blended
with biodiesel on engine performance and the emission of a single-cylinder diesel engine. WPOC10
and WPOP10 were selected for experimental comparison based on initial experiment data regarding
the lubrication and viscosity of the blended fuels, whereby 10% biodiesel and 90% waste plastic oil was
determined to be the optimal ratio for further testing in the engine. The total number of samples was
four test fuels (using either WPOC10, WPOP10, WPO, diesel), which were prepared for testing with
the equipment and measuring tools used in the laboratory as follows: A four-stroke, single-cylinder
diesel engine (Kirloskar TV1) with a water cooler system, direct injection, and a rated output power of
3.5 kW at 1500 rpm, unmodified and under different loading conditions. The engine was mounted
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on a fixed bed floor in the laboratory room and the load was applied on the engine. A picture of the
experimental setup is shown in Figures 1 and 2, and the engine specifications are given in Table 1.

Figure 1. Experimental setup for engine testing.

Fuel Flow Meter

|
Pine O Tempurat), |

‘

Figure 2. A schematic diagram of the experimental installation.

Table 1. Test engine specifications.

Engine Specification
Model Kirloskar TV1
Engine type Single cylinder, 4 stroke, Water cooler, Direct injection
Bore 87.5 mm
Stroke 110 mm
Connecting rod length 234 mm
Swept volume 661 cc
Rate output 3.5kW at 1500 rpm
Compression ratio 12-18
Dynamometer Eddy current, Water cooler

The observation results during testing in the engine were used to evaluate the use of different fuel
blends in comparison to the commercial diesel fuel and waste plastic oil as a reference. Three repetitions
were carried out in each test to obtain the average values for analysis. The used confidence intervals
corresponded to a 95% confidence level with respect to statistical significance of the result trends.
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2.3.1. Testing by Adjusting Engine Load

Engine tests were done by loading the engine to a level that simulated the workload condition of
the engine. Three engine loading conditions (25%, 50%, and 75% of the maximum engine torque) were
chosen for engine experiments, and the engine loads were adjusted by the eddy current dynamometer,
which acted as a brake and an enabling measurement of the engine’s torque. The knob on the
dynamometer loading unit was rotated to gradually adjust the engine load to ensure that the load on
the load indicator gradually changed for each load value before the test. The experiment was performed
using various blends at different loads, from low to high loads, at a constant speed. Furthermore,
before testing the engine output with different fuels, the engine was always cleaned prior to installing
the fresh oil to ensure the new oils were tested according to the intended compositions.

The fuel consumption was measured using a burette and stopwatch to determine the change in
the fuel volume divided by the testing time. The burette with a unit of volume in mL was used to
determine the volume of spent fuel. The tests were performed by counting the time needed using a
stopwatch to determine the length of time before the fuel ran out. This required a fixed test fuel volume
in a burette of 10 mL, and this measurement was repeated three times. The determination of each
output value, such as the brake-specific fuel consumption, thermal efficiency, combustion, and amount
of gas emission, was based on recordings at each engine load change using the four tested fuels.

2.3.2. Emission Testing

In each engine test, the engine load was gradually adjusted using the knob, and the actual engine
speed was measured through encoder wheel monitoring, to measure the tested value of the exhaust
gas emission of fuel blends.

The data corresponding to the parameters of engine combustion characteristics were collected
through the signals from an in-cylinder pressure sensor and shaft encoder, both of which were
analyzed using IC Engine Soft of Apex Innovations’ software. The amount of nitrogen oxides (NOx),
hydrocarbon (HC), carbon monoxide (CO), and smoke in emissions was measured by the engine
exhaust emission analyzer using a Testo 350 Gas analyzer for CO, NOy, and HC, and a Testo 308 for
smoke by installing the equipment for the experiment, as shown in Figure 2.

The Testo 350 and Testo 308 exhaust gas analyzers were used to measure the exhaust gas. The
exhaust emission probe was placed in the tailpipe of the engine and the exhaust gas emissions were
measured. The test engine was run to idle for approximately 10 min in order to ensure the stability
of the engine before measuring the exhaust gas emissions. The Testo 350 was analyzed by using a
nondispersive infrared and electronic chemical method. Furthermore, the Testo 308 was analyzed
using the principles of absorption photometry.

