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ABSTRACT

Currently, Thailand supports more alternative energy use especially, biomass
energy. The advantages of using biomass energy besides being a renewable energy that
releases less emissions to the environment. It is also another way to help farmers when
there is an oversupply situation. For example, southern Thailand, where most of the
palm plantations in the country, were experiencing oversupply during year 2018-2019.
Normally, most palm oil will be purified or added with other substances before being
processed into other products such as biodiesel, palm oil for consumption, cosmetics,
etc., but when there is an oversupply situation, demand does not match supply. This
causes palm growers to face the problem of low product prices. So, accelerating the
release of palm oil productions by using it as a fuel for direct combustion, such as boilers,
fuel in power plants is a method that can help solve oversupply situation faster
compared to other methods. This research aims to study the potential of using crude
palm oil as an alternative liquid fuel to replace diesel or fuel oil in industries. Starting
with the case of using refined palm oil as fuel as a guideline for studying and developing
the use of crude palm oil in the future.

For an experimental study, palm oil is preheated to 140, 160 and 180 °C and
then sprayed with air with pressure 20, 40 and 60 psi through a 2 mm diameter nozzle
into the combustion chamber. Inside the combustion chamber, there is an installation
of an LPG pilot flame. When the system reaches a steady state, the flame profile is
captured with a digital camera and the composition of the combustion exhaust gases is
analyzed with a Testo 350 gas analyzer. The results were compared with a numerical
study of combustion under the same conditions using the computer program ANSYS
Fluent by designing the combustion chamber in an axisymmetric 2D with species
transport model. The results show that higher preheat temperature and pressure
accelerated combustion reactions and lead to high temperature, large size and long
flame penetration. For emissions released from combustion, CO and NOy tend to

decrease when preheat temperature and air pressure are high.
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Yeyaanseaumuad sulmdusafivvesniufinioifonz fusenidodlduay
AUGITLAUNSIULAZEINAAEDTA (CREA) SEULAAIANUESEAUNATENIBINIAN
L%@LWS@Waa%aqaﬁq 8,000 aunoaaIsansgIdoTunIaUIEIIN 3.3% vaedAdilan PM 2.5
warleleufliinanmawnindidemdmeataduniduamg vl auilanidulsaneu
wndu dadu mslindsnumaden, wlsnumaununiendsnunguisuiiazennazaan
msliFonasleatouazanuaiwmaaneld (1]
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' 1%
a

Useindlneldndsnu 83,601 Wuduisusinhifufviafinduegwiodlosnnndt 10 Yuay
ity 3.7% 9100 2560 Tnendenuitldanlngfundnudmdd (84.6%) 1wy v
dudagu Messsund ufiuseylihddnduiutu 3.9% uarlindsrumaden (15.49%)
iy nndes wnau fu iy uastanudeldannnnumsiiintu 2.2% (2] waniesainiguna
fulsunedaaduliinislindsnumadenlulsammfinaniu fulssnalneFuiuanly
nFaumadenivdulasanzndanuaindaua (3] dsfefvesnmaimuimdsnuainds
auenINIETITaRHansENUAedwwIndeuuifudunsiiomienininunsnsiilenanan
auUAAIABNGIY

Tuted 2561-2562 meldvestssmalned adufuiivgnirdudlvgludszine
Uszaulguinandnaunain lnganizlugreiulussunuiiuiau-ngeninuwasyielalsd
Uszanuiugsu-ngaimeudsalividuinaign dsunfudnituindudnivgazdin
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ihiululefen, difuindudieuslng, wiesdend Wudu wideinanzuanindunais
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1.2.1 Urdatisiu

Unduthsfu A wafiAnannsnasiugseninmendudefunenday udsanua
nasudnalduanaigivlnauiana 5-6 eudufuienld neaeurdu 1 nzaneasd
YIAUsEINN 35%45 WuRang Tuagfunny, mewusuazeuauysivesiy udamzaneay
1 500-4,000 wa Ywiiszan 10-30 Alan3u
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faluifudurenufin (Seed) vidonzaurdu (Shell) Suluanduidiely (Kerel) fFum &
Fuilildrudsznautingu CPKO (Crude palm kernel oil) Asnannguludy Mesocarp il

[

1% - F% aa A o A & Y v oa o [ =
APULANTYUTNUNSNIN bLﬂJiJﬁVﬁEJﬁSU’]’JEJiJmaEN WU UDNA? mumﬂugﬂw 1.1 [6]

Lﬁa'[u (Kernel)

nzan (Shell)

\auan (Mesocarp)
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palm oil, CPO) Mnnsatadenuenvesiiduindunasinduaudalulidy (Crude palm
kernel oil, CPKO) annnsaitmiiiovesudaluududslnevialazdsaiudoganintiiy
Uhdudv lesanthifufinnuazernnimazantuseulunsvinlviiduduuians [7,8)
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Tagasuuainszuiunsiuinduliduaunsaesussinndsenounie 4 Tunou
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1. mysungaremelou (Sterilization) vin1seufigamail 130-135 °C ANGAY 2.5-

a

3 bar 141781 50-75 wit duneuiiwtiengaufizelaluladadilfAnnsaloiudaselu
Unduuaztelindusoutuvaaainiamaldine

2. MIUBNKA (Separation) iledsmzatsurdudiaiosuensa nzaiaazgnuen
oonly dunatrduazgneesiyeiososnalidy Wlsusndrudensenaindn

3. maartaisu (Extraction) Tnsnisthaudeninaufigamad 90-100 °C THiaan
20-30 w1t udsntuasduadosiuuuuindeadng Jsldhiuiduuiivsznaudetity
66%, 11 24% wazreduds 10%

4. msaTmazeIntiuUdNAY (Filtration) tiulduAuiildannsatnazgnds
solugadanseaiionsnveaudsuazineonaintu antduiidiedounisuiiovianuazen
warldiheenifioviliunduurs aavhedsdaddufuitudiosensnduviesmhesely

derunszurunisadauds dnifuundufvazueniduassdu Ao diuduundy
YouraIdduLAd (Crude Palm Oil Olein) Uszunay 30-50% aruanaduledindesdu (Crude
Palm Oil Stearin) Uszanai 50-70% antuiiiuliduiildagidnglssmugnamnssudiovi
Tiusgvisvieazthluuendau (Fractionation) Litelildmasautunndaiuly [9-12]
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919418 AnusauanslanuaNnsalull

CwHxN; O, + A(O; + 3.76N;) — aCO, + bH,0 + cN;, + Energy (1.1)

a ¢ v v P \ S v = P & a

INFUNITA 1 WAUA UGS UNINANTAIRUTIUTENBUABLIDNEAS (CHy) WaraInNIA
AUSTUNIUAUVINSENIMHANN U LAINNSHN LY Usenaunlsaisuaulaaanlan (CO,),
11 (H,0), lulnsiau (N,) hasnadaay

¥ v Yall 1w v & a a & a a

aunisineduduannisnisenludlidudeuy Inewamasdiosrusenautielnaziinns
wnbnianysel @eenTauanniiieanefivihliAnniswnlndfiauysel) winuduasauds
a1snsAuenalivanvesAusznaukaiani s ndlliauysalluuiedavsounsdiuvesusian
MAan sl ilindnduaiannsinndiosnusznoudugnuindu [13-15]
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1. Wewds (Fuel) asfusznouiidrfamoaiemasiiannsawnlvsild Ao miueu ()
Fadlnganiluasusznaulslasansuou (CH,) TnganunsoutsUssLnyidamameanue
¢ 3 Uszinw Ao \Wemdauds, wanuayine

2. 990319 (0,) Tunszurun1smaaiiseneandiauii eendlalees (Oxidizer)
TunsufvReendlamesdrulugaglderniadesarnaunsamlding uiogndlsAnn
dutsenovveseendauluenniaiiiios 21% Tnethuinwinduduimaedululnsiou

3. a1useu (Heat) Audouiianunsavliiinnisiwunlnsile fomnudoudivialey
pumpideaiidowmasiug anmnsofiaadnliiodld TuSudumswnlud (gnition) a¢1438n1s

yalidnlraniadlngs (Pilot flame) w3avilvitAnusenell wu nisaUrsaveaiaiieulu
WAIBIEURAUANUNEIY nTUUamAsIzanuvengluSuSnunidewmaiueand talees

1.2.5 Usgtanwoenisiwi bugl
Tufidazndndemswiludisadesiunisnaussninademawareendlneosas
dnlngjegluanusufaszuuseandu 2 Uszan fs msunlnlhuunauunney (Premixed
combustion) wazn1snduulng (Non-premixed or Diffusion combustion) Tagn1siWa
Indfuvunaunfewasdedidunauiaowdanausulussiuluananoufinfisenismn
st drumswlndiuuounsdumsuensewinadomawazeondlawesoonainfunouds
Ushafiiinsunlu (Combustion zone) Mntuaziinnsraufusyninadamawazeand
laweslutinaiinisunlvilaenalnnisuns duansiegdlusui 1.4

(a) (b)
g‘ﬂﬁ 1.4 nsnlusivesiaN (Burner) wuu (a) Premixed, (b) Non-premixed [16]
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wazgauuniivied lngdiunnuasindaraiuianunasnidaaineadasgluguinsiuau
(Crude oil) uarthunau Feazlaunsiuyiaaige wu Widuine, induuudulazdidudiga
welLo9 NN ULezANLRURIUYBIT AU UAUTuRa R lan TSN THRILI T DINEILARY

o a A Y 1 a a6 Svy & a a . . ' a
NIngAvdY q taun Fuvsdansdalaendsaidinim (Bio-fuel oil) 1w lulofiya, 1oy
UDALAZOUUVIOANT 1TU VILNAERANWIDYNTABUA [16-17]

1.2.7 masnlndiamaanad
! & a ! v A o P! ! « TR a & a
NINULYBLNEIHIUTIAA (Nozzle) UeATaasiTendt “awlsd” Wun1sdalienas
- D2 < Y v Y a ¢ " = Y
Walidvunadnuandmaniveandlawes (@ulvgidueinim) Ui 1.5 uansdnvugnig
mannlaenallvesalsdilamdanatazgndanugida vibiiadulesaresinudn



uueenidusunsangas lngemaiegseusazgnaadinauivazessaiusdviliAnnisiva
wwuthuu ieazesndawmaddsuanuseunniounlnsisiansssmenaiadulowdi
wrilvdlufian lunsdimsdadamaanglufeanndindosuduuugnaunieluviosn vl
flufisade Keludosazeoudamdsaznszmuiiuinnieluiesuvsiduinduilduiiy
Homdsuaainefnnisssmendunnindluiian

Droplet
collisions and
coalescence  _..-==7 7.

Wall
| ‘impingemcnt

a”

"
[

Nozzle

Spray cone
angle

D il g .
Primary Secondary Evaporation
breakup breakup

gﬂﬁ 1.5 Snwaznnenmlaeiluvesalse [13]

1.3 uddeiiisatos

Oprea wazmme [18] lddnwnisfumsunlwiisuiislundelethaun 55 Alatad
W3guiiisuseninansland omd sthsiumingas (Low fuel oil) futhsiuainiudanen
yunyTu Tnsguiiemaaiigumad 70-80 °C antudadnwdeidnduiugudnans
U 1.5 Jadluns frudy 1.35-1.4 mPa 91nn1sanwwuIisunuannenniuny Ju
Iailvd@maeseamgil 2,000 °C LiifinsuahuazaiuAnty uenantudslissansnm
waznaannnistenlugdldansanndisuennsest sniuvinlfiie anusuuousnles (CO)
USuuunAIN

Hashimoto wazane [19] laAnwin1sinalusiid omdamanlaesouifiousening

(%
o w

thifusinga C 100% wazthifumning C LLuumamﬁwﬁuluiaﬁLsuammmﬁmay'ﬁw JGEIGH
Unsueinge C lusnsndn 50% lneUsunu oazidonvesyannassuandlugud 1.6 90
msfnwmuInhiudomnasiinautulinuaudinnsuidanuieurenualnanaileiioy
fuhsfuniilainay Wesnidundoyniaunninisfululefeadwilini s
amufouraadowdsiifioymeanniimginindemdsifoynelisouasesanauautfives
Fowmadulefeailulasauuazdamesdooninisiuem ildieledeainnawnlndd

Tulasaueanlen (NO,) wazdawasineanlan (SO,) Wintullae

o¥



Flame radiation intensity
measurement by two color method

Electric
heater A
Flue gas
Main Two stage

5 . recirculation
combustion combustion Forced draft fan

line
Flow air air
meter \

Y | Fuel flow rate:

Electric Sl
= = Burner
heater

Induced draft fan

- Burner |  Furnace Furnace Furnace Furnace
section section 1 section 2 section 3 section 4 Gas
analyzer
Heavy oil Flow Flow Flow Flow Flow
meter meter meter meter meter 5
(0.5 kL) P, Thermo Cooling
3 b 3 b meter water inlet
Thermo Thermo Thermo Thermo Thermo
met; meter meter metes mete
' _ Cooling

~ water outlet

{g‘dﬁ 1.6 ¥anAany Hashimoto WazAng [19]

Ganjehkaviri wazang [20] TdAnwdnwaznswlnivewisiululefwafinauiv
ihifufiadidiunansngg Tunismeaadldldunndomanvar (Oil burner) fuuanslugui
1.7 Imsi’mqquﬁﬁuﬁwmﬁmLml‘wﬁmummmaﬁumLUa’JIWﬁGﬁLmﬁwﬁq6] LagIn
aautRvestivlede Tunsmeaesldnauiiululediwasuidufivaiidrunas 10:90
(B10), 20:80 (B20), 40:60 (B40) wenNTlaAnwnsa U ufwasssUAT (Conventional
diesel fuel, CDF) uaviisiilulafiwadau (Palm methyl ester, PME)

@ Thegacupls Th Equivalent Ratio at 1.0
Reader ermocouples
M BALTUR

~
i
o

| / Nozzle ol "
G 700
[ 1 2; n 8 0 @ @
5 A7 X !
:é 2 650 N @
s R x X
g X X D%
: - § 00 i * S
= X X
Combustion 2 550 3
Chamber Fuel Fuel %X
(L Supply Return
O Line Line 500
0 0.2 0.4 0.6 0.8 1
Gas Analyzer Fuel Distance (m)
o COF o810 & B20 B40O X PME
JUN 1.7 ¥anAaea Ganjehkaviri kazAnsy [20] §UT 1.8 gauugiinuiaviedunlug [20]

IINMIANYINUINEATIEIUENYS ER=1 gauungiifiuiiivesiosknlndianasmiunis
a é’ v ! 901 L% = a %)’ v = 96’ v
Winuvesdnsdunaiululefwainauadluiiudiea lnensdlurdufigasssua (COF)
iligaumgdvuiuiiivesisamnlndasaauaziniululediaa (PME) vivligamgiuuiuil
vosounnsimgafauanduguil 1.8 dwsunsinlulasiaueenled (NO,) uavasuauLoy



uanlust (CO) lufelodenuhimanasmunmsifuturesdnmdunamiululefivainay
adluthifufiea

Kang warane [21] lafnwanudulldlunslfiduivnudaaydufudoma
Tluntelevhenamnssy Inefnviravesmsguituivanudaaysiilugas 50 -100 °C
fifuadernuiafosvondmlnlaglitumgaamnssuildidomdanar anmsfnynudn
PragamniifasnsagadalniuazyilivadlndmuiaiiosAefigamgdl 90-100 °C

Mahfouz uagmny [22] la@nwiuTouisudnuyaensm Mduaanuikuunguiu
(Swirled burner) é’mamiusﬂﬁ 1.9 Tnaldiauielduda ( (Waste cooking oil, WCO) iy
umumﬂna (Light diesel oil, LCO) L'Uutfual,wm ﬂaulmLmmeaLwaamaaw“aﬂamu:u
gaungfl 90 °C uaw 80 °C mudduifioanmumila (Viscosity) Mniuazgnuniinuiues
Primary air 61371 @9 0.5, 1, 1.5 Uag 2 bar mua1au 31nN15AN¥INUI1 WCO nalwiifin
NO, wag CO TudTunaiitiosndn

§ |_ /Gn analyzer flue inlet g
2 mrmoooupn inlet E
T
E Flame visual ports i - —{/ ron et [rome)
B 110 Y
Water cooling jacket inlet :ﬂ

pressure gauge
.

