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Air pollution, particularly from particulate matter as small as 2.5 ym, poses
significant risks to human health, causing respiratory issues and contributing to global
warming through greenhouse gas emissions. These problems primarily originate from
fuel combustion in industrial sectors. The transportation industry exacerbates the
situation by consuming more fuel and increasing vehicle sizes. Fuel injector wear leads
to excessive fuel delivery, resulting in incomplete combustion and the formation of
carbon monoxide gas. Moreover, rising fuel prices have heightened the importance of
biofuels as alternatives to petroleum-based fuels. Consequently, the use of biodiesel,
such as B7, B10, and B20, has gained prominence. Biodiesel can be derived from various
biomass feedstocks, including palm and castor beans, through the process of
transesterification. Another biofuel, Bio-Hydrogenated Diesel, has also been
developed. Although derived from biomass like biodiesel, it undergoes hydrogenation,
making it highly similar to petroleum diesel in terms of molecular composition,
enabling its use in diesel engines. As a result, Bio-Hydrogenated Diesel exhibits
comparable properties to its petroleum counterpart. However, further improvements
are necessary for Bio-Hydrogenated Diesel, particularly in terms of lubrication
properties and specific gravity, to optimize its performance and ensure its viability as a
sustainable alternative fuel. Therefore, this research aims to study the factors affecting
the lubrication process and examine the properties of Bio-Hydrogenated Diesel. It’s
creating a wear map to simulate the wear conditions of the oil injector under different
conditions. Additionally, the study aims to investigate the characteristics of film
lubrication that occurs. This will be done by testing the lubricating properties of Bio-
Hydrogenated Diesel oil using a High-Frequency Reciprocating Rig (HFRR) according to

ISO 12156-1: 2018. Furthermore, the research will analyze the functional groups



formed on wear from disk using a Fourier Transform Infrared Spectromicroscope and
examine the surface texture of the wear created with a scanning electron microscope.

The results show that adding 3 - 90 % of Fatty acid methyl ester to
Bio-hydrogenated diesel caused the average wear scar diameter to decrease within the
range of 177.5 - 375.0 pm. The average rate of % film ranged between 72 - 97 %, and
the friction of coefficient ranged between 0.125 - 0.178. This is because the presence
of oxygen molecules found in the carboxylic functional groups of biodiesel creates a
more stable film layer. Additionally, polar molecules can adsorb on metal surfaces.
The appropriate proportion for mixing fatty acid methyl ester in Bio-hydrogenated
diesel is 10 % by volume, which meets the criteria for lubricity and other properties
within the standards for diesel.

The research also studied the factors affecting the lubrication process of
Bio-Hydrogenated Diesel mixed with 10 and 20% fatty acid methyl ester by volume.
The results showed that the most effect size, Cohen’s d values influencing lubrication
were load, temperature, % relative humidity and time respectively. When the load
and time were altered with Bio-Hydrogenated Diesel and with the addition of 10 and
20 percent of fatty acid methyl ester, it led to an increase in the average wear scar
diameter within the ranges of 609.0 - 898.4 um, 176.0 - 315.5 um, and 180.0 - 367.0
um, respectively. The wear scar diameter increases when the load and time increases.
This is because the pressure on the ball and disc increases, which makes the contact
surface area larger. For the % relative humidity and temperature of Bio-Hydrogenated,
when mixed with 10% by volume of fatty acid methyl ester at load 200 g and 1000 g,
the average wear scar diameter ranged between 162.0 - 328.5 um and 245.0 - 380.5
pm, respectively. This can be attributed to increased relative humidity leading to a
higher amount of oxygen and a worsened lubrication boundary layer. Also, higher

temperatures cause more fuel to evaporate.
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2.1 dufwadanwdansizii (Bio-Hydrogenated Diesel, BHD)
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L%@Lwax‘ié?nmwﬁuﬁ 2 (Second Generation Biodiesel) (Lambert, 2012)
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(Catalyst) wazviigaumgiuaradnuiugs dieUdeuluanalmlumsiiu (n-alkane) Favedl
FuIVBIANSUBLBYAaUlnaALIN Ut UAwaInUlasIaeL 21nUUIYAIInDaNTLauaan
= ¢ v aaa = aa ) . & a
910 Insndiwelsanlaufisenlalasfeanddudu (Hydrodeoxysenation) uanainiiaziin
NaUASe1gey Ao AA1TUBNGLaT U (Decarboxylation) Wagd A1 Uad Lady
(Decarbonylation) HaWN& A7 LA IIANTLUIUNTT AD WINUALGATINTNEILATILH
(Bio-Hydrogenated Diesel, BHD) %39 unsiuiivifulalasiau (Hydrogenated Vegetable Ol
HVO) (Dujjanutat, Srihanun, Muanruksa, Winterburn, & Kaewkannetra, 2023) (Omojola,