3. Results and Discussions

3.1. Test Fuels

In order to improve the properties of waste plastic oil by combination with biodiesel, such as
through increasing the oxygen content in the waste plastic oil for better combustion and to improve the
viscosity and lubricity of the waste plastic oil, COME and POME were blended with waste plastic oil at
different volumetric ratios, ranging from 0% to 15%, and the basic physical and chemical properties of
the blended fuels were investigated, which mainly focused on fuel lubrication and viscosity. It can be
concluded that the presence of 10% biodiesel in waste plastic oil is the optimal ratio because the smallest
scar diameter was obtained after lubrication testing and the viscosity was within the acceptable criteria
prescribed by the standard specification for diesel fuel, as shown in Figure 3. The lubricity testing
was evaluated by a high-frequency reciprocating rig (HFRR) and was conducted according to EN ISO
12156 [14]. From the preliminary experiment, 10% biodiesel was enough to maintain the lubrication
of the blended fuel and there was no significant improvement in the lubrication of the blend when
exceeding this percentage of biodiesel in waste plastic oil. Therefore, a combination of either 10% castor
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oil biodiesel or 10% palm oil biodiesel with 90% waste plastic oil (WPOC10 and WPOP10, respectively)
was selected for further investigation in the engine test to study the effect of biodiesel addition to waste
plastic oil on engine performance, combustion characteristics, and exhaust emissions.
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Figure 3. Lubricity and viscosity of biodiesel blending.

The fatty acid profile of castor oil and palm oil are summarized in Table 2, which confirms that the
most abundant fatty acid in castor oil is ricinoleic acid, comprising about 85% by weight of the total
fatty acid content, while the major constituents of palm oil are palmitic and oleic acid, at about 46%
and 37% of the weight. Palmitic acid is a fatty acid that naturally occurs in vegetable and animals, and
it is the main component of human milk fat. Furthermore, oleic acid is also the major component of
many oils and fats.

Table 2. Fatty acid composition of palm oil and castor oil.

Fatty Acid s
POME COME

Lauric C12:0 0.92 0.02
Myristic C14:0 1.28 0.06
Palmitic C16:0 46.29 1.63
Stearic C18:0 4.63 1.66
Oleic C18:1 37.07 3.85
Ricinoleic C18:1 OH - 85.6
Linoleic C18:2 8.67 6.04
Linolenic C18:3 0.03 043
Arachidic C20:0 0.36 0.08
Other 0.75 0.63

The physicochemical properties of fuels were carried out, based on the ASTM standards, and the
properties of the test fuels are given in Table 3.
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Table 3. Properties of the test fuels.

Properties Test Method Diesel WPO POME COME WPOP10 WPOC10
Kinematic viscosity at 40 °C (cSt) ASTM D445 419 3.76 646 18.61 411 429
Specific gravity at 15.6 °C ASTM D1298 0.828 0.825 0.875 0910 0.830 0.845
Density at 15.6 °C (kg/m?) ASTM D1298 827 824 874 909 829 844
Flash point (°C) ASTM D93 68 41 96 108 45 48
Gross calorific value (M]/kg) ASTM D240 4245 40.58 36.79 37.95 39.18 39.64
Cetane index ASTM D976 60.2 60.0 487 394 59.6 54.5

Characterization of Waste Plastic Oil

The waste plastic oil or pyrolysis oil used in this study was extracted from mixed plastic wastes.
The chemical compounds contained in the waste plastic oil were analyzed by gas chromatography-mass
spectrometry (GC-MS), using a gas chromatograph Agilent 7890A coupled to a mass spectrometer
Agilent 7000B. The results of the GC-MS analysis of waste plastic oil and diesel are presented in
Figure 4, and it is an important chemical compound contained in plastic oil and the percentage of the
area is shown in Table 4.
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Figure 4. Total ion current chromatogram for: (a) Waste plastic oil and (b) diesel.

Table 4. Components identified from waste plastic oil and diesel by GC-MS analysis.

Carbon Content % Area
WPO Diesel
CsCny 12.85 e
2re) 74.39 73.28

>GCsi 1276 9.16
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The waste plastic oil consisted of different hydrocarbons contents, which separate according to
the light and heavy fractions, from the lowest carbon atom (Cy) to the highest carbon atoms (>Cy) and
can be divided into three groups. The C4—Cj; group represented the light fraction or gasoline, and
typical gasoline consists of hydrocarbons between five and nine carbon atoms. The C1,-Cp group
represented the middle fraction or diesel. Diesel has a high percentage of carbon atoms of C14-Cap [15].
Table 4 presents the results of the comparison between fuels, and a similar trend was observed between
waste plastic oil and diesel. The waste plastic oil and diesel produced the highest C1,-Cag fraction.