- - 3
Air solenoid valve @x computer
Air compressor

g‘l.lﬁ 1.9 ganaass Mahfouz wagmuey [22]

1- Controlling wire connection
2- Power wire connection
3- USB cable connection

Mahfouz uazmny [23] laAnwidSeuiisvaiunlasaladveadailnvestnduiies
(Heavy diesel oil, HDO), Ursiumwa (Light diesel oil, LDO), tnsiunwlial (Waste cooking
oil, WCO), B1 uaz B2 Aldluiimignainnssu®s Bl way B2 Wudiunauszning LDO fu
WCO wag HDO fiu WCO muaau laglanass Hyperspectral as19duanwuz1ouioLnas
AvuAsasIdILaNya 0.63, 0.75, 0.96 kay 1.1 auaau fawandlusui 1.10 Wonsen
UsgAngnmnmsinlug wuiniidnsdiuauya 0.85 HDO, LDO wag B1 WiusAnSamnisiun
Ingd 63, 60 uaw 60% auau WeINAmaNTRNSWHSEveLToIMEs Asanslugui 1.11

2 va ‘ ad  a A v
wanaNilaLAsIeYt Contour map vesguMaiweinds nudndemdway B2 Tiuailn
uavgiuaziigaumgigeanindewSeuiiuiu HDO Lesnildiuusenausandiauiinni
Laziile9aIn LDO uag Bl e Heating value #1171 HDO wag B2 Fslvipuninoingadl

[ ! ! Y a LY Y o 4 = & Y a
YIAENNT deralviiianssemenasaauiulaisy ibiadlndvundunitdeansdugui
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1.12 dynduieliailrsudiwg WewSsuieuiuiendwindug ewneunia
Foundauwnndulueznendasylandvibideundsliaunsonaudaiule

- Lot/ W

Hyperspectral camera

USB cable

Arduino uno card
Fuel tank

-

Fuel line

Pressure gauge
pressure regulator

l

Burner
-
o f-n i

Burner Controller

Air line
8all vaive

Alr compressor

gilﬁ 1.10 ¥nnas Mahfouz wazauy [23]

T .
100 200 300 400 500 600 700 800 900 1000 1100 1200 Temperature,'C

m $=0.63

jl

o5

Y- axis (cm)

Y- axis (cm)
PR

5

Y- axis (cm)

Y- axis (cm)
N~
s
S
o
@

PN - T—

)
[
|

Y- axis (cm)
Y- axis (cm)

1

)

10 20 30 40 50
X-axis (cm)

X- axis (cm)

T10 0 30 40 50 60

[
o

Combustion efficiency, %

»
w

&

=3
e
o

1.2

0.8
Equivalence ratio, &

0.9 1 11

3‘1]17i 1.11 YszanSamnswenlugl [23]

10 20 30 40 50 60
X-axis (cm)

X-axis (cm)

31117; 1.12 Contour maps of the cross-sectional spatial average inflame [23]

wena Nty Mahfouz wazamg [24] Ta@nudnvarnisunlniuasfeledeos
Foumawansywinsisiufialduds (Waste cooking oil, WCO) futsiuiiea (Light diesel
oil, LCO) é’qLLamiﬁﬂaslﬁmsqﬂmaaﬂugﬂﬁ 1.13 Tpenantsiufiofldudludndu 0, 20,
40, 60, 80 ay 100% auawy snsiduaNyanmualieglutie 0.6 fia 1.05 :NN15AnY)
wuigungivesfnelodeuazystavsnmnamindanas Woiiosduimidufialiug

Tudsfudea uenaindnisiinuesidudunaiunydldualrludTufsadidanaliuany
(Emission) lufingleidy 1w CO, NO,anasBnmeduanslugui 1.14 lngdiunaunuuzinfe

goj U = d' v d“ o ¥ a a ¥ 1 1 d' U ¥
wasnuienly 20% Fwsvinlidssdnsamnsenindeylugiiveusuls



Air compressor 5 bar

L = Combustor length (195 cm)

D,= Outer combustor diameter (50 cm)
D, = Inner combustor diameter (40 cm)
D, = Flange diameter (10.5 cm)

D"= Air pipe diameter (2 ¢cm)

D,,: Water pipe diameter (5.7 cm)

D,,= Water outlet diameter (1.85 cm)
D, = Visual flame port diameter (1.85 cm)

XXy Xy X XX = Relative distance of visual flame ports

37

—
Viater pump

1- Fuel line

2- Atomizing air line
3- Cooling water line
4- Pressure gauge
5- Rota meter

6- Valve

7- Fuel tank

8- Heater with thermostat
9- Air blower fan

10- Visual flame ports

11- Thermocouple K-type
12- Exhaust measuring port
13- chimney

14- Arduino controller

15- Laptop

16- Air solenoid valve

17- Water outlet port

g‘dﬁ 1.13 gannaes Mahfouz uagmuy [24]

700 0% WCO
20% WCO
40% WCO
80% WCO
80% WCOo
100% WCO

800

| 2 Eedoli]

Exhaust gas temperature, °C
" -
5 &
=] o
SETTTRTTRL TS TRRTE| EYTETYEIR] PYTITHTTEI [ETETITTAFIRORTUTTL|

100 ~ T T T T T I I T T T T
05 0.6 ar 08 (-] 1 1.1
Equivalence ratio, =
(a)

A & omwco
= O 20%WCco
H 50 O 40% wco
& ® 6% WCO
g ® 8% wco
a2 A 100% WCO
£ w0
= Panel A
= 30
L]
=
o
g 20
’E 10
L1
o
o

N

0s 08 o7 o8 09 1 1.1

Equivalenca ratle, o

()
gﬂﬁl 1.14 n9luans (a) gaunadiiigleide, (b) Uszdnsaimniswilug, (© CO wag
(d) NO, [24]

Combustor efficiency. g4

NO, emissions per heat flow input, ppm/kW

o8

o
Y

-
IS

-3
1Y

0% WCO
20% WCO
40% WCO
50% WCO
BD% WCQ
100% WCO

re+O0%

H] 05 o7 Q08 038 1 1.1
Equaivalence ratio, &
< 0% WCO
08 O 20%wco
g : < 40% WCO
1 * 80% WCO
| @  80% WCO
1 A 100% WCO
06
04
0z
0 I P rrrrreen
o5 08 o7 08 0.9 1 1.1

Equivalence ratio, o

(d)
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INMATeMAL TR anansaagulaciail

1. duRvaniiwalsgnaunaamail 80-100 °C naunswlnd

(%
o w

2. faflodyannniswnlugl wu NO,, CO, SO, anas Wionasigufvanituiuiigi
fwa osnnilduusenevlulpsiaunasdamesdosnidlowssudisufuitufiva

3. L%@Lwﬁqﬁlsﬁuﬁﬂmmﬂmj Ao vsfuitelduda, ﬁﬂﬁumé‘@agﬁm vhsfunen
e Tulaztntuuduans

LaznATeTRssmuIASeREnwnsEnsenlnhisuduesnsAne
M lngFeisnssaemendnenansitos fuiunuddeisauladnunsdnnsidisiu
Undnsdavsdudemddmiumasnlviiaenss wu milfidudemasdmiundielo by
fu TneSsulfiounaainnisnaassfieisnissiasmieadnaans 1ol unwuinisly

AsENYILAaSAILINSIBmEATuUNduAUlusuAnmB Y

1.4 InQUszasn

1.4.1 Lﬁaﬁﬂmqquﬁ@ﬁaLWSQﬂ'aumiLmlwﬁﬁa'maeiaéfﬂwmzﬂmmlwﬁ

1.4.2 Wefnwdnuazniswlniivazuiinufieiified vainnanlndid ounds
WIBugUAUIBNITINa0ImeAneEns (Computational Fluid Dynamics, CFD)

1.5 WaUIANITANYN
= t:’l’ o 4 dy a Id 4 |

1.5.1 msfnwimnuanisnludidemas-sniadusuuniswnnduuulng (Non-
premixed or Diffusion combustion)

1.5.1 nsdlnsAnwiniswilulaaedsnisnaass 10%i8a W-77 spray gun aunaLdu
HuAudnans 2 Tadwnsdmsunuemaaiiuliduuigvswareiniadigriosn g

1.5.2 nsalnsfnwinisnlndaieisnisdnananeadlinaans iesainiiduuiauy
Usgneumensaluduvangyin dsiuddldansluanataznaaudiouy veansalewadn (Oleic

. = & v aAao N [ Y ¥ o [y 2
acid) Fudunsalvduniidnadrueesnanduaisdeiudmsuniswnlng



a ad =
UNN 2 /N3N

2.1 NM5ANEIAUTNNEIVD9

13

LS UAUAIYNITAINUATUIALTUNIUAUTNA1NIUT 101N ARAZLY DLNE (Inlet

diameter, m), 9151015118810 1ALAZLT BLNAS (Volume flow rate, lpm) WAIAIUIEINY

ATLS 7 (Velocity, m/s) WALEMIINITbraLT U8 (Mass flow rate, kg/s) LN BATUI N

DNINAIUDINARBLYBLNAIN YIS IR AN UANNITA 2.1, 2.2 WAy 2.3 AUAINU

nnuhansluanavesiiuduuiansungaaunsnisn ndseninaeinduas
911 AAAIlUANNISN 2.4 WAIFIUIUMITNIIEIUDINIALY DLNEIN NG Y Adkandlu

aun1s¥ 2.5 gavneAuIumAgnTIdINENYa (Equivalence ratio)
2.1.1 WunmadneInaLagaings (Area, A)

TT
A =—D?
4
ng A A9 NUNNIWTBINALBLLTBLNAY (m?)
D Ao ldusuAudnaiemMudIoIMALAITRINGS (m?)

2.1.2 AnaiSionALazidenas (Velocity, v)

V =vA
gV Ao 9M31N15 AU LIRS INARALLIBLINEY (M>/s)
v Ao ANULEIDINALAZLTDLNEY (m/s)

2.1.3 80515 aLdeulaeMAwaziawEa (Mass flow rate, )

m = pvA
Mg m Ao onsINTiraLdenanina (kg/s)
p Ao MINTUILLUDINALAZLARINGS (ke/m®)

2.1.4 @un1snisnlyel

CwHyN, O, + A0, + 3.76N,) — aC0, + bH,0 + cN,

(2.2)

(2.9)
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2.1.5 9ns1d@rue M AnBBINaY (Air-fuel ratio, A/F)

My _ (NM)air (25)

A = e (NM)G + (NM)g + (NM)y + (NM),

=

Tos  A/F o dnsndauennesiodewmas (Air-fuel ratio)
my, A9 181N (kg)
Mpye AD InaoINAs (kg)
N Aw 91UUNTUB351W (Normality)

b

[J

M Ao 9uUluavesIe (Molarity)

2.1.6 ¥nsnduaNya (Equivalence ratio, ER)

ER — (A/F)StOiCh (26)
(A/F)actual
g ER fa dm1dIaNya (Equivalence ratio)

A (% 1 1 dy a a
(A/F)oen PO AT UM IAROLTRING IR M)
(A/F) A ORSIEIUBINARDLTDLNEIN LTRSS
actual

2.2 ANSANEIANBUZNISEIMIA28N15NAADY

2.2.1 YANIAGDS

lposunsuyanaaowuandlusuil 2.1 uazgpmaaesuanduzud 2.2 thifuiduuians
Mndaaglvanulsmiinesiiomuaudnsinisiva neuthgronnnlndiyadnneslia
Souudihsiu Tnefiynruauindsmesdnnesiionuaugunginisguiniu gaveituas
iwavﬂ’wﬁ’aﬁﬂﬁﬁmm@Lé’umuﬁuﬁﬂma 2 fladuns (wazdeniifauanilunianuln n)
umu%mwamummmakuaaﬂmmuauaaamma Tngomaneufivzlvadimdadiay
AUga MnTueE zanuTuarasulvianaslagly Pressure regulator waglwanulsandwesiiie
mumamﬁmﬂwa melueanlugl (Combustion chamber) lédinmsandadadlvide (Pilot
Flame) Lwaisz’ﬂumsamumumaﬂwmmiamiw Tnowadldeldidemasan LPG uenani
lmmmmmwmﬂwa%qL%@Lwaqmﬂ LPG vielisnsmamnindidemawoslailvidensd
MABANITNARDY
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Gas analyzer

Oil tank

Air from pressure
tank -

Rotameter

Pressure
Cooking palm oil regulator
Heater X
Rotameter
Thermocouple
fro— Nozzle
controller ”\ Combustion chamber
———
Pilot flame
Rotameter (from LPG stove)
LPG tank i
)
Camera

5UN 2.1 lnozunsuynnaaes

e
™/
[N

‘ ] =¥ ! 13 Combustion
emperature f 1 , S ombustio
Controller = ‘

5UN 2.2 yaneaes
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2.2.2 TMsnaaes

Tunsvnaesldldhiuduuiqriinionuiomandudomas lnsfmunsdus
fu Ao gamgdnisguiniuunduuaganudueinia, FuUsau Ao dnwasidadliuas
Uiinaufeledis mamaaesayguihifudlilgamgdl 140, 160 uaz 180 °C wazUsuay
fuonaiilnadiiasaii 20, 40 uaz 60 psi ntudadtemnlniinilewanlae (Pilot
flame) selvissuuingantizawii wdadevihnstuiinananvaugnisniennvealailime
ndesidnoauar fausinafwlodeiiintuuinaldesafunievounvsifuandlugui
2.1 feiniesiinseiinglelds TESTO 350 AuandAdauandlunised 2.1

M15197 2.1 Aaauditesesinszifingleds TESTO 350

Accuracy
O, (0 to 25 Vol%) + 0.8 Vol.%
CO, (0 to 50 Vol%) + 0.3 Vol.%
O (0 to 10,000 ppm) + 10 ppm
NO (0 - 4,000 ppm) + 5 ppm
NO, (0 - 500 ppm) + 5 ppm
SO, (0 - 5,000 ppm) + 5 ppm

2.3 N1SANEIANEULASNIMIIAI83SN15INaRINIeAtinAans (CFD)

2.3.1 wwudnaeanswaingl
Vo bngl (Combustion chamber) ¥u1A 40x 185 WWUAIIATITYNIIABILUY 2 §If

=4

Wi aAnw1anwuEnISEN I A283511531a09n19ndinf1ans (CFD) tneldwanluas ANSYS
Fluent 2019 R3 lagfmuatdur1uaudnaamadidonds 2 $afiuns wazgunisu
WoInae 140, 160 wag 180 °C fananaluguil 2.3

Wall: 26.85 °C
G A A A A o A P Ao e s s
ary

v 02m
—_ Airinlet: 26.85 °C, 0.005 m/s

0.001m L L Fuel inlet: 140, 160, 180 °C, 0.15 m/s !

¢ 1.85m >

JUN 2.3 wuudnaesiosnngd

2.3.2 AIRaA

fvua 2D space WUU Axisymmetric tedlasgiuvuiasaeannlniluguuuy 2
daTdunuaumns neld Viscous model wuu k-epsilon (2 eqn) antursuamadtennie
(Air inlet), Mad g oumds (Fuel inlet), nifsaamnlug (Wall) wasnisesnainiauazing
(Pressure outlet) LLazﬁmumL%@Lwﬁﬁ,ﬁazﬂuamusﬁ"wLﬁadﬂwiamiﬁmm Iaele Species
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transport model, Mixture material A® Palm oil-air Aauandlua15199 2.2 dususliuy
N13A1UE19I5 Semi-Implicit Method for Pressure-Linked (SIMPLE) #2e Second order
upwind scheme AMAUAAIAITUAANAIAVBIAINDUVDIAUNT UL UA ULALAUN1TAY

soLdosnuualitosnin 1x10™

A1519% 2.2 N1SHIAILUUINADY

Property

Value

2D space

Axisymmetric

Viscous model

k-epsilon (2eqgn)

Species model

Species transport

Reactions

Volumetric

Mixture material

Palm oil-Air

Turbulence-chemistry Interaction

Eddy-Dissipation

2.3.3 NMINAADUAILAZIDYAYITIUIUNTA (Grid dependency test)
defiansavsunasgeondaunazaisveulaeanledfi pressure outlet Tng
WisuisunainnisuiumnuaziBearasiiuiuniafinsdonmgdguidomas 140 °C uas
AIUAUDINTA 20 psi WUINTIWIU 15000 n3aliinan1sAnuilndifesiunseal 23000 n3aad
wandluguil 2.4 fefuddldnad 15000 n3adusumsfinundl ileanszozinalunsdm

0.153

o
[y
(5]
N

0.151

0, mass fraction

©
=
@

0.149

10000 15000
Number of grid

(@)

0 5000 20000

25000

0.068

0.0675 |

0.067 |

0.0665 [

CO. mass fraction

0.066 |

0.0655

10000 15000 20000 25000

Number of grid

(b)

0 5000

SUN 2.4 naFguiisudTuaiigann1 s nd 31uiuniac19iy (a) eandiauiaz

(b) Asvaulnoanlyn
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a =
UNN 3 NANIIANEN

3.1 nsAnefauUsTiiedes

3.1.1 fufimadienniAuazdemas (Area, A)
n"mummmLéf’um'mqua?ﬂawmqL%’wmmmawﬁymwﬁq 40 uag 0.2 LYURALUAT

mudeu Weunualuaunsi 2.1 9zl

T
Aaie = 7 (04— 0.002)? = 0124 m? (3.1)
T
Anger = 7 (0.002)% = 3.14 X 107 m? (3.2)
e Ay Ao ufiviadiennie (m?)
Apger  AB NUAMLDUTBINES (M)

3.1.2 ANSIeINTALazidamas (Velocity, v)
MUuUAATINSIraeUTuIRTe N LA BINES 40 Lay 0.03 lpm ANa1AU 1ile
wnuAlugunsn 2.2 azle

40lpm 1min 1m3 0.005 (3.3)
L= X X =0. :
Vair T 9 124m2 " "60s . 10001 m/s
0.03 lpm 1min 1m3 (3.4)

Viuel = 3924 % 106m2 - 60s . 10001 m/s

Wy vy A9 AMSINNAE (M/s)
& < d’lj a
Vil AB AALSATRINES (M/s)

3.1.3 §hn1sivadanaoiniAuasends (Mass flow rate, )

furamsaslnadanasinie Ingldafuiinadneiniawasanudronnad
Al danaun1sTad L A1ANMUILLYEINIA 1.184 ke/m> i 25 °C unualuaunsi
2.3 agla

kg

m
thyir = 1.184 — X 0.005 —x 0.124 m? = 7.89 X 10~* kg/s (3.5)
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AU MaLTaaiama Taslda1funnIg LYol naaarANUS Y oL NAS
AMUIUIANAUNTUNAY ANANRUILUULTOINEAS 834.2, 825.9 uag 818 kg/m® 7 140,
160 kag 180 °C ANUAIAU WUATUENNTA 2.3 Azle

. kg m -6 12 -4

Mfyel 140 °C = 834.2 E x 0.15 ? X 3.14x107°m“ =4.03 x 10 kg/S (36)
. kg m -6 112 -4