Kallon, & Pelemo, 2022)

Triglyceride Hydrogenation Deoxygenation

?HrO{O-C:‘Hn clH,o-covc H 2y 3CH,, +6H:0

17' '35 Propane Loss
+3H; +3H,
clu-o-co-cpHu — cln—ovcovc”H,5 —> 3C,H, COOH + CsHs
CH-0-CO-Cy7H33 CH,-0-CO-C_H 3C,H, +3CO;

17 '35 17' 36

Decarboxylation

'gﬂﬁ 2.1 Ufsenlalasiuudu (Hydrogenation) (Shah, 2021)
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o U . nald
y o 139 o #n17dINU R
UUu — 39 o men BHD 91994
usnsen e mugnsen
ufnsen (g) (%)
360 C, 3.3
Ni- C. Liu, Liu, Zhou,
v L. MPa, LHSV 1h"
wduayen | HPW/AL, 10 99.85 | Tian, kag Rong
! H,/oil 600
Os (2013)
Nm?/m?
350 'C, 4 MPa, Y. Liu, Sotelo-
Ni-
v L . LHSV 7.6h™, Boyas, Murata,
WLUdEYM | Mo/SiO,- 1 83.5
H,/oil 800 Minowa, Wag
Nm?/m? Sakanishi (2011)
350 C, 4 MPa,
Ni-
v LHSV 7.6 h', Y. Liu et al
Unsiualuan | Mo/Sio,- 1 81.4
H,/oil 800 (2011)
ALO;
Nm?/m?
350 'C, 4 MPa,
Ni-
v L LHSV 7.6 h', Y. Liu et al.
WduUan | Mo/SiO,- 1 82.1
H,/oil 800 (2011)
ALO;
Nm?3/m3
300 C,
30 - 50 bar,
v o . | NiMoSyy
REUGINIRIEY 8.5 LHSV 1 -2 h', 90 Srifa et al. (2014)
-ALO;s
H,/oil 750 -
1000Nm?3/m?
Kaewmeesri,
330 C, 50 bar, Srifa,
o Ni/ V - LHSV 2 h't Itthibenchapone,
Tusiuln Y 8.5 84
ALO; H,/oil 1000 way
Ncm?/cm?, Faungnawakij

(2015)
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BHD Standalone
Deoxygenation Hydrocracking Distillation Isomerization

H, l l—b Light Fuel
—_— —» Kerosene —» — BioJet
Vegetable — o
oil : — BHD — — Iso -BHD
H,0

Hydrodesulphurization
— co,

Light Fuel

BHD Co-Process

Heavy Gas Oil
+

Vegetable Oil Co Process Diesel
(Diesel + BHD)

Sulfur

JUN 2.2 walulaglunswamhdudamadsdinmdunsien Fauaudsam, 2556)
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AN 2.2 ﬁﬂJ‘UW?J@Qu’]ﬂJu@LGUaGU'Jﬂ']‘WﬁﬂLﬂﬁ']%ﬁLLazIUIE]@LGUaLVlEJUﬂUU']ﬂJu@L‘Ua

AnaudATudaWE Diesel BHD FAME  J5nesau
ANUVTAYaUAIERS 0 gl ASTM
3.12 2.58 5.16
40 °C (cSt) D445
o A ASTM
AIUNWNIWNIE U BEUNNN 15 °C 0.830 0.770 0.850
D1298
AMUVUILUY 0 9Nl 15 °C ASTM
829 769 874
(kg/m?) D1250
o A ASTM
AYULLNU 59 78 48
D976
: v & A ASTM
AIANUTDULIBLNGS (MJ/ke) 43.48 47.02 39.62
D240
L SO 12156-
ANTR8ENNTD (UM) 220 570 180
1: 2018
oaumgiinsnauvesdiuiinduldi
Y R 222 220 336 ASTM D86
Sovaz 10 lngusuns (°Q)
gaumgiinisnduvesdiuiinduls
y . 280 258 356 ASTM D86
Sowaz 50 IngUsunns (°C)
oumgiinisnauvesdiufinduléi
Y - 334 274 374 ASTM D86
Sovaz 90 lneusuns (°C)
a1l (°C) 65* 87 169 ASTM D93