3.2. Engine Performance

Figure 5 illustrates the results of the brake specific fuel consumption (BSFC) of the engine for
four kinds of test fuels according to three engine-operating loads. The results showed that the BSFC
increased at the low loading (25% of the maximum torque) rather than at medium and high loading,
respectively (50% and 75% of the maximum torque). The results also showed that the increment in
the engine load seems to result in less specific fuel consumption for all the fuels [16,17]. The increase
in engine loading resulted in an increase of fuel flow rate, brake thermal efficiency, and exhaust gas
temperature while also decreasing the brake specific fuel consumption at the same time.
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Figure 5. Variation of brake specific fuel consumption.

The brake specific fuel consumption was slightly increased for biodiesel-waste plastic oil. In
general, brake specific fuel consumption was found to increase when the biodiesel quantity of the
blends was increased, which was due to its lower heating value [16,18-20].

Figure 6 shows the variation of brake thermal efficiency (BTE) and engine load. Higher BTE was
obtained with the use of waste plastic oil and its blends. The addition of biodiesel tended to improve
the combustion of waste plastic oil. This may be attributed to the increase in oxygen content, due to

oxygen in the fuel molecule of the fatty acid in biodiesel, resulting in more effective combustion [20-25].

In addition, the proper lubricating properties of biodiesel may play a role in reducing the friction to
the level that the brake efficiency was enhanced from pure waste plastic oil [26,27].
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Figure 6. Variation of the brake thermal efficiency.

3.3. Combustion Characteristics

The combustion characteristics were examined as in-cylinder pressure and the rate of heat release
based on the basic principles of the first law of thermodynamics, as shown in Figure 7. It was found
that the combustion of waste plastic oil was similar to diesel fuel for all tested engine loads. The
addition of castor oil biodiesel to waste plastic oil caused a delay in the start of the combustion rather
than the addition of palm oil biodiesel. This was explained by the lower cetane number in castor
oil. Additionally, the higher viscosity of castor oil biodiesel can be used to justify the delay in the
combustion process due to the difficulty of fuel injection and the quality of fuel spray [27,28]. When
considering peak of heat release rate, it was found that a higher peak was obtained for fuel blends
with castor oil as biodiesel compared to palm oil. The accumulation of fuel volume during the longer
ignition delay, which impacted the higher peak of premixed combustion, was used to justify the higher
peak of the heat release rate obtained by the combustion of WPOC10 with respect to WPOP10 [29,30].
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Figure 7. In-cylinder pressure and rate of heat release at different levels of maximum torque: (a) 25%;
(b) 50%; (c) 75%.

3.4. Emissions

From Figure 8, the blends of the biodiesel-waste plastic oil showed a disadvantage in carbon
monoxide emissions because of the higher viscosity and lower calorific value. Therefore, the combustion
temperature was lowered due to ineffective atomization of the fuel blends, leading to an increase in
carbon monoxide emissions. Comparing the two biodiesels used in this study, the presence of castor oil
in fuel blends showed lower CO emissions. Although, castor oil possesses higher viscosity than palm
oil, which can generate poor fuel atomization that results in more incomplete combustion. The higher
oxygen content of castor oil may improve the quality of the combustion and can be compensated for
by the effect of higher viscosity, leading to lower CO emissions by the addition of castor oil biodiesel to
waste plastic oil as compared to the addition of palm oil biodiesel.

From Figure 9, it can be seen that the amount of nitrogen oxide emissions increased with increasing
engine load, and the nitrogen oxide emission levels of plastic waste oil were higher compared to diesel
fuel. Comparing waste plastic oil and its blends, lower NOx emissions were found when biodiesel was
added. The reduction in the peak of the heat release in the premixed combustion phase was caused by
the combustion of biodiesel blends, which tended to attenuate the increase in combustion temperature
and did not favor NOx formation. The results of biodiesel addition were similar to diesel fuel blends
and resulted in NOy reduction, which was also observed in another study by Pumpuang et al. [22]
using blends of diesel with castor oil ethyl ester biodiesel. Considering the addition of castor oil and
palm oil biodiesel, the castor oil biodiesel blends showed higher NOx emissions than those of palm oil
biodiesel. The longer ignition delay due to the lower cetane value, caused by the addition of castor oil
biodiesel, led to a higher combustion temperature, and this can explain the higher NOx emissions
observed with the combustion of waste plastic oil blended with castor oil biodiesel.
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Figure 8. Carbon monoxide emissions.
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Figure 9. Nitrogen oxide emissions.