Mfget160°c = 825.9 —= X 0,15 —x 314 x 107 m? = 3.99 x 10~ kg/s (3.7)
. kg m -6 12 -4

Mfuetaa0°c = 818 —x 0.15 —x 3.14 X 107 m? = 3.95 x 10~* kg/s (3.8)

1ng Mg, A8 OAIINITIMALTIaNA (ke/s)
M  AB OATINTIVATIATOINGS (kg/s)

3.1.4 aun15N15e boagl

nsfnwiiildnsnleiadn (Oleic acid) iuasdadulunisiAaufAsernismnlngd
desmndunsaluiuiifidndunnitgaluhifuunduuiandauandunsed 3.1 [25] ned
gn3laana CygHz,0, (Mw =282.46 g/mol) [26] LLazﬂmamﬁﬁﬁuﬂ Fauandlumis1adi 3.2
271 shluunuluannisi 2.4 agldaunsnsinlng fe

C,5H3,0, + 25.5(0, + 3.76N,) > 18C0, + 17H,0 + 95.88N, (3.9)

3.1.5 $nsnarueInAradaas (Air-fuel ratio, A/F)

Samdiuemedadomdsmmauiidunldinanuduiuaunisnswn i
Aluaunsi 2.3 wldgnsdmennesoilemdsmumgul 12.46 mneddasdineinie
12.46 drusadioinds 1 dw Fauansluaunsd 3.10

25.5 x 4.76 X 28.96 g/mol (3.10)

AJF. . = =12.4
/Fstoich (18 x12) + (34 x 1) + (2 x 16) g/mol °

SMI1EIUDINARBLT DLNAIT LTRS A UIUlA A NA LA NN US Ons IalTanianInna
LAZLYDNAY LA IATIAIUDINARDLYDLNAINTTRTS 1.97 NUIWDITATIAIUDINA 1.97 dIU
AOWDWAY 1 d3U fawandluaunsy 3.11

0.000789 kg/s (3.11)

A Facua = 50008 kgs Y7
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3.1.6 dms1EIUANLYa (Equivalence ratio, ER)
ATUINMIBATIEIUANLA IABUNUAT (A/Flactial %88 (A/Flsoicn bUaNN1TA 2.6 Azl
gndIaNYa 6.32 Asansluaun1si 3.12

12.46
=— = (3.12)
R 197 6.32

3.1.7 9n39&sU

P51 3.1 wamsUSaunaalesiy (Fatty acid) Tuthifuthdau3ans [25], maail 3.2
wananuaNtRvenTemads Ao tnturduuians (Refined palm oil, RPO) figaumadl 140,
160 waz 180 °C [27] uazANS197 3.3 wansafuusiiiedestslsianmsmuadedi

M13199 3.1 USinaunsaludiu (Fatty acid) Tuddudrduuians

Fatty Acid RPO
Capric acid (C10:0) 0.11 +0.03
Lauric acid (C12:0) 1.58 +0.05
Myristic acid (C14:0) 4.74 +0.02

Palmitic acid (C16:0) 1.55 +0.01
Palmitoleic (C16:1) 12.50 £0.03
Stearic acid (C18:0) 1.82 +0.04
Oleic acid (C18:1) 76.27 +0.05
Linoleic acid (C18:2) 0.16 +0.06
Linolenic acid (C18:3) 0.08 +0.03
Arachidic acid (C20:0) 0.82 +0.06
Erucic acid (C22:1) 0.37 +0.04

M319#t 3.2 AruanTAiuUIENUIaNS (Refined palm oil, RPO) igauvindisnnge [27]

SRR gaungil RPO (°C)

! 140 160 180
Molecular formula Ci8H340, Ci8H340, Ci8H3405
MW (g/mol) 282.47 282.47 282.47
Density (kg/m?) 834.2 825.9 818
Cp (j/keK) 2214 2284 2358
Thermal cond. (w/m-k) 0.1633 0.1621 0.131
Viscosity (kg/m:s) 0.003857 0.003151 0.002662
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Fauusiinieados 2INA RPO
Volume flow rate (lpm) 40 0.03
Area (m?) 0.124 3.14x10°
Velocity (m/s) 0.005 0.15
Mass flow rate (kg/s) 7.89x10 4x10™

Combustion eg.

Ci18H3402+25.5(0243.76N,) —> 18C0O,+17H; O+95.88N;

Air-fuel ratio (stoich) 12.46
Air-fuel ratio (actual) 1.97
Equivalence ratio 6.32

3.2 N1SANEIANEULAISHNINIIAIEN1SNAADY

3.2.1 dnwaziuanlv

sUT 3.1 dnwazveadanlu

A157199 3.4 Anueadlil (cm.)

AYUAY qmmﬁajut%amﬁe (°O)
(psi) 140 160 180
20
40
60

AUAU sauminfiguidiamiaa (°C)

(psi) 140 160 180
20 15 33 38
40 25 35 az
60 20 39 52
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3.2.2 USunauialelde

21 10
8 |-
T . . ;
= e 7
8 4t
2 |-
0
140 160 180 140 160
Temperature {°C) Temperature (°C)
(a) (b)
1200 10
1000 g 8 W 20 psi
........................ 40 psi
— 800 r P @ =
g I I A I g_ 6 1 60 psi
o -
2 600 =
ol S 4 NN E--
S 400 CHEEE O B Iz
—
200 2 .
0 0
160 180 160 180
Temperature (°C) Temperature (°C)
(© (d)

JUM 3.2 YSuuieleden Talaainniswnlngd (a) eandiay, (b) msveulaeanled,
(c) msuauuauanlan, (d) lulasiausanion

IINNIINARBINUIRUNYTIUTBINES 140 °C TiadlWdunan A 15 wudiluns
Weosngumgiiwewmasdslimunzan vilviagessaiUsdursdiuldiianisenlvgd ey
a |l r-*fl’ a ‘g al d' = a d' a |l dfl’ a
gaungiguidainas Wadlnazeiuuariegn Ae 52 lwudwnsigamgiouaainds 180
°C, ANUAWBINTA 60 psi Feuandbiiiuinswnindivemddguiigamgigesiuiuniy
AueINIAEIRI NS IniRTY enfigamgiauaindsgeazdmaliageaninduse
lulladnedu Yseneuduausueimaniiady vliiuadlnsslalnavasdowalvg@u 6

wanslugui 3.1

A a ¢ |1a o A A a v \ a a ~ v

Wi9eserUSuuneladeiinnannni1smnlug nulusSuIueanLaudlwulluu
anad vaenAsuaulneonlan il lduiuTu FakandlmiuinsenitnianIswd sani15ea
2ONTLAULNIAUINTU YN IANANARN NS s duReA1sUaulnean o ALY Fatiy
nsunndigeimdigusiganumgiguaesiniueiniannunuas dewalinianiswlndagy
Wanswnlndadu edanalmnaiigloideaisusutauaniantazlulasiaussnlonanas fa
wanaluguin 3.2(a), 3.2(b), 3.2(c) wag 3.2(d) MUAWY
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3.3 N1SANEYIANBULASNI MR8 N15INaRIN1eAainAans (CFD)

3.3.1 Temperature contour

NMIANYIIEITNTIRemAdinaans (CFD) wuiAgamiiiuallnnuniy
gunULUUTIaaTiAIgn 1661.81 °C Viqmmﬁdm%@mﬁq 140 °C \flaiingauvnfisu
domBwararudueinia Wadtlwasdoumndifintuuasdaigean 2150.12 °C figumnisu
e 180 °C, Anuguenea 60 psi ﬁQLLﬂﬂﬂluzﬂﬁl 3.3 uazA1s T 3.5 Sedenadosiuna

INAIINADY
AUAU aaminfiguidiands (°C)
(psi) 140 160 180
Temperature
Contour 1
20 2155.00
l 1942.18
1729.37
1516.55
1303.74
1090.92
40 l 878.11
665.29
452.48
I239.57
26.85
60 [C]
;nlﬁ 3.3 Temperature contour
msﬂ\i‘ﬁ 3.5 ’qm‘mgiL‘Umlﬁ/\lqn?jmmmmm&mLLﬂuLLUU‘GWaaﬂ (°Q)
AUAU gaumnliguiainas (°C)
(psi) 140 160 180
20 1661.81 1662.27 1662.86
40 1963.98 1963.66 1963.42
60 2152.45 2153.21 2154.12
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3.3.2 gauniliuaalvl

Lﬁaﬁa']ﬁm']msl,miwﬂl,%jat,wﬁﬁq'uﬁuaqmmﬁLﬁmﬁ’u nwutguugdailnag
dutusgnamadilurisusnidesindudsiifiamawilng mndugamgiiailnsdeny
anas Insgaumniiumliigsgaiinrmdiu 20 psi dafosiigauaziiaunniiand 60 psi fauang
Tusuit 3.4(2) wazilefinnsanmaunindidemasiiausuonmieaty wud%%amﬁaﬁaju

meaamngiisiulimeanmgiiiuarlisinsiudnios dauansluguil 3.4(b)

2200 . 2200
2000 4 o Const. preheat temp. 140 °C 2000 4 Const. pressure 20 psi
LY
100 { 7 \* ——20psi 1800 - —140°C
T1600 1 \ —==40psi 1600 - -==160°C
‘;’1400 1 ‘:1400 i
g g
% 1200 3 1200 4
& 1000 fg 1000
£ 800 £ 800
U U
# 600 © 600 -
400 - 400 A
200 200
0 - T T T - T T T T 0 T . T . - r - - .
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
X (cm) X (em)
2200 — 2200
2000 ._.'-'_'\ 4l Const. preheat temp. 160 °C 2000 4 Const. pressure 40 psi
g L
1800 Vi Ve —20 psi 1800 —140°C
K ===40 psi T'1600 1 =-==160°C
guoo o R e
31200 4
[
g 1000
£ 800 -
& 600 -
400
E 200
0 T T T T T T T T T 0 T T T T T T
0 200 40 60 80 100 120 140 160 180 0 200 40 60 80 100 120 140 160 180
X (cm) X (em)
2200 2200
2000 Const. preheat temp. 180 °C 2000 Const. pressure 60 psi
I
1800 P LY —20 psi 1800 —140°C
—-—40psi ---160°C

0 20 40 60 80

100 120 140 1e0 180

X (cm)

(@)

0 20

80 100
X (cm)

120 140 160 180

(b)

JUN 3.4 neuansgamgiailvlasanniuninugniunuiuuinees (@) nsdlgungiau
Wawnaeman, (b) NSAAINAUBINIAAIN

Y
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Lﬁaﬁmmfmmwﬂuﬁlf‘gaLwﬁﬁajué’aaqmmﬁLﬁmﬁ’u wudadutiTundy
U%@%éasaﬂaqL%ﬂdﬂuﬂiaﬁmmé’ummﬂ 20 psi dlaissuifisutunsdinnudueinie 4o,
60 psi LLazLﬁaqmﬂLsf"ijaLwﬁqﬁwﬁumém%@méﬂuawéfﬁéfﬂumnﬁmﬂﬁﬁ%mLmluﬁ ey
Sndutdunduniaviaranasednenindiaudu 0 flaves 25-35 wuRiuns Fuandlugud
3.5(2) wazideRasanniswn v emdsfinnuduenimdeitu nuindemdsiigudae
paumpisafuuansindndiuihifuiduuiandieiudntios duandusuil 3.50)

1.0
Const. preheat temp. 140 °C
.5 0.8
k+
I
Y06 4
a
]
= 0.4
S "]
ES
:E. —20 psi
g 0.2 === 40 psi
...... 60 psi
0.0 T T T
60 80 100 120 140 160 180
X (cm)
10
Const. preheat temp. 160 °C
§os
ki
d
Y06 4
a
Li]
= 0.4
S
S
B —20 psi
g 0.2 ===40 psi
+eeeee 60 psi
0.0 r - - T T T T
60 80 100 120 140 160 180
X (cm)
1.0
Const. preheat temp. 180 °C
§os
ki
e
Y 06
]
[
= 0.4
S
3
b= w—20 psi
2
Q02 ===40 psi
...... 60 psi
0.0 T T T
60 80 100 120 140 160 180

sUN 3.5 nsmluansdngiuaiatiduunduuian

AUAUDINARIT

(@)

10
Const. pressure 20 psi
5
[¥3
d
Y06
w
wu
1]
2
o 0.4 4
E]
E —140°C
g 0.2 A ———160°C
ceenes180°C
0.0 : T T T T T T T T
0 20 40 60 80 100 120 140 160 180
X (cm)
10
Const. pressure 40 psi
§08 -
B
]
g
Y06 4
]
Lo}
= 0.4
S ]
E
S —140°C
S 0.2 ———160°C
weeaa 180 °C
0.0 v T r - - T T T T
0 20 40 60 80 100 120 140 160 180
X (cm)
10
Const. pressure 60 psi
-]
[*3
£
“ 06 1
]
o]
=
ON 0.4 1
)
z —140°C
S 02 —m=160°C
...... 180°C
0.0 r T T T T T
0 20 40 60 80 100 120 140 160 180
X (em)
£ = N & a A =
9 (a) NIUYUNNUYULYBLNAIAIY, (D) NTEU
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3.3.4 dndIuLa0RN LAY
dndrunseendiauandutudntoslutiusndoonadigiesslnd andude
AnuiAseuninddndiuinasendiudaduasdiuduiotuhiuunduuiqnisranas
udsufiutufiszey 25-35 wufiues Wesnnluifthifurduusandidu o Felaidasdasy
fivswetiagsiiiselnsie ormanidandananedueinadniiu duansusui 3.6

0.25 0.25
0.20 0.20
i = c
2 g
i 1 S o1s
g 015 @
w ™
] 2
g 0.10 - ——20psi E 0.10
S -==40psi|| &
oos 4  fL | 60 psi 0.05
Const. preheat temp. 140 °C " Const. pressure 20 psi
0.00 +8%—— T T T r r T - - 0.00 T - : . . - : : -
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
X (em) X (cm)
0.25 0.25
0.20 0.20
c c
2 ]
=
E 0.15 E 0.15
'S [
“ v
“ wv
§ 0.10 —20 psi § 0.10
O" ===40 psi 0"
oos 4 f e 60 psi 0.05
Const. preheat temp. 160 °C Const. pressure 40 psi
0.00 +— : r : : . : : : 0.00 + et ‘ T T T . T . -
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
X (cm) X (cm)
0.25 0.25
0.20 - 0.20 -
c c
2 o
k5] ] < i
@ 015 @ 015
™S 'S
2 2
g 0.10 —20psi g 0.10
=) —==40psi =)
oos 4 S e 60 psi o054 ¥ e
Const. preheat temp. 180 °C Const. pressure 60 psi
0.00 +=——r : : ‘ : : : : : 0.00 +— : : . : : . : :
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
X (cm) X (cm)

(a) (b)

¥
1 ] a

sUN 3.6 nsmluansdndrunIneandiau (a) nsdlaamndgudainaensdl, (b) nsianuay
9INAALT]
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3.3.5 dndiumiansusulaeanlyn

dndrunanifuoulneenladsifiuduetiasina Lﬁaqmﬂmi‘uauﬁaﬂuﬁwﬁu
mauusammmﬂgﬂimLmlmﬂUmmmnmﬂumsuaumauaﬂlmLLaumiuaulmaaﬂlm
Indudndinnansusulneenlefazanafissey 25-35 wuiuns Wosannludaisdadu
dievinuFAzeum vl muamﬂugﬂw 3.7

0.21 0.21
Const. preheat temp. 140 °C Const. pressure 20 psi
0.18 0.18
Soa1s Soa1s
=] =]
8 8
£ 012 & 012
g 0.09 ——20 psi g 009
~ —==40psi o)
9 0.0s g 0.0s
0.03 0.03
0.00 T T T T T T T T T 0.00 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 200 40 60 80 100 120 140 160 180
X {cm) X {cm)
0.21 0.21
Const. preheat temp. 160 °C Const. pressure 40 psi
0.18 0.18
Sois Soa1s
B =]
8 8
£ 012 £ 012
w w
© 0.09 i 3 0.09
s - ——20 psi s
~ ===40 psi )
Qoo e g g 0.06
0.03 0.03
0.00 T T T T T T T T T 0.00 T . . : . T T T .
0 200 40 60 80 100 120 140 160 180 0 200 40 60 80 100 120 140 160 180
X (cm) X (cm)
0.21 0.21
Const. preheat temp. 180 °C Const. pressure 60 psi
0.18 0.18
§01s So1s
=1 =]
& 8
&= 012 & 012
w w
@ - & 0.09
s 0.09 —20psi go
~ | ===40 psi )
g 0.06 g 0.0s
0.03 0.03
0.00 T T T T T T T T T 0.00 T T T - - T T T ;
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
X (cm) X (cm)

(@ (b)

JUN 3.7 nomuansdndiuinaniiveulaeenlyd (a) nsdlgungiiguiandnsi, (b) nsdl

Y 9

AUAUBDINARIN
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3.4 N15KUSEUBUNANISANEIA8NISNAABINUITNITINaINNAAAERAS (CFD)

defnusmnafeiiAnannsunlnidgnuassiuassafumioroanlvsisie
wwesTiasgifinelewds TESTO 350 wuinideguidewdsiogungiigs Usinneendiaud
waluanas vaziivsinaaisueulaeenlafifinty fauandidiuiinsmlwlifedity
desniinisldeendiauiifuasdsuiofnufasowindifindu hilrusinueendian
daiAuanas wazdleUsinuansnaduiui uisdamaliAnfendnsoeifueulasenles
Wiy Famaanmsneassiuuiluwufioifunanisnissiaemisadnenans (CFD) &
uandlusui 3.8 uas 3.9

20

20 psi
HEXP
mCFD

140 160 180
Temperature (°C)