*(Hossain, Chowdhury, Islam, & Alamin, 2012)
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(Fatty Acid Methyl Ester, FAME) %30 Lofiatoainasassnsalusiy (Fatty Acid Ethyl Ester,

FAEE) wazlunszuaumsnanilaglandiwesea (Glycerol) Wunanasslel dagui 2.3

H,C - OCOR’ ROCOR" H,C-OH
| + l
H,C-OCOR"  + BROH =22 ROCOR" + HC-OH
| + |
H,C-OCOR" ROCOR" H,C-OH
Triglyceride Alcohol Alkylester Glycerol

JUN 2.3 Uit maudieanasiatu (Transesterification)

Y
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2.2.1.1 duseufjisen (Catalyst)
#Ls9UFATeR I lunszvunmaudieameslintuaiunsanus
sanlu 2 nay
2.2.1.1.1 fusesufisenmaedl annsanvseandu 2 suwuy

nsesaUf)Asenenitug (Homogeneous catalysts) H0e1949u

1) o4 (Basio) LI ug Uuuud Touunlduini an dog1919u
lonenlansanten (NaOH) Inunadeulansenlan (KOH) wag laisun1suaiun (Na,COs)
Dudy

2) nsa (Acidic) A78819.0U nIATaia3n (H,S0,) way nsalalnsaassn
(HCV) (Judu

n15439U4A38713750W g (Heterogeneous catalysts) A798199U wAaw@euoanlyn

(Ca0) uunflideueanlen (MgO) uag Inunaideulunsnuuagiiul (KNOs/ALO:)

2.2.1.1.2 fseUAsemayInm
1) oulgsl (Enzyme) 1usaissuisemisdanindinisian
Anwlaliui ansavilviuiansladeuazdnisiinay (Soap Formation) Ntaeni16iLss
aaa Y

UA5e3uuvuduwaldiaanlunisiuaseniuiuuwasdaunuiige dregravu laa

(Lipases)
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L | 3waudauss | annae nald
y 139
undiu o Ufizen dmsuiin | FAME 81984
unnaen .
() unnaen (%)
. Shuit, Lee,
Y o e 60 C, 24
WINUAYAN H,SO4 15 99.8 A Kamaruddin, Lhag
Yusup (2010)
Chitra,
v oo . 60°C, 1.5 | Venkatachalam,
ULUaYAN NaOH 1 98
h ey Sampathrajan
(2005)
‘13133’141]15& Cao 7 87.5 65 C, 3 h | Chen et al. (2016)
. X. Liu, He, Wang,
Y o & 65 C, 1.5
WU WNFeY | Cao 8 95 ] Zhu, wag Piao
(2008)
Moradi, Dehghani,
Yo 4 oa . Khosravian, uag
UIUUNINADY KOH 1 93.2 60 C, 1h
Arjmandzadeh
(2013)
Y L X e . Hoque, Singh, Wag
Ungunelaua | KOH 1.25 88.3 65°C, 2 h
Chuan (2011)
o . Hoque et al.
Tugiulna KOH 1.25 89 65°C, 2 h
(2011)
¥y oL . Rashid ez Anwar
UNHULTUDR KOH 1 95 - 96 65 C, 2 h
(2008)
vt ] Antolin et al.
. KOH 0.28 96 70 C
NIUNLIU (2002)
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5) fiAnganuluiiige

6) asrnelabiuinuasnsiunisldivunluingiv

2.2.1.3 Sadevenidululonea
1) nsuaseiwlunsaeanlan (NOx) qaﬂdwﬁﬂﬁuammﬁﬂﬁaa
2) fadosnmifesninisiumioa liuusildfuihsululomwealusses

g17 (UANIN 6 LABY)
24
va A }2 =
2.3 ﬂlIUGILUENWUGUEN‘LUIE]ﬂLGUﬁ
2.3.1 ANUEWIUNE (Specific gravity) a aunndl 15 °C
U
BMNINEIUTEIINANUAUN ULV DIUIUALTAADAIIUNUNUUYDIUIANNUIUBA

DUSUNAUVDINAIIULTDENAS UINANUAUUUL A NUINALTANG19TUANUSDUNUINTUR Y

TUae Tnsvrdululefeaii duoanaaoa ANA199EAINA 1AL ATAITUVUILUUN 1 D8R 1L
=1

wnsgrududieavgiinnunuiniueyi 0.81 - 0.87 35NAaaUAIUNINTFIU ASTM

D1298

2.3.2 aAnunila (Kinematic viscosity) a4 aungil 40 °C
ANNENNSAbUNSINUUNTS laveslranidsen1vusvsevionIndnnumiai
gufuluavdmanions@adunesvewidaluiesniivll vilinswnludliavysaluanind
AuniiafisnNazdnanenisiianisdnrseveunieseudlanuuinsgiudufiwassdean
A o [ = & < a ° [ d' &
ANUnia 1.8 - 4.1 ¢St dmsuinIessudfganywiiuazliiu 8.0 dmsuiaiesgudsieg