The variation of hydrocarbons with engine loads is shown in Figure 10. Higher levels of

hydrocarbon emissions were found with the combustion of waste plastic oil with respect to diesel fuel.

However, the addition of biodiesels may have contributed to reducing hydrocarbon emissions [31]. In
the case of palm oil biodiesel, the shorter ignition delay due to the lower cetane index, in comparison
to castor oil biodiesel, can improve (reduce) hydrocarbon emissions by allowing more time for the
combustion process, resulting in lower levels of hydrocarbon emission. However, the blend with castor
oil biodiesel, containing a higher oxygen content for the same volumetric percentage when comparing
the two biodiesels, was blended with the waste plastic oil. This is expected to promote lower levels of
hydrocarbon emission compared to the blend of palm oil biodiesel. The effect of the extremely high
viscosity of castor oil, however, tended to increase the emission of hydrocarbons and could counteract
the beneficial reductions in hydrocarbon emission due to the higher oxygen content [32]. These effects
were more obviously seen at low engine operating loads where the temperature in the combustion
chamber was not high enough to vaporize all the injected fuels. Consequently, WPOC10 produced
higher hydrocarbons with respect to WPOP10.
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Figure 10. Hydrocarbon emissions.

Figure 11 shows the smoke emissions obtained by the combustion of the tested fuels. The
combustion of the waste plastic oil was evidently associated with less smoke emission than diesel
fuel. The addition of biodiesels to waste plastic oil tended to result in increased smoke emissions of
these fuel blends. This increase in smoke emissions was apparent when the engine was operated at
higher load conditions. Comparing castor oil and palm oil biodiesel, it was found that lower smoke
emissions were obtained with the use of castor oil biodiesel. The two main factors had opposing
effects on particulate matter emission, which was directly related to the smoke emissions. First, the
higher viscosity of castor oil biodiesel caused more difficulty in fuel injection. The ineffective fuel
atomization resulted in more incomplete combustion, which was related to a higher amount of unburnt
fuel, resulting in higher smoke emissions. Second, the higher oxygen content present in the castor
oil biodiesel and hydroxyl group belonged to ricinoleic acid as the primary fatty acid of castor oil
can contribute to the enhancement of combustion quality, leading to less smoke emission [33]. It was
notable that the effect of higher oxygen content may be more likely to reduce smoke emissions in this
study as a result of lower smoke emissions associated with the combustion of WPOC10 compared
to WPOP10.

W Diesel BWPO WPOC10 @ WPOP10

o Y 84 8

Smoke Index

Load (% Max Torque)

Figure 11. Smoke emissions.

4. Conclusions

The effects of biodiesel addition on fuel properties, combustion characteristics, engine performance,
and exhaust emissions of crude waste plastic oil were studied. Two types of biodiesel, palm oil biodiesel
and castor oil biodiesel, were selected as components for blending with waste plastic oil. The findings
can be summarized as follows:

e  Considering fuel lubricity and viscosity, the presence of 10% (v/v) biodiesel was the optimal ratio
for improving the waste plastic oil.
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The brake thermal efficiency of the engine was slightly improved with the addition of biodiesel to
waste plastic oil.

The addition of castor oil as compared to palm oil biodiesel caused a delay in the start of the
combustion, resulting in a higher peak of heat release rate.

The reduction in the level of hydrocarbon- and oxide-containing nitrogen emissions was found
with the addition of biodiesel, while carbon monoxide and the smoke emissions were increased.
Comparing the two tested biodiesels, the presence of castor oil in waste plastic oil showed lower
carbon monoxide and smoke emissions without any penalty regarding the levels of hydrocarbon-
and oxide-containing nitrogen emissions when the engine was operated at a high load.

Future studies on engine modification, such as to the piston, injection timing, and injection
pressure, can be considered for further improvements through the reduction of exhaust emissions
by the use of biodiesel as a blend component in waste plastic oil.
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Nomenclature
BSFC brake-specific fuel consumption
BTE brake thermal efficiency

(€] carbon monoxide

COME castor oil methyl ester

HC hydrocarbon

HDPE high-density polyethylene

HFRR high-frequency reciprocating rig

KOH potassium hydroxide

LDPE low-density polyethylene

MBT mechanical biological treatment

NOx nitrogen oxides

PE polyethylene

POME palm oil methyl ester

EP polypropylene

PS polystyrene

WPO waste plastic oil

WPOC10 fuel blend of 10% castor oil biodiesel and 90% waste plastic oil

WPOP10 fuel blend of 10% palm oil biodiesel and 90% waste plastic oil

GC-MS gas chromatography-mass spectrometry
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