(a)

40 psi
HEXP
mCFD

140 160 180
Temperature (°C)

(b)

60 psi
W EXP
W CFD

140 160 180
Temperature (°C)

(o)
3UN 3.8 nsmluaninislSeuiisulesidudioandiauiinnudueiniadie (a) nsdl 20 psi,
(b) n36d 40 psi waz (c) n3al 60 psi
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10
8 [
—_ 20 psi
5 6 psi
= mEXP
8 4 mCFD
2
0
140 160 180
Temperature (°C)
(a)
10
8
- 40 psi
< 5 psi
= mEXP
8 4 u CFD
2
0
140 160 180
Temperature (°C)
(b)
10
8 .
- 60 psi
S 5 psi
< mEXP
S m CFD
2
0
140 160 180
Temperature (°C)
(@)

UM 3.9 namlansnisilSeuiisuesidudansueulaeenledianudueiniasie () nsdl
20 psi, (b) N3 40 psi wag (c) N3l 60 psi
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unil 4 ayunan1sAnen

4.1 agUnanisAne
nnsAinsdnenimnisldindiuirdudugomdsdmsunismlnilnensaunsaasulansl

4.1.1 MsAnwnavesgun)iguemaindwmadon1siknlnl nuinlegumgiau
Wowndsgedaalviazeasiduinlnladieyy

4.1.2 MIAN¥INaTaIANFUDINANd AR N5l wudndleaiudueInia

ld’( 1 v a 1 a Iéf

g9ty dwalialilszeridlnauazivunalvedu

4.1.3 Wednsgningiinnnmswndivendensumegumgiisugesiuiveinia
ANNAUEY WUIUSIeenBauiliuuilinanas vasiinisueulneanlenduwildui udy
wandliInAaNI TR nEATY Wen1swnlniaduddwmaliiiningleideonsusunouanlas
wazlulnsiaueanlananas

4.1.4 oWy ufigunan1sAne1nIen1snnaaeiuIsn1sInaneadinaans (CFD)

@ aqg v o 1 = Y - a1 & a Y

wumsaesitinaiduwilnlulumadendu lnengumgdeuiends 180 °C, Audu

91M1¢1 60 psi ANSHNLnERTER

4.2 YDLAUBLUY

dmsumsfnuiniswnlndidemadanedsn1sdnasmeadinnans (CFD) AIsUsuUs
nseanwuUeLHduazReulunsnvg ednassan nlvlnalfssiugaveassasain
AU 1Y MINdINAnada0INITUANMIYeLTBINGHareINIA, NSLRNANNITNITKI
Indlalanysal wefnwidinainledeiiiniy uenanllenadfiunisfinyiiainduindug
=~ [ 1
wanluusglevdluawansaly
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ANEST IWATA spray gun, has been designed for the application of
paints, lacquers and other products that can be atomized by means
of compressed air, on all surfaces suitable to receive this type of
treatment.

Before use, adjustment or maintenance, it is important to read
this instruction manual very carefully. This manual must be
stored in a safe place for any future reference.

c E @ 112G X This ANEST IWATA spray guns kit complies to ATEX
G X | reguiations ATEX 2014/34/EU,

Protection level: Il 2 G X Suitable for using Zones 1 and 2.

X marking: Any static electricity discharged from the spray gun is to be diver-

ted 1o the ground via the conductive air hose as stipulated.

T ALWAYS observe WARNINGS and CAUTIONS in this

36

W-7ZZ7 | W-71 Spray Guns _ PRESSURE | SUCTION | GRAVITY

Sparks and open flames are strictly prohibited. Paints can be highly
flammable and can cause fire. Do not expose to open flames, electrical
goods, cigarettes etc.

Securely ground spray gun using conductive air hose. (<1M¢). Always
ensure that the spray gun is earthed correctly.

PROTECTION OF HUMAN BODY @ @

Use in a well-ventilated site, using a spray booth. Poor ventilation can
cause organic solvent poisoning and fire.

Always wear protective gear (safety glasses, mask, gloves) to avoid
inflammation of eyes and skin. In case of any physical discomfort, imme-
diately seek medical advice.

Wear earplugs if necessary. Noise level can exceed 85 dB(A), depending on

instruction manual. operating conditions and painting site.
Symbol = WARNING Hazard level Consequence Pulling the trigger many times during operation, may cause carpal
| . Al i i 3
WARNING POTENTIALY | Death or serious injury tunnel syndrome. Always rest, in case of tiredness
& CAUTION HAZARDOUS Minor to moderate injury IMPROPER USE &
IMPORTANT SITUATION Property damage Never point gun fowards people or animals.
Never exceed maximum working pressure or maximum operatin
1. TECHNICAL SPECIFICATIONS Tomperature ° e
Models W-77 W-71 Always release air and fluid pressure before cleaning, disassembling
Max. working air pressure: 6.8 bar {98 PSI) or servicing. Otherwise, remaining pressure can cause bodily injury due to
Weight g (Ibs): 803 g (1.77) 673 g (1.49) improper operation or scattering of cleaning liquid.
Noise level (LReqT)*: 82.1 dB(R) 74.8 dB(A) Tip of fluid needle set has a sharp point.
Air Connection: G1/4" M G1/4" M Do not touch the tip during maintenance to avoid accidents.
Filuid G G3/8"M G1/4" M Never use this gun to spray foods or chemicals. Otherwise, foreign
Max. Temperature range: Atmosphere 5 ~ 40 °C / Air-Fluid 5 ~ 43 °C substance, could cause corrosion of fluid passages which could adversely

* Measuring point: 1m backwards from gun, 1.6 m height.

1.1 TECHNICAL DATA

i B E -
MODELS | 0 == R A

Lmésmin | | Weinin | __mm |

affect health.
Never alter this spray gun, to avoid insufficient performance and damage.

If something goes wrong, immediately stop operation and find the
cause. Do not use again, until you have solved the problem.

Do not enter working areas, where robots, reciprocators, etc. are used,

W-770 PRESSURE 1.2 0 480 430 445 until they have been turned off. Otherwise, they could cause injury.

W-T7 15 1.5 1 255 185 210

W-7728 SUCTION 2.0 2 345 250 255 3. How To OONNEGT

W-77 38 25 3 35 435 325 280 CAUTION

W-T71 1. 1 2 1 2 Vi i \

s 5 ad % %0 Use clean air filtered through air dryer and air filter.

W-7726 | GRAVITY | 20 2 30 | 250 | 200 —— —— . J

W-T7 36 25 3 485 225 330 When using this gun for the first time after purchase, adjust fluid
needle packing set, spray cleaner to clean fluid passages and remove

W-710 | PRESSURE | 0.8 0 35 | 200 | 240 | 190 rust preventive oil

W-T11 1. 1 7 1

W 2: 0 : % 5 00 Firmly fix the paint supply hose or a suitable container to spray gun, to

- 14 2 13 i 135 avoid that disconnection of it, can cause bodily injury.

W-71 38 1o 15 35 180 165 170 - - -

W-7145 Suc 18 5 195 230 200 1. F!rmlyI connect alrlsunply hose to air n|n|.)le G1/4"(1 3}: ‘

W-T1 218 13 215 140 105 155 2. Firmly connect paint supply hose or suction cup to fluid nipple

W-71 318 15 s |0 [ 2 | 1 G 3/8"(W-77) and & 1/4"(W-71).

W16 10 16 : 110 75 120 3. Flush fIL‘III] ‘passagas‘mm a mmpauble‘claana‘r. .

Wrl 26 13 6 155 %5 166 4. Pour paint into container, test spray, adjust fluid output and pattern width.

W3 | 15 | 6 20 | 165 | 1% 4, HOW TO OPERATE

W-71 46 18 4G 220 230 230 P N . .

air pressure varies according to each model, and it is

W-T1 216 13 | 216 160 | 195 | 165 listed in the Specifications Table. (see left

W-71 316 15 | 316 190 | 230 | 185 - ded paint viscosty dife ding to paint property and pai
Rec | paint viscos rs according to paint property and pain-

2. SAFETY WARNING ting conditions.

FIRE AND EXPLOSION A ® 9
Never use the following HALOGENATED HYDROCARBON SOLVENTS:
which can cause cracks or dissolution of gun body (aluminium) due to chemical
reaction. UNSUITABLE SOLVENTS: methyl chloride, dichloromethane, 1.2-dichlo-
roethane, carbon tetrachloride, trichloroethylene, 1.1.1-trichloroethane

2

Set the spray distance from the gun to the work piece, as near as possible
within the range of:

200~250 mm (8~10 in) (W-77) and 150~200 mm (5.9~7.9 in) (W-71)

The gun should be held so that it is perpendicular to the surface of the work-

piece at all times. Then, the gun should move in a straight and horizontal
line. Arcing the gun causes uneven painting.



7. SPARE PARTS LIST
W-77

&l - & - ol

W-77 | W-71 Spray Guns PRESSURE | SUCTION | GRAVITY

5

52 51
’,———1—n—-—l—-ﬂ—ﬂj§,

m mm

FLUID NOZZLE FLUID NEEDLE SET COMBINATION

03906110 | NEEDLE PACKING SET

93901911 AIR CAP SET o112 4 93545660 | 03067082 | NEEDLE PACKING CARTRIDGE |

] 93900901 | AIR CAP SET (G/S) 615 5 | 03909900 | 939090805 | PATTERN ADJUSTMENT SET
93901901  AIR CAP SET (G/S) 02,0 5-1 | 03906100 03906100 | '0' RING SET .
93900911 | AIR CAP SET (G/S) 625 5-2 | 06610023 06610023 | STOPPER .
93938900 FLUID NOZZLE + FLUID NEEDLE | 91,2 7 | 03064082 03064082 | FLUID NEEDLE GUIDE

5 93007720 FLUID NOZZLE + FLUID NEEDLE | 6 1,5 8 | 03102081 | 03102081 | FLUID ADJ. KNOB

+10 93007760 FLUID NOZZLE + FLUID NEEDLE | @ 2,0 9 | 03069081 | 03069081 | FLUID NEEDLE SPRING

93997020  FLUID NOZZLE + FLUID NEEDLE | 6 2.5 11 | 03906100 | 03906100 | 'O' RING SET .
W-71 13 | 93160002 | 03010080 | AIR NIPPLE

93900020 ~ AIR CAP SET 6038 14 | 03907900 939070815 AIR ADJUSTMENT SET
93900030  AIR CAP SET (1S-1G) 01,0 15 | 03842240 03912030 | STOPPER L
93901020  AIR CAP SET (25-2G) 613 16 | 03167041 03167080 | TRIGGER STUD

1 93900090 AIR CAP SET (213-21G) 013 17 | 03162900 03162080 | TRIGGER
93900080  AIR CAP SET (3S5-3G) 615 18 | 03088050 | 930880825 | AIR VALVE SPRING
93900100  AIR CAP SET (315-31G) 615 19 | 03081900 930810815 AIR VALVE .
93901100  AIR CAP SET (4S5-4G) 018 20 | 03930900 | 939300905 | AIR VALVE SEAT SET
93938081 FLUID NOZZLE + FLUID NEEDLE 0.8 20-1 | 03086082 | 03086082 | AIR VALVE PACKING SEAT
03006060 FLUID NOZZLE + FLUID NEEDLE | 61,0 20-2 | 03909101 | 03909101 | AIR VALVE PACKING SET

2410 | 93999920 FLUID NOZZLE + FLUID NEEDLE | 61,3 20-3 | 03083901 03083082 | AIR VALVE SEAT

03006120  FLUID NOZZLE + FLUID NEEDLE | 6 1.5 21 | 03161901 | 03161082 | FLUID NIPPLE
03006070 FLUID NOZZLE + FLUID NEEDLE | 6 1.8 22 W2CO0M6163 BRUSH

Fluid Nozzle Fluid Needle set
ulels SR-T Orifice mm (inch)  Mark Mark
1.2 (0.047) 0 0
y 1.5 (0.059) 1 1

w71 2.0(0.079) 2 2
2.5 (0.098) 3 8 NEVER REMOVE FLUID NIPPLE FROM GUN BODY! Any malfunctions result-
0.8 (0.031) ON 0 A ing by the removal of the following parts will not be covered by the Warranty.
1.0 (0.039) 1N 1 In case of replacement contact your Technical Service directly.

W-11 1.3(0.051) 2N 2 A When ordering parts, specify gun model, part name with No. and marked
1.5 (0.059) an 3 No. of air cap set, fluid nozzle and fluid needle.
1.8 (0.071) 4N 4 ® | Marked parts are parts.
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ARTICLE INFO ABSTRACT
3 3 Vegetable oil applying as a fuel for direct combustion is an interesting alternative

Article history: S . )
energy development which is not only an energy development but also increasing
plantation production prices for helping palm farmers. In this article, using palm oil
and other vegetable oils as fuel for direct combustion, such as using in industrial
boilers or in industrial cooking processes, was reviewed. Firstly, properties of
vegetable oils and its blend with fuel oil, diesel oil were presented. Then, the study of
using vegetable oils as fuel for direct combustion: flame characteristic, radiation,
combustion efficiency, emissions and experiment set up, was reported. Finally, the
case studies of power plants which applied CPO blend as fuel in co-firing process
were also presented.

Keywords:

Fuel, Crude palm oil, Direct combustion,

Combustion efficiency Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

Since the Industrial revolution, the energy mix of most countries across the world has become
dominated by fossil fuels. 75% of global greenhouse gas emissions result from the burning of fossil
fuels that are responsible for large amounts of air pollution and a health problem which leads to at
least 5 million deaths each year. To reduce CO; emissions and air pollution, the world needs
to rapidly shift towards low-carbon sources of energy — renewable energy [1-4].

Biomass energy, one of renewable energy, has played a significant role because it offers
environmental and social benefits. Moreover, it can be converted into electricity and heat by the
most common technique which is called direct combustion [5-7] and become a vital part of the
global energy mix and account for an ever-growing share of electric capacity added worldwide [8].

Considering in Southeast Asia, crude palm oil (CPO) production is estimated at 72.26 million ton
in 2019. Indonesia is expected to produce the biggest share at 40.50 million, followed by Malaysia
at 20.50 million. The two countries account for 84.4% of global production. Thailand ranks third,
producing 2.90 million ton a year or 4% of global output [9].

" Corresponding author.
E-mail address: wmakatar@eng.psu.ac.th (Makatar Wae-hayee)
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According to the US Department of Agriculture data (USDA, 2020), in average, the palm oil
harvested areas in Southeast Asia have grown a lot and led to a huge increase in palm oil
production in the year 2018-2019 [10]. Due to the oversupply of palm oil, the market price of crude
palm oil (CPO) went to a historic low. The governments try to lift the price up by using policies such
as biodiesel and fuel in co-firing process [11].

Producing biodiesel from palm oil requires a great amount of materials and energy. During the
production process, several kinds of emissions are released and affect the environment [12].
Therefore, using crude palm oil as fuel for direct combustion such as in boiler [13, 14] or industrial
cooking process is another interesting development. It is not only to decrease emissions but also a
way to help palm farmers.

This study focuses on using crude palm oil as fuel for direct combustion. The aims of this article
are to review and collect related information about using palm oil and other vegetable oils in direct
combustion.

2. Properties of fuels

Properties of Fuel oil (FO), Crude palm oil (CPO), Rapeseed oil, Sunflower oil, Crude jatropha oil
(CJO), Jatropha biodiesel, Conventional diesel and C-heavy oil are presented in table 1. According to
a study of Electricity Generating Authority of Thailand [15] shows that viscosity of fuel oil (FO) is
higher than crude palm oil (CPO). However, gross heat of combustion does not differ that much,
and CPO also gives lower carbon residual which causes lower smoke and carbon.

Table 1
Properties of Fuel oil (FO), Crude palm oil (CPO), Rapeseed oil, Sunflower oil, Crude jatropha oil (CJO),
Jatropha biodiesel, Conventional diesel and C-heavy oil

Types of fuel

Sunflower  Lower cJo Jatropha  Conventional C- cJo
Properties Unit fuel biodiesel diesel heavy
oil oil
[15] [15] [16] [17] [17] [18] [18] [18] [19] [19]
Viscosity  (Cst.) 170.3 28.2
(°E) 2.81 1.4
(mm?/s) 38.1 35.4 4.59 4.84 110.0 25.8
Density  (kg/dms3) 0.918 0.9
(g/cm?3) 0.9635 0.9097
(g/ml) 0.94 0.88 0.83
Flash point  (°C) 71 160 226 182 71 93 248
Fire point  (°C) 236 190 76
Ignition  (°C) 313 50 408 417
point
Pour point ~ (°C) 9 2
Gross heat  (cal/g) 10,166 9,412
calorific 11 vg) 3937 406 3976 452 4622
value
HHV  ()/g) 40800 42,820 39,670
LHV  (/g) 40,450 37,026
carbon oty 112 041 0279  0.294 10 21.7
residual

A study of Opera et al. [17], for sunflower oil, higher ignition point could be more difficult to
ignite, but due to higher viscosity, better atomization and efficient burning for both vegetable oils
compared to low fuel oil.
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A study of Suardi et al. [18] shows that crude jatropha oil (CJO) and Jatropha biodiesel give
higher flash point and fire point but lower carbon residual than diesel oil. It means that is more
difficult to ignite but less emission as shown in table 1.

3. Related investigation

Oprea et al. [17] studied experimental combustion of crude vegetable oil combustion in 55 kW
small boiler. The combustion experiments, sunflower crude oil versus low fuel oil were compared.
Both fuels were preheated at a temperature of about 70-80 °C. A burner was equipped with an
atomizing nozzle with a diameter of 1.5 mm, and the atomizing pressure was in the range of 1.35-
1.4 MPa. The result shows that the flame temperature of crude sunflower oil was about
2,000 °C without smoke or carbon black. Combustion efficiency and NOx emission were similar to
low fuel oil, but the CO emission of sunflower oil was higher than fuel oil.

Suardi et al. [18] did an experimental study of the ignition process and combustion of biodiesel-
water-air rapid mixing derived from waste cooking oil, crude palm oil and jatropha oil in burner
combustion. Experiment set up is shown in Fig. 1. Experiment parameters were water content of 0,
5, 10, 15% and equivalent ratio of 0.6, 1, 1.4. The study found that high water content in the
mixtures resulted in smaller spray angle and longer penetration length that will produce the larger
combustion area. A higher equivalent ratio will produce larger flame area.

IChimney

Black
screen Camera

Fig. 1. Experiment set up of Suardi et al. [18]

Hashimoto et al. [19] studied the combustion characteristics compared 100% C-heavy oil with
50% C-heavy oil/crude jatropha oil (CJO) blending. Experimental set up is shown in Fig. 2, and
properties of fuel are shown in table 1. The result shows that the flame radiation intensity of C-
heavy 0il/CJO blending is lower than that of 100% C-heavy oil. The NOx and SO, emissions using C/O
blended with C-heavy oil were greatly decreased because the nitrogen and sulfur contents in CJO
were significantly lower than that of C-heavy oil.
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Flame radiation intensity
measurement by two color method
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combustion combustion line Forced draft fan
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rl Fuel flow rate
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Cooling

water outlet

Fig. 2. Experiment set up of Hashimoto et al. [19]

Kang et al. [20] studied an experimental investigation focused on preheating temperature in the
range of 50-100 °C of crude Jatropha oil (CJO) and pitch. The study focused on buring condition
stability in a commercial boiler system. The result shows that the preheting temperature of stable
combustion of crude Jatropha oil is 90-100 °C.

Ganjehkaviri et al. [21] studied combustion characteristics of biodiesel-diesel blending: 10:90
(B10), 20:80 (B20), 40:90 (B40), Conventional diesel fuel (CDF) and Palm methyl esterin oil (PME) in
oil burner as shown in Fig. 3. Combustion wall temperature and exhaust gas were measured. The
study found that at ER=1, the wall temperature decreases when the percentage volume of palm oil-
based biodiesel increases. CDF has the highest wall temperature and PME has the lowest wall
temperature as shown in Fig. 4. Moreover, NOy and CO in exhaust gas also decrease when the
percentage volume of palm oil-based biodiesel increases.

Thermocouple Equivalent Ratio at 1.0

Reader Thermocouples

BALTUR 750

mer
Nozzle ~Bume

/ 5 M -
/ = o BBy
— 2 60 %] &
T : & e f
H
C £ w0 & X 5 X
15 X X
Combustion Fuel Fuel g 5
E S Supply Retum X
Line Line
500
0 0.2 04 06 08 1
Ges Analyzer Fuel Distance (m)
Fig. 3. Experiment set up of Ganjehkaviri et Fig. 4. The wall temperature [21]

al.[21]

Mahfouz et al. [22] studied the effect of waste cooking - diesel oils blends: 0, 20, 40, 60, 80 and
100% on performance, emissions and combustion characteristics of industrial oil burner. It was
found that NOy, SO, and CO decrease when percentage volume of waste cooking oil increases.

Tashtoush et al.[23] studied combustion performance and emissions of ethyl ester of a waste
vegetable oil in a water-cooled furnace as shown in Fig. 5. It was found that biodiesel oil produces
less NOy and CO emissions and higher combustion efficiency than the case of diesel oil.
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- Air temperature
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4- Cooling water flow meter
6- Water inlet temperature
8- Water outlet temperature
10- Three-stage blower fan
12- Gravity fuel tank
14- Air pressure regulator
16- Refractory quarl

Fig. 5. Experiment set up of Tashtoush et al.[23]

Lapirattanakun and Charoensuk [24] designed cooking stove using Wasted Vegetable Oil (WVO)
as fuel as shown in Fig. 6. The development of the stove was to accelerate vaporization of WVO by
using steam generated from heat released from LPG burner to control temperature and adding
porous ceramic media having 2-cm diameter for stabilizing flame as shown in Fig.7. The study found
that this WVO burner was suitable to be operated within the range of nominal firing rate at 325—

548 kW/m? and water flow rate at 0.16 kg/min.

Oil vaporizer

(a)

(~)

(b)
Fig. 6. (a) Previous version without porous media, (b) current burner with porous media [24]

WVO line

— Waler line

(8)
R) LPG supply for
Y start up burner
Y
9)
- = -
/ onsied. ' q—:S«'nnl and atomized WWO
¥ Airientralnment
@ ! |
= T +—'wvo
R i !
| i
i t !
'
- l L _Steam. _
1
( -K f Steam and WVO nozzle (9)
| Compressed air
Water supply

(1) 2 bar pressure water tank (5) Porous Media

(2) Water rotameter
(3) WVO rotameter
(4) WVO tank

(6) Water evaporator tube
(7) Combustion chamber
(8) LPG burner (KBS)

(9) Steam and WVO nozzle

Fig. 7. Experiment set up of Lapirattanakun and Charoensuk [24]
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Muhammad et al. [25] studied performance of sludge palm oil (SPO) combustion using waste oil

burner compared to diesel. The study found that free fatty acid (FFA) containing in SPO was about
30 % calculated from Eqg. (1)

2.56 XM xV

FFA % = ——— (1)
mg
Where; M = molarity of NaOH (M)
Vv = volume of titrated NaOH (ml)
ms = mass of SPO sample (g)

SPO density and viscosity is 0.982 g/cm3 and 67.76 mm?/s respectively, which are higher than
diesel. Lower CO, CO; and NOy emission during combustion compare to diesel around 34 %, 6% and
90 % reduction respectively.

Li et al. [26] studied on the effect of the pulverized coal concentration on lean-coal combustion
in a lateral-ignition tiny-oil burner by mixing coal with oil that ignited by the high-energy igniter.
The result shows that as the coal concentration increased 0, 0.27, 0.44, 0.62 and 0.80 respectively,
releasing rates for C and H decreased gradually. O, concentration at the exit of burner was 0.41-
3.64 %, and the burner resistance decreased from 2,200 to 1,400 Pa.

Mahfouz et al. [27] studied combustion characteristics and exhaust emissions of waste cooking-
diesel oil blends as shown in Fig. 8. Blending ratio of waste cooking oil to diesel oil is varied at 0, 20,
40, 60, 80 and 100%. The equivalence ratio is varied from 0.6 to 1.05. The study found that the
higher bending ratio, the lower exhaust gas temperature and combustion efficiency decreased as
shown in Fig.9, and emissions, CO, NOy also decreased as shown in Fig. 10. They suggested that the
blending ratio should not exceed 20% to ensure acceptable combustor efficiency and lower
emissions.

1- Fuel line

2- Atomizing air line
3 3- Cooling water line

|18 4- Pressure gauge

5- Rota meter
L = Combustor length (195 cm) e 6- Valve
D, = Outer combustor diameter (50 cm) 7- Fuel tank

8- Heater with thermostat
D, = Inner co@huslovdiamter(lo cm) Water pump 9- Air blower fan
D, = Flange diameter (10.5 cm) 10- Visual flame ports
D.,: Air pipe diameter (2 cm) 11- Thermocouple K-type
) = Water pipe diameter (5.7 cm) 12- Ex!’must measuring port
= tlet diameter (1,85 cm) 13- Chitinay
Dy= Water outlet di ¢ 14- Arduino controller
D.: Visual flame port diameter (1.85 cm) 15- Laptop
XyuXy Xy X X X = Relative distance of visual flame ports 16- Air solenoid valve

Air compressor 5 bar . 1%

17- Water outlet port

Fig. 8. Experiment set up of Mahfouz et al.[27]
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Fig. 9. (a) Exhaust gas temperature, (b) Combustion efficiency [27]
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Fig. 10. (a) CO emission, (b) NO, emission [27]

Mahfouz et al. [28] studied a combustion of heavy diesel oil (HDO), light diesel oil (LDO), waste
cooking oil (WCQ), B1 (LCO blending with 20% WCO) and B2 (HCO blending with 20% WCO). An
industrial burner with hyperspectral camera is used to measure flame characteristics as shown in
Fig. 13. The study covers four equivalent ratios of 0.63, 0.75, 0.96 and 1.1. It was found that
combustion efficiency of HDO, LDO and Bl were 63, 60 and 60% at equivalent ratio 0.85
respectively as shown in Fig. 14. The decreasing of combustion efficiency was due to radiation
property. When analyzed contour map of fuel temperature, the result shows that the blended fuel
(B2) shows a longer reaction zone than that of HDO fuel due to the larger percentage of oxygen.
Due to the comparatively lower heating value of LDO and B1 to that for HDO and B2, the fuel
droplets got comparatively finer, exhibit fast evaporation and mixing; resulting in shorter flame as
shown in Fig. 15. They also recommended that WCO is not suitable to apply solely as it suffers from
poor atomization, vaporization, bad mixing, and lower heating value.
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Mahfouz et al. [29] studied combustion characteristics of a swirled burner fueled with waste
cooking oil (WCO) compared with light diesel oil (LCO) as shown in Fig. 11. WCO and LCO were
preheated at 90 °C and 80 °C respectively before entering the burner to decrease viscosity.
Different primary air pressures were varied at 0.5, 1, 1.5 and 2 bar. The result shows that CO and
NOy emissions for WCO are lower than LCO, and the concentration of O, was more for WCO leading
to be better combustion efficiency. Because of higher density and viscosity, flame characteristics of
WCO tended to have a smaller width and longer penetration.

Gas analyser flue inlet

Main fuel tank

Thermocoupleinlet

Fuel
Oil burner  valve [

Cylinder combustor

| Fan wheel (blower)

..... | 2
.“JL,JJ‘]L;J} 2

Water cooling jacket inlet

Controlling card
.

1- Controlling wire connection — A ) 3 =
2- Power wire connection 1 K pe
3- USB cable connection Air solenoid valve LE computer

o ===
Air compressor

Fig. 11. Experiment set up of Mahfouz et al.[29]

Pressure gauge U -

San Jose et al. [30] studied spray characteristics, combustion performance and palm oil
emissions in a low-pressure auxiliary air fluid pulverization burner as shown in Fig. 12. Fuel flow
rates evaluated were 4.1, 6.1 and 7.3 kg/h and air flow rates were 29.90, 41.10 and 45.11 kg/h. The
study found that the greater spray cone angle resulting in the penetration length was shorter. The
lowest emissions occur at penetration length less than 44.3 cm and a cone angle being larger than
27.1°. Combustion efficiency, CO and CiHy were improved when fuel flow in the burner increased
and air flow decreased.

Photograph of the experimental facility. 1, Burner; 2, valve system; 3, oil tank; 4, diesel fuel tank; S, combustion chamber; 6, refrigeration
air; 7, fume analyzer. (a) Secondary air adjustment; (b) fuel flow adjustment.

Fig. 12. Experiment set up of San Jose et al. [30]
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According to related investigation, research summary of vegetable oil applied as fuel for direct
combustion are shown in table 2. Most of investigations focused on emissions, NOy, SOz, CO, CO,.
The results show that vegetable oil released less emissions compared to other oil, and blending fuel
was less in emissions as well. Some also studied about flame characteristics. The results show that
blending fuel has an effect on longer penetration and lower flame radiation intensity. In addition,
some studied about other parameters such as burner design, Free Fatty Acid, coal, spray cone angle

that can affect the combustion reaction.

Table 2

Research summary of vegetable oil applied as fuel for direct combustion.

Types of fuel

- Sunflower crude
oil

- Crude palm oil

- Crude jatropha oil

Blending of
- C-heavy oil
- Crude jatropha oil
- Crude jatropha oil

Blending of
- Bio diesel
- Diesel

Blending of
- Waste cooking oil
- Diesel oil

- Ethyl ester of
Waste vegetable oil
- Waste vegetable
oil

Blending of

- Waste cooking oil
- Diesel oil

- Waste cooking oil

- Pulverized coal

- Palm oil

- Sludge palm oil

Blending of

- HDO

-LDO

- Waste cooking oil

Blending ratio, BR (%)
ER(-)

Pressure, P (mPa)
Preheat temp., T (°C)
P=1.35-1.4 mPa
T=70-80°C

BR=0, 5,10, 15%
ER=06,1,1.4

BR =50%

T = 90-100 °C
BR = 10:90(B10),

20:80(B20), 40:90 (B40)

ER=1

BR =0, 20, 40, 60, 80,
100%

Flame characteristic

Color: Yellow
Temperature: 2,000°C
Higher water content,
longer penetration
length

Flame radiation intensity
in blending is lower than
in 100% C-heavy oil

Emission

No smoke and
carbon black

NOx and SO2
decrease

Higher percentage
volume of palm oil-
based biodiesel, less
NOx and CO

Higher percentage
volume of waste
cooking oil, less NOx,
SO, and CO

Less NOxand CO

WVO burner was suitable to be operated within the range of nominal firing
rate at 325-548 kW/m? and water flow rate at 0.16 kg/min.

BR =0, 20, 40, 60, 80,
100%
ER = 0.6 to 1.05

P=05,1,1.5,2bar
T=90°C

BR = coal concentration
0,0.27,0.44, 0.62,0.80

smaller width and longer
penetration

Higher bending
ratio, lower exhaust
gas temperature and
less CO, NOx

Less CO and NOx
More O;

Released rates C and
H decreased
020.41-3.64 %

The greater spray cone angle, the shorter penetration and at penetration
less than 44.3 cm, cone angle more than 27.1° lead to the lowest emissions.

Free fatty acid, FFA, % =

B1 (LDO+20% WCO)
B2 (HDO+20% WCO)

2.56 XM XV

B2 longer reaction zone
than HDO

LDO, B1 show shorter
flame than HDO, B2

Lower CO, COz and
NOx

Reference

Oprea et al. [7]

Suardi et al. [8]

Hashimoto et al. [9]

Kang et al. [10]

Ganjehkaviri et al.
[11]

Mahfouz et al. [12]

Tashtoush et al. [13]
Lapirattanakun and
Charoensuk [14]

Mahfouz et al. [15]

Mahfouz et al. [16]
Lietal. [17]

San Jose et al. [18]
Muhammad et al.

[19]

Mahfouz et al. [20]
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4. Case study: crude palm oil (CPO) in power plant

4.1. Biomass energy plant in Lumut, Malaysia [31]

PGEO Group Sdn. Bhd. (PGSB) is a major edible oil refiner and exporter in Malaysia. In year
2005, PGSB has completed construction of a biomass-fired steam generator plant in Lumut. The
objective is to reduce the amount of steam produced from fuel oil and grid generated power and
thus reducing greenhouse gas emission.

The project activity will reduce emission in three ways: (1) displacing fuel oil with palm oil
biomass which is used to generate 15 ton per hour of steam, (2) displacing electricity from the
national grid by replacing the existing chiller system and (3) generating electric from biomass. From
February 2005 until April 2006, reduction of CO; emission has increased.

The plant obtained its biomass waste from neighbouring 16 palm oil mills via fuel purchase
agreement. In the plant, empty fruit bunches, palm kernel shell and mesocarp fibers from oil palm
are used as fuel source.

4.2. Krabi power plant in Thailand [32]

The Thai Government proposed the policy to allow the Electricity Generating Authority of
Thailand (EGAT) for using crude palm oil as a fuel to generate electricity in Krabi power plant.
The policy aims to increase demand for crude palm oil (CPO) and crude palm oil prices.

Krabi power plant is a thermal power plant designed with a capacity of 315 MW and fired by
using both fuel oil and CPO. During 2013-2015, 10,000 tons per year of crude palm oil were fired in
the power plant and then increased to 15,000 tons per year after 2015.

4.3. Bang Pakong power plant in Thailand [33]

Since January, 2019, EGAT has started the commercial operation of the generator which uses
crude palm oil and natural gas with a ratio of 50:50 at Bang Pakong Thermal Power Plant, Unit 3.

Crude palm oil can be used to generate power around 30,000 tons per month, and result in
reducing crude palm oil from the market 160,000 tons.

5. Conclusion

5.1. Analyzing fuel properties with different fuel types can be concluded as follow:
- Fuel with higher viscosity, better combustion efficiency.
- Fuel with lower carbon residual, less carbon and smoke.
- Fuel with high Flash point, fire point and Ignition point tend to ignite difficulty.
5.2. Vegetable oil should be preheating at 80-100 °C to increase combustion efficiency.
5.3. Flame characteristic
- The higher air pressure in combustion will increase air velocity. So, chemical reaction between
air and fuel will be improved, resulting shorter flame length.
- Lower heating value, shorter flame length.
5.4. Radiation of fuel will decrease when blend crude vegetable oil with fuel oil or diesel.
5.5. Emissions and combustion efficiency: NOx, CO, SO, decrease when blend crude vegetable oil
with fuel oil or diesel because less nitrogen and sulfur content. However, there are more oxygen

content in vegetable oil leading better combustion efficiency.

27

a9



4" WVCASEA & 6" IS-FMTS JAkademia]Barul
Bublishing[(M)[Sdn]Bhd]
7 e s
For further study,

5.6. Crude palm oil is an attractive alternative fuel. Using crude palm oil in direct combustion is not
only an energy development to reduce emission problems but also a way to help palm farmers.

5.7 According to research investigation, blending fuel with vegetable oils should be preheated at
temperature range 80-100 °C. We assumed that higher preheat temperature need to be examined
for higher blending ratio, up to 100% vegetable oils.

5.8 A comparison and optimization between petroleum liquid oil and vegetable oil on operating
cost should be investigated.
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Abstract

Using crude palm oil (CPO) as a fuel for direct combustion is an interesting
alternative energy development which is not only an energy development
but also increasing palm prices for helping palm farmers. In this article, using
palm oil and other vegetable oils as fuel for direct combustion, such as using
in industrial boilers or in industrial cooking processes, was reviewed. Firstly,
properties of vegetable oils and its blend with fuel oil, diesel oil were
presented. Then, the study of using vegetable oils as fuel for direct
combustion: flame characteristic, radiation, combustion efficiency,
emissions and experiment set up, was reported. Finally, the case studs of
Krabi and Bang Pakong power plants which applied CPO blend as fuel in
co-firing process were also presented.

Keywords: Fuel, Crude palm oil, Direct combustion, Combustion efficiency
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Q(ﬂﬂi:mﬁﬂwﬂa‘ﬂuﬂjulm:i’mi’sN'ﬁa;lumanﬁ’liaﬁuﬁﬁlmw"ﬁﬂwl
o o AR ¥ o a_d - & a o o
weanumslavhiuhduussinduriedu g Wwsaiwdsdmsy
maw nallagass Raidugeyaliiiaulalddnwiiiadosaalu
o & a ) o .
ms1iAdTe awawwasnuluawag
lunauduzasunarnuizndniigusuifdainissiadg g
MnuwihEusianaINWITENINEITeY uazgarheaznntang
shaiwhsudululgidwgsamsdulselwinszduszunadeng

A37 1 UEAINMFNTANT U1 g ‘léfuri Fuel oil (FO), Crude palm oil (CPQ), Rapeseed oil, Sunflower oil, Crude jatropha oil (CJO),

- ) ' 4o s ..
Jatropha biodiesel, Conventional diesel iazC-heavy oil Sailuiiuanngundan mwidlasdouuasis

CPO

Properties Repssesd

[6] [6] 7 [71
Viscosity Cst. 170.3 28.2
°E 2.68 2.81
mm?/s
Density | kg/dm® 0.9185 0.918
glem®
g/ml
Flash point °c 71 160
Fire point L C
Ignition point °C 267 313
Pour point °c -9 2
Gross heat of
combustion callg 10,166 9,412
Calorific value | MJ/kg 40.24 39.37
HHY | Jig
LHV | Jig
Carbon residual Y%owt 1.2 0.41 0.279 0.294

Sunflower

Lower Jatropha  Conventional ~ C-heavy
fuel oil biodiesel diesel oil
[71 18] 18] 18] 9] [9]
1.4
354 4.59 4.84 110.0 258
0.9
0.9635 0.9097
0.94 0.88 0.83
226 182 7 93 248
236 190 76
50 408 417
406 39.76 45.2 46.22
42,820 39,670
40,450 37,026
1.0 217

A1397 1 u,amqmamu”ﬁiiw“uﬁnq fl'#uﬂuiim”umﬂna“m
waanmaitlandsuuazis :nmsdnsvesnsiniidhonia
wislszinelng 6] usasliduin wiihaiuan (Fuel oil: FO) NU
dwndudy (Crude palm oil: CPO) 9z Viscosity wana1anw
asainldtaian uinslwanuiawlunsmnlndlidranuunn

Snwia CPO il Carbon residual endarialifiaaiuuazasuy
sinlwSnudiiesnimn

PMNNIANBIVEY Oprea UAzAME [7] uansliAuindh s
WsesTiia fawanmndnmaiuin (Rapeseed) WazLUAAIN

% 4 a . - . =,
ANNIHAZIW (Sunflower) TIH Ignition point §INI1 aaugaili

255 O OO0 e
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A5 1 ﬁdawa}mﬁmvlm“mn waddseaninmwnmsen lndanin
iilasanndidn Viscosity ganiwﬁﬂﬂmmmmﬁw (Low fuel oil)
UAzINMSANWYDY Mirah Suardi uazame [8] ugaslsiiu
hﬁw"uﬁumnmﬁmy;ﬁw (Crude jatropha oil: CJO) uaztisiinly
Iaﬁmamnmﬁmgﬁwﬁ Flash point W8z Fire point gam‘wﬁwﬁu
furao1avinligafinean wdiifa Carbon residual 410919
elvifiauafimitasnia souanslua1ed 1

3. lonaswiteiliisades

Oprea wazams [7] ldAnsAnarumsien lnavinudizle
wifalatihnmna 55 kw WisuiAsuszninemsldidamaaindinen
\nTadn (Low fuel oil) fuifuanniuiananniuazii lasdu
o §aﬁqmw‘}ﬂ 70-80 °C 3 nindaidiaendniadadn
Huguinaauwa 1.5 mm A 1.35-1.4 mPa 9nm3fine
wa.l:i'ni’mvwn'ml,uﬁmmanmumi’ulﬁlﬂa’ﬂﬂﬁmﬁmgnmnuﬁ
2000°C lidasruivaituazaiuifiadn wananiudald
UszAnsnwuazaaannisian lnslddnsandndiuannsada
gniuvihliifia co Ysunmunnin

Suardi uszank 8] lednsmassaiaiunTruwmanlng
vasdansmizwiisiluledios duazemaitldamning
Al fua ﬁwﬁuﬂﬁuﬁutmtﬁuﬂﬁumnmEﬂay"ﬁﬂumimﬂwﬁ
Taun13U5ut5urmin 0,5, 10, 15% uazdnsrdruauya
(Equivalent ratio) 0.6, 1, 1.4 awdau lavwasiduavesga
nas aa"l,é’u,amluzﬂﬁ' 1 inmanane snuidlaSinaiuAain

, . " A & o4
Azdanall Spray angle LANAY udsE N4 (Penetration) LANTWDY

) v b N ‘
finlwle spray area undin wananiiiadlWazauas tanaa

5 e a o ¥ ad o P . & &
u’mu'l.uiam‘uﬂnumuﬂ:uwuwmnﬂnu Luaaﬂﬁmufmgmwu'ﬂu

L

Chemney

black
screen

311 1 MoazBuaganaasy Mimah Suardi uazAlE [8]

Hashimoto uazame [9] ladnsnmaen lndidendanailay
Wisuifisuszninashduiannse ¢ 100% uaziduiannsa C
2 o - I3 1 e, o oo
[1STHN]A) auu’mu"l,uIam‘mmmuﬂﬂﬁ%ﬂ’] IﬂﬂNﬁunﬂu'}NuLﬂ'}Lﬂiﬂ
c lugandan 50% lavySanm nosziBoavasgananauansly
4 IO - 4
31U 2 uazquandfvanfomfnssassiaurasluansned 1
annInaseswuitiaiuTen RN nEu Ul AN TENTUNIIF
Y a4 a o ¥ o o A
anusouvasilad Waasaaisunuvinaiuend linga iosan
wfiwendeymeaninniniiululedizs Savildnisuissian
Townaaawdifidoymamndargeninsawdsnioyanaiay

P on & a a a
waziflasnquavifvangondslulodiailulasian
wazdaWasiaanitiduien v lwialai®oann i lwadd

. P
Tulasausanlad (NO,) usztaiwaslasanlad (S0, iiaduian

Flame radiation intensity

measurement by two color method

Electric

heater ; )
Y ;J Flue gas
N1 Main Two stage reciroulstion
combustion| combustion line Forced draft fan
Biofuel air ﬁ ﬁ v air
(0.5 kL) I
N~ \ '| Fuel flow rate
30~70 L’h
Burner
Induced draft fan
Burner | Furnace Furnace Fumace Furnace
N ] section | section 1 section 2 section 3 section 4 Gas
analyzer
Heavy oil E E E m E
(0.5 kL) P . . Thermo Cooling
- < b meter water inlet
hermo
N~ ump sl

€
Thermo Thermo Thermo I
mater meter meter meter
Cooling

water outlet

7 2 Muazlduazananas Hashimoto UazADAE [10]

Kang uazame [10] ladnuanuidwlyldlunisldiisdndu
e oy ¥ 2
ynudaagdndwgemiidilwieleigesmni laodnw

Havasnsduiiaiuduainiaaydngmngdaglugag 50 -

100°C Aifiwndannuiaiorzaailad Wlaslidmngasmmnun
Ly L ~d -
IdigaimRanar nnmafinswuitemmgifsusniaaaly

wasrhldiaalidnnuiativsdaiigumgi 90-100°C

2@ msmwnwa‘\)mf
ANWSaulaualugunsad
e runsusuransouns e 20 256
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Ganjehkaviri iazams [11] ladnsianwmenisunlndvas
iailuledisfinsnuinaiudisafigunaudns g lumnaass
il Faiwasina (Ol burner) v‘TaLLaﬂﬂu;sﬂﬁ 3 lasia
qmﬂn“ﬂﬁuﬁw aswasmlnsinuamenva s lwiidhunsis
@199 uarianmautidaasialaliy Tumsnaaaslanausngivly
Todumanusindudimaniauuay 10:90 (B10), 20:80 (B20), 40:90
®40)wonaniladdnuinsdiidud i aasIsuan (COF,
Conventional diesel fuel) waziniwlulefiadan (PME, Palm
methyl ester) mnmiﬁnmwuiwﬁﬁmmmﬂw“ﬂ ER=1 gmanq)il
fnfvesiesnlndaaasarunianfinduyesdasdiunas
il Tofannauadlwindudizs Taonsdindudimarrmm
(CDF) ﬁﬂﬁa‘wqﬁuuﬁuﬁmaqﬁaamﬂﬂﬁqa §@ uazihailule
Aenn (PME) ﬁw'lwva‘unuﬁuuﬁruﬁwaaﬁaatmvlwﬁe%wqa MU
Jalulanausanlad (NO,) uazafuauveuitanlad (o) lurs
loiFenuinddanasmumaiiniusassanaunauinilule

a P’ Y e oa
m‘uawwauaﬂumuum‘na

Thermocouple

Reader BALTUR

Burner

Combustion
Chamber Fuel
Return
Line
Gas Analyzer Fuel

31 3 MwaziBpaganaaos Ganjehkaviri Wazame [11]

Equivalent Ratio at 1.0
750
S 700 o o
e o g a @ 8
g 650 9 e n
2 a XKy f
& 600 X X
= 3
§ X
550
x X
500
0 02 0.4 0.6 08 1
Distance (m)
o COF 8810 & B20 80 —x— PME

Uit a qmwn"ﬁﬁruﬂwadﬁaal,mvlmj”maa'gwmaa 1]
N1INARDIVAI Ganjehkavir WRzAME [11] RAAARAINUNTT
NA88IT8d Mahfouz Uazams [12] Anauinduisldusrfuiy
diudion TaodFasaun1suay 0,20, 40, 60, 80 uaz 100%
wudgmanifvesialads iiw lulasiawaanlad (NO,)
daailasanlad (S0,) afuannanianled (CO) dd1anas
aumaRnTwsssams e minsT AT IFus A suaslwiha

=
ALTR
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Tashtoush uazame [13] ladnsinienludvesidulule
D o S o ¥ oo
Aman ldarniavislduddSonfdsunanimasssnusiigu
i lavldwamnduiuunudas misiosnnnignizuioaany
faulagldinawiuaasluzl 5 mnisnaasswudn lulasiaw
aanlad (NO,) nazanfuaunauianlad (o) lufalaifuvas
Lo A A A or oo .
dinluledimaddaaaadaisunuinindiaos wonaniids
wohilszininmmaanndihdululefizaddrgandnsinaiu
fa

1- Exhaust 2- Photographic observation wind
3- Condensate drain 4- Cooling water flow meter

5- Flow control Vater inlet temperature

7-To drain 8- Water outlet temperature

9- Water jacket 10- Three-stage blower fan
11- Air temperature 12- Gravity fuel tank

13- Orifice 14- Air pressure regulator
15- Observation windows 16- Refractory quarl
17- Fuel control

7U1 5 MuaziBuaganaaey Tashioush UazAME [13]

Lapirattanakun Uz Charoensuk [14] ldaanuuuiaisndmsy
avdeulavldihiuioldudadwde Lwﬁm"al,l,am'lugﬂﬁ 6
ﬂ%’uﬂzamnl,ml,maﬂu,llut&ﬂa lanuteuisingomsede
1odn tanmneenwuuidunsanszuen 2 94 lasszning
nasnszuansiliiduiaggngn fﬁarﬁg@ﬁ ygnue srgiai
PUNAEUHUGUIN I 2 om é"aLLa‘m‘lugaJﬁ 7 lavgnuaaimiia
foanuunduinidernldia Indausios uszmslslaihgae
lumsrzimorasindindowds Goiided do Froanwiiuas
afuauvanianled mmmanaswuingsfminzdmiung
augunaenlngd fa danmawnlniaglutig 325-548 kwim?
wazdanmslnazeninfiinliihnsmedwlaf 0.16 kgmin

Oitvaporizer
Porous media

Oil nozzle Water vaporizer

@ ®
31 6 (a) wnrlifiTrazwgw, (b) LN IETNIRATHTY [14]

OO0O0OO0Ce

56



A R v o o .
nasoilugii 8 Taonsanirsiufoilgusludasiu 0, 20, 40, 60,
80 uAz 100% auday dasdrusuyaimualiaglugig 0.6 fls
1.05 nmsdnsmuingunivesiirlaiduazlszngnin
o 4 a € s €F o a o o Y oo o
nswnlnadiaass Warinasidudriaiwiolsus luiniudimass
] & a €= €% o oa dee o

! waaaluzU 9 wananinsiia o fidudinduiailsuslu

[ v — b H
~a! ([T iwvo Baiwiradisinalduafiy (Emission) Twialaiie 19w cO, NO,

(s

a_ o & A s o oA
H fAARIANAIY Vﬂdl;l;ﬁﬂﬂ%zﬂﬂ 10 Tapdd snsud wnaENfnuzife

+
~ L Steam. _
Foe oA d9 o 4 o o a. a W
R\ 1 St and WVO nrle 0 waaiaiuR afild 20% Gvazvirldasininwniamnlndey
Water Compressed [ 4 ol
oy winafivauivla

(1) 2 bar pressure water tank (5) Porous Media

® D
(3) WVO rotameter () Combustion chamber
@ WVO tank (8) LIG burner (KBS)

(9) Steam and WVO nozzle

U7 7 MoazdsaieundamiuiaiuRlEua (14]

Mahfouz uszane [15] lednmansuemsinndiaziale
A CE e aa )
Fvaaianfonansniainduinlusy (WCO, Waste cooking
.
oil) AudalwdiLa (LCO, Light diesel oil) AILAAITEAZIEATA

1- Fuel line
A cargrmsr bar % 2- Atomizing air line
o ing water line
4- Pressure gauge
S- Rota meter
L= Combustor length (195 cm) ©- valve
0, Outer combustor iameter (50 cay) ; - -:I: wfnm h Sl
0,= Inner combastor diameter (40 cm) O Aar Do Eaa [ 7
0= Flange diameter (10.5 om) 10- Visual flame ports
11- Thermocouple K-type
12- Exhaust measuring port
13- chimi
14~ Arduino controller
15- Laptop
Xghy, X, XX = Relative distance of vissal flame pors 16- Air solencid valve

7 17- Water outlet port
7171 8 310921809 19NARBI Mahfouz uazami: [15]

o8
700 o
800 < » 06
2 &
500 = H
H
S o
200 3 8
i 5
£ L) 0% WCo
im4 s O  w%wco
H 02 o 4mwco
¢ 60%WCO
200 5 ® 8% wco
A 100%WCO
too T T T T T 1 i T T T T d
05 06 or o8 09 1 11 0s L1} or (1} 08 1 (R}
Eauivelence ratio, o Equivalence ratio, &

A P = a a a o N .
U o nmusesguniielediy (@he) waztszAninwnisinlnal (¥37), WCO=Waste cooking oil [15]

2@ msmamwé\w\n?u
ANUSauNasafugunsad
& drunsrutouransusums (v 20 258



0% WCo

20% WCo
40% WCo
60% WCO
80% WCO
100% WCO

>@e0 0

[aneia ]

(CO emissions per heat flow input, ppm/kW
8

o7 09
Equivalence ratlo,

= <& 0% wCo
08 o 20% WCO |

E <o 40% wWCo

* 80% WCO |

- ‘ ®  so%wco |

2 | A 1oonweco

£ .06

¢

E 04

g

h

2

g

j 02

o

k=)

= o : )

T T T T
0s 0s o7 [ 09 1 LK
Equivalencoratio, o

gﬂﬁ 10 N uaaIUTIIIE CO (1) ez NO (127), WCO=Waste cooking oil [15]

WaNIINIUK Mahfouz uazams (16] ld@nuilseuifiny
ansuzman lnafaasanmuuunygwan (Swired burner) lauls
sl zlFudn (WCO, Waste cooking oil) Ausinaiudima (LCO,
Light diesel oil) L1530 InEsds uaaslugddl 11 deutdrianiun
L°TsraLwﬁawzmaw:gngimuﬁaqmwn“ﬁ 90°C uaz 80°C ANANAY
ilaaan1nunila (Viscosity) mwnfum:gmmﬁmwﬁumaa
Primary air 61914 fia 05,1, 1.5 LAY 2 bar ATNR1GL 37N
m3fnswuin weo raliifia NO, uas co TudSumdiaunia
edmmedsnemadan I wudh weo Iiidaalwiinnin udd
szuzwlnandy iiasen Weo ddnanamuutinuaza numiia
ganin LCO wenandiginuin weo Litszangawnisienlned

A oA A A '
anin esndautsznavsandiauninnii

Gas anaryrer fue et
< Thamocaugle ket
g

C ML

i

Witer cacling acuet et

Cytindrical combustor

710 11 uaziBuagananas Mahfouz uazAm: [16]

Li unzamez (17] lddnmnasaafisasulsinumeinuing
danadan1stun Inalluiauuuy Lateral-lgnition Tiny-Oil burner
Immmwn’wuﬁuﬁamﬂm"lwmnffﬂﬁuﬁgnqaﬁanﬁw‘mzlﬁm
WASIIUGI NMTANBINYT WarudFunoinudn 0, 027,
0.44, 0.62 LAz 0.80 kg mudIGy vilwdSurmA1TuauuAe
"laTmmuﬁ‘gnﬂa’auaaﬂmﬂmwm PRnniaandiaue y;ﬁ 0.41-
3.64 % URA1 Burner resistance aAaJ31N 2,200 W 1,400 Pa
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Madhusudan uazams [18] ldvinniseanuuuiaiuniigis lay

oy o o v e & a o o a &

Irindundaslsusnidwdonds douaaslugdi 12 Tavdaa

gunsalifivinduiiaugs 2 m eldihdlnadioussliadas

& ¥ oo N N o e oo v odoa

nniuiuernaruvanasuasdrgiamnidunisiiionts

unwidlas LPG uazomanouniin lapanuauanmadaiaue
. 4 o & «

1-3.5 bar MNMIANH WL LilaANNARINAANT A2NL52

ca S X oo s e
Pa99M ARG ARV TUAID AIRUIWIBIIRNMATANTY JINE
o o o Yooy -

Titudnuaymeiduldnindu arwsmiarlwdanss uaz
A4 _a I3 A . ~ N 4

waTinmzAgmnnfveadaql wuinluuTiam Base region 44

.

iwdmmevasiivn daumaidwunndieima Safamaen

Indiilssunsdrvuacig wwgidandtogs esand jisouu
. a ' A a

auAwTan d§1u Core region azflgmnnfigondn ilosanifia

. e A . 4 us

s Indrugsalluviind wssddaunzinldnanag
& a_ o v “ a a

pretreatment LTBLWAIN auu’lvlﬂl'm’lu LWORAUAWEHLLAZLNY

Wszansmmnnsiinlnal

OML FEEDER

COMPRESSOR

*

LPG
(START UP
YUEL)

BURNFR ASSEMBEY

Mixture

OO OO0 e
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-

Photograph of the experimental facility. 1, Burner; 2, valve system; 3, oil tank; 4, diesel fuel tank; S, combustion chamber; 6, refri ion
air; 7, fume analyzer. (a) Secondary air adjustment; (b) fuel flow adjustment.

311 13 MaziBuaTanasavad J. San Jose UAzATAE [19]

san Jose wazame [19] l@dnw A saiusnememslsd
Pszanimnmarn nduszsafisnminsusulsa sy
Low-Pressure Auxiliary Air Fluid Pulverization ﬁattaﬂaluzﬂﬁ 13
Taousudaslnaifoinds 4.1, 6.1 uaz 7.3 kgh uazdninlng
9Mel 29.90, 41.10 waz 45.11 kgh nmsdnsnuiila spray
cone angle FA11nTu szuzwsazfidnanas uazuaiuidtas
ﬁ'qa fise ﬂ:vjaﬂ'aunh 44.3 cm, cone angle ¥71N11 27.1°
wananitgamuing szansawmsenlwl Usuam o uax C.H,
diw (asaslnadaimdaiudunazdas lnaermaanas Tag
Fasnslafilitlssansnwmsin nduazuaisiton fa 8051
InaLgoiwasd 6.1 waz 7.3 kg wazdasnlnaaniai 41.10 kgh

Muhammad uazame [20] ladansdszantaiwnisiunlnal
Yasmnaznawingiudn (Sludge palm oil: SPO) WSuLfsuiy
inaddioalaol s wmiaduiolguss smnnsdnwud spo §
FFA 30% lapdwimannauns

256 xM xV
FFA, % = ————
mS
Tag M #ia molarity of NaOH (M)

V 8 volume of titrated NaOH (ml)
M, fia mass of SPO sample (g)

%wanan n‘l{ SPO ¢ density 0.982 glcma, viscosity 67.76
mm?/s %ﬂﬂﬁ’]z&anﬂwfu&tm uaziiesan sPo & viscosity gan
1Syt CO, CO, uaz NO, S9drndninTudios 34%, 6% uas
90% aNANY

Mahfouz wuazatue [21] 'l@i”ﬁm:nLﬂ?uum‘uumﬂnzmﬂﬂﬂv‘uaa
vaa'lWwes HDO, LDO, B1, B2 uaz WCO filgluwaiun
QAR MNTTY B9 B1 Uaz B2 LUEMHANIZNINI LDO L WCO
uaz HDO 1y WCO awuaau lasldndas Hyperspectral 937931
fnumcendainGs fvua daE@UFNYA 0.63, 0.75, 0.96 Uaz
1.1 et douaaslugui 14 WadiemsiitheinBnimnsin
1nd wudrfisas §7%aUYA 0.85 HDO, LDO unz BT 1+

mstheinwaoumu
ANUSauNia:udalugUnsad
& drunugourains:uoums (ador 20

260

A a £ P 4
dyzdnFaiwnisienlng 63, 60 LAz 60% ANURIAU LKDIIN
an i X o e o
AMTNUANTIRATIRVBILTDENWRY mumﬂugﬂ‘ﬂ 15

Fuel tank
Fuel line
Pressure gauge 8
L el BV S
| A l\‘ﬂmm
Aicline .~ .
sall vaive

Air compressor

7171 14 MRz Bsagananas Mahfouz uazani [21]

o
«
J
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Combustion efficiency, %

as.

000G+
L]
2088

T T T T T U
os o7 0s 09 1 1 12
Equivalence ratio,

71 15 nmvluamedsziinimwman lnal

%ana1nik Mahfouz wazame [21] ld3LA312% Contour map
ad A X )
vosgmnniiioiwds wuinfamfwan B2 Lilaalwawalngg

nidiaSputfisuny HDO wd HDO flgmnpiligendn esand
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drudsznauaandauannit uaziito9aan LDO uaz B s
Heating value @111 HDO uaz B2 5‘1ﬂﬁa1¢ﬂwm;§mwﬁaﬂwma
dnndn denaliiiansseinsuaznaunnleaisy vinlvidsq g
swadun dusaslugui 16 sawbsiuialsdila Idausoug
dawSuuifisuiufomdasiiadug Lﬁaamnagmﬂt’fﬂtwﬁalmn
dnduazmaudassldenn SovhliiBamdslaunsnnauaiule

E
L
']
%
®
>

Y- axis (cm)

¥-ais (om) e {em)
gﬂﬁ 16 Contour maps of the cross-sectional spatial average

inflame

4. naddnmn: maldinaduihdaniwdomaslulsalidh

4.1. TaaldWnsed 2 1dvduandudowdanan Suwia
MaINEAfAAAY (Gross Capacity) 340 MW faIHAAFNT (Net
Capacity) 315 MW Tanffaannisldinaiiangega 72 ton/n e
awTougs (HHV) 9,787 kykwh laodidnlszininmaaadou
gnfiauas 36.8 dmiunsdinsshiauhdudvanldluniinia

e ¥ , 4 C e
nyzualwiswnusiniuen sliinsuaswulassmnarasmaa
laglgisiinanludangsga il 55 uaz 18 ton/h TauibliL
1hadudu 18 waz 8 tonh MNAAL
o o oy o € a & a a & o

Wasassumsldiadiudndudu Jadinsfadauaedinuysszoy
4 A a v e & ¥ e &4 & o o ¥ o s
dugiaidn lown dnfuinaiu fufuasdudminguihdudy

AUIINTOVUSILTIOIANLAY i:uug}uﬁﬂﬁuﬂﬁuﬁuLﬁaﬂaaﬁu
Ylswisuthdududula Ta uﬁa@fa’g@ﬁmms’m pludaifuiai
1haudy s“m:na‘mﬂ{]ﬂﬂuaaﬁwﬁuﬂﬁuﬁﬂﬁar‘J;‘ﬁ' 50 °C 9ntinaz
goihauhdudulud cro Housing K114 Heat Exchanger Snns
Lﬁalﬁuqquﬁmaaﬁwu“ulw"'lﬁ 100 °C fioudtinduthaududn
saaurlnal LﬁaLﬁuﬂi:ﬁwﬁmwlumiwﬂw“lﬁaw‘ﬁtﬁ
mnmssiiunuman niiaihdaduianuddaniu
TsalWinsed wuidimadaadsesaaie (Emission) MAadn
dnimsldiianiivainndo ilesanidudndudolaid
assilsznavpasastaineslasenlad viliuSunm so, uaziu

A o o
AZBBINANAANY (ﬂﬂlLﬁﬂﬂl“@l’ﬁ’]\l'ﬂ 2

13197 2 Myszsuatsvellniind 2]

aay Hoiwds
(Emission) Yinaiwian B+ anay
NO, 180 ppm 180 ppm
SO, 163.0 ppm 127.5 ppm
Hunzeny 71.1 mg/m® 61.3 mg/m®

Ltﬁlﬁawﬁ"ﬁumqwaﬁﬁuﬁunu AnpawnsHAaLazlSuImns
15100 masgasanaulainiduhdudolulanlss il
nownulsalwihnszd

42. Tsalddfunsdzne 22] 19w dudusudufine
sruadaduidanimanaslselii Taeldisutdudy
Uszunm 960 AudaTn LAZAIwEITNTIAY T2 34.4 AU
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The Effects of Nozzle Pressure on Combustion using Palm Oil Fuel
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Abstract

The aim of this research is to study the effects of nozzle pressure on combustion using palm oil fuel.
A burner was 1.5 mm diameter nozzle type which can spray palm oil- pressurised air mixing in small droplet
form. Before mixing the oil palm and the pressurised air in the nozzle, the oil fuel was preheated at constant
temperature 90 °C. The air pressure was varied at 20, 40 and 60 psi. A pilot flame from LPG domestic stove was
installed in a combustion chamber. In the study, A flame characteristics was captured using a digital camera,
and flue gas was mesured using gas analyzer, Testo 350. The results show that at higher pressure, a flame was
more stable when compared to the case of low pressure. However, emission gas increases when the nozzle
pressure increased.

Keywords: Qil palm, Direct combustion, Preheat temperature, Renewable energy
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ARTICLE INFO ABSTRACT

Article history: Using vegetable oil as a direct combustion fuel is an interesting energy development of
Received 3 April 2022 lower emissions fuel. In this work, commercial cooking oil extracted from palm oil was
Received in revised form 11 July 2022 burned using a typical nozzle having a diameter of 2 mm. Nozzle gage pressure and

Accepted 24 July 2022

preheat temperature of palm oil were varied at 20, 40, 60 psi and 70, 90, 110 °C,
Available online 18 August 2022

respectively. Combustion oxidizer was air at room temperature. Equivalence ratio of
ER=1.1. To initiate combustion of the oil, a pilot flame from LPG with fixed firing rate
was placed under the oil spray using a domestic stove. The experimental results shown
that higher preheat temperatures and pressure accelerated combustion reactions of

Keywords: palm oil. The simulation also shown the same result as the experimental results. The
Crude palm oil; direct combustion; higher preheat temperature and pressure led to high temperature, large size and long
combustion characteristics; flame penetration of flame. The largest flame size was at 110 °C and 60 psi.

1. Introduction

Since the Industrial revolution, the energy mix of most countries across the world has become
dominated by fossil fuels. The global greenhouse gas emissions 75% result from the burning of fossil
fuels that are responsible for large amounts of air pollution and a health problem which leads to at
least 5 million deaths each year. To reduce CO; emissions and air pollution, the world needs
to rapidly shift towards low-carbon sources of energy — renewable energy [1-4].

Biomass energy, one of renewable energy sources, has played a significant role because it offers
environmental and social benefits. Moreover, it can be converted into electricity and heat by the
most common technique that is called direct combustion [5-7] and become a vital part of the global
energy mix and account for an ever-growing share of electric capacity added worldwide [8].
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Several biofuels have been studied to solve emission problems. Hashimoto et al., [9] studied the
combustion characteristics compared 100% C-heavy oil with 50% C-heavy oil-crude jatropha oil (CJO)
blending. The result shows that NOx and SO: emissions of C-heavy 0il-CJO blending were greatly
decreased because the nitrogen and sulfur contents in CJO were significantly lower than C-heavy oil.
Mahfouz et al., [10] studied the effects of waste cooking - diesel oil blending: 0, 20, 40, 60, 80 and
100% on performance, emissions, and combustion characteristics of industrial oil burner. It was
found that NOy, SO, and CO emissions decrease when percentage volume of waste cooking oil
increases. Muhammad et al., [11] studied performance of sludge palm oil (SPO) combustion using
waste oil burner compared with diesel. SPO was lower in CO, CO; and NOx emissions during the
combustion compared to diesel around 34%, 6% and 90 % reduction respectively.

According to some researcher, the results show that vegetable oil released fewer emissions
compared with other oil, and blending fuel was less in emissions as well. So, this study focuses on
using palm oil which is a high commercial value products in Southeast Asia.

Considering in Southeast Asia, palm oil production is estimated at 72.26 million ton in 2019.
Indonesia is expected to produce the biggest share at 40.50 million ton, followed by Malaysia at 20.50
million ton. The two countries account for 84.4% of global production. Thailand ranks third,
producing 2.90 million ton a year or 4% of global output [12-15].

According to the US Department of Agriculture data (USDA, 2020), in average, the palm oil
harvested areas in Southeast Asia had grown a lot and led to a huge increase in palm oil production
in the year 2018-2019 [16]. Due to the oversupply of palm oil, the market price of crude palm oil
(CPO) went to a historic low. The governments try to lift the price up by using policies such as
biodiesel and fuel in co-firing process [17].

Producing biodiesel from palm oil requires a great humber of materials and energy. During the
production process, several kinds of emissions are released and affect the environment [18].
Therefore, using crude palm oil as fuel for direct combustion such as in a boiler or industrial cooking
process is another interesting development. It is not only to decrease emissions but also a way to
help palm farmers.

This study focuses on using palm oil as fuel for direct combustion. Experiment and simulation of
palm oil-air combustion were studied. An experiment attempts to investigate flame characteristics.
Before entering a combustion chamber, palm oil is preheated 70, 90 and 110 °C with varied air
pressure 20, 40 and 60 psi. Pilot flame is used for initial ignition of the fuel-air mixture. Flue gas
analyzer, TESTO 350, is used to measure exhaust gas components. The simulation approach used to
compare flame characteristics results and study additional result due to an experiment limitation.
Computational fluid dynamics (CFD) ANSYS Fluent software is applied to investigate palm oil
combustion simulation with same preheat temperature and air pressure conditions.

2. Methodology
2.1 Modelling

In this study, Computational fluid dynamics (CFD) ANSYS Fluent 2019 R3 software is used. Design
modelling as shown in Figure 1. A 2 mm-diameter nozzle in the centre of a combustion chamber is
used to introduces palm oil. Palm oil enters a combustion chamber with varied preheat temperature
70, 90 and 110 °C at 0.66 m/s. Ambient air enters a combustion chamber at 0.005 m/s. The overall
equivalence ratio is 1.1.
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Fig. 1. Design Modelling

2.2 Mesh

Grid generation is shown in Figure 2. The grid-dependent test was varied in the element number
of 5,000 — 15,000 elements. It was found that the saturated elements which were not changing the
results significantly were 12,000 elements. These element numbers were selected to apply to all CFD
runs.

wall

Airinlet —,
—

outlet

——r

; —
Fuel inlet

Fig. 2. Meshing

2.3 Solution Setup

Table 1 shows general and model setting. Palm oil-air combustion model was studied in
axisymmetric 2D-space with energy equation and standard k-epsilon (2eqn). To simplify combustion
investigation, the palm oil was given as gas phase. Species transport model was chosen to induce fuel
to model. Table 2 shows boundary condition for fuel inlet and air inlet.

Table 1

General and model setting

Property Value

2D space Axisymmetric
Energy equation On

Viscous k-epsilon (2eqn)
Species Species transport
Reactions Volumetric
Mixture material Palm oil-Air
Turbulence-chemistry Interaction Eddy-Dissipation
Table 2

Boundary condition

Condition Fuel inlet Air inlet
Diameter (m) 0.002 0.4
Velocity (m/s) 0.66 0.005
Temperature (°C) 70,90, 110 26.85
Materials Palm oil Air
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Table 3 shows palm oil ultimate analysis. The palm oil sample was tested at Office of Scientific
Instrument and Testing (OSIT), Prince of Songkla University (PSU), Thailand. CHNS/O Analyzer
(Thermo Quest, FlashEA 2000 model, Italy) is used for analyzing the elements C, H, N, S and O in
samples by the method of burning samples at high temperature into mixture gas. Then, enter the
column to separate and measure the number of elements in the sample. Table 4 shows palm oil
property, chemical formula, MW, density, etc., to study palm oil-air combustion [18]. To check
convergence of results, define all absolute criteria in residual monitors 0.0001 and run calculation
with number of Iteration 100000.

Table 3
Palm oil ultimate analysis
Sample Unit C H ) N

Palmoil  %wt 75.625#0.204 11.775+0.037 12.581+0.070 0.021£0.001

Table 4

Palm oil property [19]

Property 70 °C 90 °C 110°C
Chemical formula C4sHs006 CasHs00s CasHs00s
MW (kg/kmol) 744.38 744.38 744,38
Density (kg/m?3) 865.4 856.1 847.1

G (i/ke-K) 1988 2049 2113
Thermal cond. (w/m-k) 0.1683 0.1668 0.1653
Viscosity (kg/m-s) 0.01275 0.008087 0.005709

2.4 Experimental Setup

An experimental set up as shown in Figure 3. The fuel supply system is included of main tank for
feeding fuel via a rotameter to control fuel flow rate. Then, heater with temperature controller is
used to preheat palm oil 70, 90 and 110 °C. The air supply system consisted of air compressor,
pressure regulator and an air rotameter to provide air with pressure 20, 40 and 60 psi. Palm oil and
air enter a combustion chamber through 2-mm diameter nozzle. Pilot flame is used for initial ignition
of the fuel-air mixture during start-up of combustion reaction. Flue gas analyzer, TESTO 350, is used
to measure exhaust gas components in this experiment as shown in table 5.

= Combustion
emperature ¥ = chamber
Controller — "

Pressure regulator

Fig. 3. An Experimental set up
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3. Results

3.1 Flame Characteristics

Table 5

TESTO350 exhaust gas measurement [20]
Parameter Accuracy
0, (0 to 25 vol.%) +0.8vol.%
COo; (0 to 50 vol.%) +0.3vol.%
co (0 to 10,000 ppm) +10 ppm
NO (0 - 4,000 ppm) +5ppm
NO2 (0 - 500 ppm) +5ppm
S0, (0 - 5,000 ppm) +5ppm

Figure 4 shows the largest flame size was at preheat temperature 110 °C and pressure 60 psi. The
higher preheat temperature and pressure can accelerate combustion reactions.

20 psi

40 psi

60 psi

70°C

Pilot flame stove

Nozzle

Fig. 4. Flame characteristics (experimental results)

Figure 5 shows the highest temperature was at preheat temperature 110 °C and pressure 60 psi.
High temperature areas of the flame of CFD results (Figure 5) were similar to the flame size of
experimental results (Figure 4). The higher preheat temperature and pressure led to high
temperature, large flame size and long penetration of flame.

20 psi

40 psi

60 psi

70°C

Temperature
Conlgﬁr 1

2220.00
l 2000.68

178137
- 1562.05
134274
1123.42
904.11
684.79
465.48
246.17

26.85
[C]

Fig. 5. Flame characteristics (CFD results)

169

76



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 98, Issue 2 (2022) 165-174

3.2 Temperature Graph

The temperature along chamber length from an inlet increases rapidly and then begins to drop
to the end of the chamber (185 cm). Figure 6(a) constant preheat temperature with varied pressure,
the temperature start dropping at 60 cm. The highest temperature is at 60 psi and followed by 40
and 20 psi respectively. Figure 6(b) the highest temperature is at a chamber length 80, 90 and 100

cm for pressure condition 20, 40 and 60 psi respectively.
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Fig. 6. Temperature graph along a combustion chamber length (a) constant preheat temperature, varied
pressure, (b) constant pressure, varied preheat temperature (CFD results)

3.3 Palm Oil Graph

Considering Figure 7, palm oil is a reactant that used in combustion reaction. Therefore, palm oil
mass fraction decreases rapidly and become 0 at a chamber length 100-120 cm. The higher preheat
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temperature, the faster palm oil mass fraction decreases as shown in Figure 7(a). For constant
pressure varied preheat temperature, all the conditions show similar results as shown in Figure 7(b).
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Fig. 7. Palm oil mass fraction along a combustion chamber length (a) constant preheat temperature varied

pressure, (b) constant pressure varied preheat temperature (CFD results)

3.4 0, Graph

Considering Figure 8, Oz is also a reactant that used in combustion reaction. When combustion
reaction occurs, O; mass fraction increases slightly due to excess air in a chamber. Then, O; mass
fraction rises rapidly at a chamber length 100-120 cm because there is not enough palm oil. So, air
that enters a chamber is excess air.
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Fig. 8. O, mass fraction along a combustion chamber length (a) constant preheat temperature varied
pressure, (b) constant pressure varied preheat temperature (CFD results)

3.5 CO; Graph

Considering Figure 9, CO2 mass fraction increases rapidly at a chamber length from an inlet to 40
cm because Cis converted into CO; and CO, an increase in CO; showed better combustion and lower
in CO. Then, CO; mass fraction keeps increasing slightly and starts to fall at a chamber length 100-
120 cm due to no combustion reaction. Referring to Figure 7 palm oil mass fraction becomes 0 at
100-120 cm. So, there is no reactant to continue combustion reaction.
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Fig. 9. CO; mass fraction along a combustion chamber length (a) constant preheat temperature varied
pressure, (b) constant pressure varied preheat temperature (CFD results)

4. Conclusion

This study focused on Palm oil-air combustion with species transport and compared with
experimental results. The flam characteristics of simulation results were similar to the experimental
results. The higher preheat temperature and pressure led to high temperature, large size and long
penetration of flame. Moreover, the simulation results shown that the higher preheat temperature
and pressure can accelerate combustion reaction. Temperature along a chamber length become
higher and palm oil mass fraction decreases faster when palm oil-air combustion in high preheat
temperature and pressure condition.
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ABSTRCT

Renewable energy, biomass, has played a significant role for offering environmental and social benefits. This study focuses on using
palm oil, a well-known biomass in Thailand, in direct combustion process to develop low emissions fuel. Experimental and numerical
study were performed to investigate palm oil-air combustion. Commercial cooking oil extracted from palm oil was preheated with
temperature ofpreheapre140, 160 and 180 °C then, injected through a 2mm-diameter typical nozzle. Combustion oxidizer was air
at room temperature with pressure 20, 40 and 60 psi. Equivalence ratio of ER= 0.16. To initiate combustion of the oil, a pilot flame
from LPG with fixed firing rate was placed under the oil spray using a domestic stove. The experimental results shown that higher
preheat temperature and pressure accelerated combustion reactions of palm oil-air. The numerical study also shown the same
result as the experimental results. The higher preheat temperature and pressure led to high temperature, large size and long flame
penetration. The largest flame size was at 180 °C and 60 psi.

Keywords: Palm oil; Combustion; Flame characteristics; Emission

1. Introduction

Since the Industrial revolution, the energy mix of most countries across the world has become
dominated by fossil fuels. The global greenhouse gas emissions 75% result from the burning of fossil
fuels that are responsible for large amounts of air pollution and a health problem which leads to at
least 5 million deaths each year. To reduce CO; emission and air pollution, the world needs to rapidly
shift towards low-carbon sources of energy — renewable energy [1-4].

Biomass energy, one of renewable energy sources, has played a significant role because it offers
environmental and social benefits. Moreover, it can be converted into electricity and heat by the
most common technique that is called direct combustion [5-7] and become a vital part of the global
energy mix and account for an ever-growing share of electric capacity added worldwide [8].

Several biofuels have been studied to solve emission problems. Hashimoto et al. [9] studied the
combustion characteristics compared 100% C-heavy oil with 50% C-heavy oil-crude jatropha oil (CJO)
blending. The result shows that NOx and SO: emissions of C-heavy o0il-CIO blending were greatly
decreased because the nitrogen and sulfur contents in CJO were significantly lower than C-heavy oil.
Mahfouz et al. [10] studied the effects of waste cooking - diesel oil blending: 0, 20, 40, 60, 80 and
100% on performance, emissions, and combustion characteristics of industrial oil burner. It was
found that NOy, SO; and CO emissions decrease when percentage volume of waste cooking oil
increases. Muhammad et al. [11] studied performance of sludge palm oil (SPO) combustion using
waste oil burner compared with diesel. SPO was lower in CO, CO; and NOx emissions during the
combustion compared to diesel around 34%, 6% and 90% reduction respectively.

According to some researchers, the results show that vegetable oil released fewer emissions
compared with other oil, and blending fuel was less in emissions as well. So, this study focuses on
using palm oil which is a high commercial value product in Southeast Asia.

Considering in Southeast Asia, palm oil production is estimated at 72.26 million tons in 2019.
Indonesia is expected to produce the biggest share at 40.50 million ton, followed by Malaysia at 20.50
million ton. The two countries account for 84.4% of global production. Thailand ranks third,
producing 2.90 million ton a year or 4% of global output [12-15].

According to the US Department of Agriculture data (USDA, 2020), on average, the palm oil
harvested areas in Southeast Asia had grown a lot and led to a huge increase in palm oil production
in the year 2018-2019 [16]. Due to the oversupply of palm oil, the market price of crude palm oil
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(CPQO) went to a historic low. The governments try to lift the price up by using policies such as
biodiesel and fuel in co-firing process [17].

Producing biodiesel from palm oil requires a great number of materials and energy. During the
production process, several kinds of emissions are released and affect the environment [18].
Therefore, using crude palm oil as fuel for direct combustion such as in a boiler or industrial cooking
process is another interesting development. It is not only to decrease emissions but also a way to
help palm farmers.

In a previous study, palm oil with preheat temperature 70, 90 and 110 °C, air pressure 20, 40 and
60 psi were studied [19]. To achieve better results, this study also focuses on using palm oil as fuel
for direct combustion. Experimental and numerical study of palm oil-air combustion were
investigated. An experiment attempts to investigate flame characteristics. Before entering a
combustion chamber, palm oil is preheated 140, 160 and 180 °C with varied air pressure 20, 40 and
60 psi. Pilot flame is used for initial ignition of the fuel-air mixture. Flue gas analyzer, TESTO 350, is
used to measure exhaust gas components. The numerical approach is used to compare flame
characteristics results and study additional results due to an experiment limitation. Computational
fluid dynamics (CFD) ANSYS Fluent software is applied to investigate palm oil combustion simulation
with same preheat temperature and air pressure conditions.

2. Methodology
2.1 Experimental study

Gas analyzer

Oil tank

Air from pressure
tank I

Rotameter

) Pressure
Cooking palm oil regulator

Heater

[0

Rotameter

Thermocouple

Heater Nozzle| '§
controller Combustion chamber

— Pilot flame
Rotameter (from LPG stove)

LPG tank I
| S|

Camera

Fig. 1 An experimental setup diagram

An experimental set up as shown in Fig.1. The fuel supply system includes the main tank for
feeding fuel via a rotameter to control fuel flow rate. Then, a heater with temperature controller is
used to preheat palm oil 140, 160 and 180 °C. The air supply system consisted of an air compressor,
pressure regulator and an air rotameter to provide air with pressure 20, 40 and 60 psi. Palm oil and
air enter a combustion chamber through a 2-mm diameter nozzle. Pilot flame is used for initial
ignition of the fuel-air mixture during start-up of combustion reaction. Flue gas analyzer, TESTO 350,
is used to measure exhaust gas components in this experiment.
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2.2 Numerical study
2.2.1 Modelling

In this study, Computational fluid dynamics (CFD) ANSYS Fluent 2019 R3 software is used. Design
modelling as shown in Fig. 2. A 2 mm-diameter nozzle is used to introduce palm oil. Palm oil enters a
combustion chamber with varied preheat temperatures of 140, 160 and 180 °C at 0.15 m/s. Ambient
air enters a combustion chamber at 0.005 m/s.

Wall: 26.85 °C

Air inlet: 26.85 °C, 0.005 m/s

Fuel inlet: 140, 160, 180 *C, 0.15 m/s

E‘(!CIIFI\L
T

ke 185m .

Fig.2 Combustion chamber modelling

2.2.2 Solution setup

Table 1 shows general and model setting. Palm oil-air combustion model was studied in
axisymmetric 2D-space with energy equation and standard k-epsilon (2egn). To simplified combustion
investigation, set fuel in gas phase. Species transport model was chosen to induce fuel to model.
Table 2 shows boundary condition for fuel inlet and air inlet.

Table 1 General and model setting

Property Value

2D space Axisymmetric
Energy equation On

Viscous k-epsilon (2eqn)
Species Species transport
Reactions Volumetric
Mixture material Palm oil-Air

Turbulence-chemistry Interaction  Eddy-Dissipation

Table 2 Boundary condition

Condition Fuel inlet Air inlet
Diameter (m) 0.002 0.4

Area (m?) 3.14x10°® 0.124
Velocity (m/s) 0.15 0.005
Mass flow rate (kg/m?)  3.14x10° 7.89x10
Volume flow rate (lpm) 0.03 40
Temperature (°C) 140, 160, 180 26.85
Materials Palm oil Air

Table 3 shows fatty acid composition of refined palm oil (RPO) [20]. For this study, the main
content in RPO, Oleic acid (CisH3403), is used as chemical formula of palm oil.

Table 4 shows palm oil property, molecular weight, density, specific heat capacity, thermal
conductivity and viscosity to study palm oil-air combustion [21]. To check convergence of results,
define all absolute criteria in residual monitors 0.0001 and run calculation with number of Iteration
100000.
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Table 3 Fatty acid composition of palm oil [20]

Fatty Acid RPO
Capric acid (C10:0) 0.1110.03
Lauric acid (C12:0) 1.58 £0.05
Myristic acid (C14:0) 4.74 +0.02
Palmitic acid (C16:0) 1.55 £0.01
Palmitoleic (C16:1) 12.50 +0.03
Stearic acid (C18:0) 1.82 +0.04
Oleic acid (C18:1) 76.27 £0.05
Linoleic acid (C18:2) 0.16 +0.06
Linolenic acid (C18:3) 0.08 +0.03
Arachidic acid (C20:0) 0.82 +0.06
Erucic acid (C22:1) 0.37 0.0

Table 4 Palm oil property [21]

Property 140 °C 160 °C 180 °C
Density (kg/m?3) 834.2 825.9 818

Co (i/kg K) 2214 2284 2358
K (w/m-k) 01633 01621  0.131

Viscosity (kg/m-s)  0.003857 0.003151 0.002662

2.1.3 Grid dependency test

Grid dependency is used to determine the optimum mesh for the solution, which is neither too
coarse to generate inaccurate results, nor consumes a lot of computing effort and time.

Fig. 3 shows Oz and CO; mass fraction with varied grid numbers. 15000 grids give similar results
to 23000 grids as shown in Fig. 2. In order to reduce calculating time, 15000 grids are sufficient for
the analysis.
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Fig. 3 Emission with varied grid number (a) O, (b) CO;



89

3. Result
3.1 Experimental results
3.1.1 Flame characteristics
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The experimental results show that the smallest flame size is at preheat temperature 140 °C since
fuel temperature is not high enough for all fuel spray to start ignition. The flame size becomes larger
when preheat temperature is higher. The largest flame size is at preheat temperature 180 °C, air
pressure 60 psi. Higher preheat temperature with high air pressure results in larger flame size due to
more efficient combustion as shown in Fig. 4.

Fig. 5 shows the number of emissions. When preheat temperature and air pressure are getting
higher, 02, CO and NOy tend to decrease but CO; increases.

3.2 Numerical results
3.2.1 Temperature contour

T140 T160 T180

Temperature
Contour 1

. 2155.00
1942.18
1729.37

1516.55
1303.74

[ 1090.92

878.11
665.29

452.48
I 239.67
26.85

[C]

P20

P40

P60

Fig. 6 Temperature contour

Table 5 Maximum temperature

Pressure (psi) 140°C 160 °C 180 °C
20 1661.81 1662.27 1662.86
40 1963.98 1963.66 1963.42
60 2152.45 2153.21 2154.12

Fig. 6 shows numerical results, temperature contour. Preheat temperature of 140 °C shows the
lowest temperature. Preheat temperature of 180 °C with air pressure 60 psi shows the highest
temperature 2154.12 °C. The numerical results are in great agreement with flame size (experimental
results) in Fig.5. The higher preheat temperature and pressure lead to high temperature, large flame
size and long flame penetration.
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3.2.2 Palm oil mass fraction

Considering Fig. 7, palm oil is a reactant that is used in combustion reaction. Therefore, palm oil
mass fraction decreases rapidly and becomes 0 at a chamber length 25-35 cm. as shown in Fig. 7(a).
For constant pressure varied preheat temperature, all the conditions show similar results as shown
in Fig. 7(b).
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Fig. 7 Palm oil mass fraction along a combustion chamber length (a) constant preheat temperature varied
pressure, (b) constant pressure varied preheat temperature (CFD results)



3.2.3 02 mass fraction

Considering Fig. 8, O3 is also a reactant that is used in combustion reaction. When combustion
reaction occurs, O; mass fraction increases slightly due to excess air in a chamber. Then, O mass
fraction rises rapidly at a chamber length 25-35 cm because there is not enough palm oil. So, the air

that enters a chamber is excess air.
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Fig. 8 0> mass fraction along a combustion chamber length (a) constant preheat temperature varied pressure,

(b) constant pressure varied preheat temperature (CFD results)
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3.2.4 CO2 mass fraction

Considering Fig. 9, CO; mass fraction increases rapidly at a chamber length from an inlet to 30 cm
because C is converted into CO, and CO. An increase in CO, shows better combustion and lower CO.
Then, CO2 mass fraction starts to fall at a chamber length 30-35 cm due to no combustion reaction.
Referring to Fig. 7 palm oil mass fraction becomes 0 at 25-35 cm. So, there is no reactant to continue
combustion reaction.
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Fig.9 CO, mass fraction along a combustion chamber length (a) constant preheat temperature varied pressure,

(b) constant pressure varied preheat temperature (CFD results)
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3.2.5 Experimental and numerical comparisons

Considering experimental and numerical results of O, and CO; in case of varied preheat
temperatures with constant air pressure, both results show same graph trend which percent of O,

tends to decrease but CO; increases as shown in Fig. 10(a) and 10(b) respectively.
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Fig. 10 Experimental and numerical comparisons (a) O, (b) CO;
4. Conclusion

The purpose of this study is to investigate experimental and numerical study of palm oil- air
combustion. Chemical formula and properties of oleic acid were used since it is the main content in
palm oil. Experimental and numerical results show great agreement that high preheat temperature
and air pressure can accelerate palm oil-air combustion. Fuel with high preheat temperature can
ignite easier compared to lower preheat temperature. High temperature fuel combined with high air
pressure results in high flame temperature, large flame size and long flame penetration. For
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emissions released from combustion, CO and NOy tend to decrease when preheat temperature and
air pressure are high.
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