MUHATINAdOUANNINTZIU ASTM DA45
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2.3.3 A1@9wu (Cetane number)
AwanIUsEANSAWlUNSIN sl (3383L’;aﬂswdwmiﬁmaaﬁwﬁm%L‘waqL%ﬂ

] [

& ENLN’]IVHJ) mu’gum%muaamemmuammwmsmﬂw %@QL%@LWﬁQWl@J@ﬂWi%WH

UniufLazdl IW%LV]UIMGHWJ’] 45 uay 50 a'rm‘uLﬂiaaaumL%amusmLLamuuLimmmmu

FeiRSvareUALARTEIU ASTM DIT6

2.3.4 yalviam (Pour point)
qmﬁqmm:ﬁﬁﬂqmﬁﬁwzﬂ’u'«ass‘]’ﬁmmsmlwalé’mﬂiﬁﬁqmmqﬁﬁﬁﬂdﬁ‘ﬁﬁmum%

aamaumumma@mumaLﬂuumumumm%mumummjaa QﬂiﬁﬁL%lﬁﬁjﬂﬂ’jq 16 iay 10

dmdueessudfisavsutiuay v umud it aaounuinnsgIu ASTM D97

2.3.5 wngsnmsdanisiinufiseneandatu (Oxidation Stability)
muAsiiensinufATereendinduiiuarfivadisnnuaiesvesinfude
nsgneendladniefaniiz fidslifiniseendladiind unuannsguindufisaasile Aliias

1 25 g/cm? dvsuiedestudway TS UA LIRS ASTM D2274

2.3.6 3n Ul (Flash point)
| a o = | = Y Y o9 Y% o a
Argungdangad sllailnaumielovasnduuaiviliundudaluaiy

wmsgruindufeatziganulnlisngy 52 oC IaneaaumuLInggIl ASTM D93

2.3.7 duUAN1SRADAY S98ENKSD (Lubricity, Wear Scar)
auuAn1TVaeaUILANNTNAIUNIUNNTANNTONUTNALAZNITAE Ban15an
ns0zuanslujUTesseunsansenseLloveslindiunIoeudvsoinosdnsnannseniy

wnsguiufeafssesdnusaliiiiy 460 pm FIBnaaRUALNIRTEIL ISO 12156-1: 2018

= =
24  wngulnslulag
Inslulad (Tribology) 1un1s@nwingAnssussninansduiaiuvesiuiiianaes
a aa a a a o ¢ ' a Lo =
yilaiinnsiafeunuaziiaAuduRussEnININIsdean U (Friction) NsEnnse (Wear)
LarN139aea Y (Lubricant) “Tribology” gnuaduaswsnlaednidndy1i8engy David

Tabor Fadudisndwiunainnwinin tribo wlain 9ng wae logia wladn n1sAnyIves

Inslulagianudfgysoguainnssuiivainnaieugaannssunisdugilans ms

UFulseiueanu el uargunsallugnaInnisy nasnaun1sAIANITaeNen1sidauYed
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¥

FudrugugusgayanlunsiudsuniedenUnsiAoutegavisensideANILATIINITEAN

wsevannIoslionaziasiniedlododldlunisiaudaduaivgvasnisiuduyulunis
Wasuasealowaznsldussliiuguasiy nsmivaudadeiiliansdeaniunianisdn

' v ' ¥
(Y L a a =

W50URINTATUNTaRNINWEEUN AT WITasatIvanaNdsmeaninsiulagniinuy

wazanfunuadla

a
N3LALA
N

—

nsTulatl

\

=
N1TANUTE N

o
nTNaRau

U7 2.4 nuiilnslulad

2.4.1 nmswdeaniu (Friction)

(%
=1

ANSLAYANIU AD NITHIUNIUVDILITIFBNITLAR BUN AUNNT TLNINI@DINY

[

Adudalagnsadenniuasiifianienssiutiuiunisieaaunve syl Taniueiounas

. 44 a < 1] < 4 , & &
anwaznsiedeunionainvinnisaulaa (Sliding) wien13nas (Rolling) vesaasiuRlangns

¥ [ '

v v v a a0 v A r-ﬂ'

Ao uildueadulaiulngnsmIedvoamal Hauey senineiulimadinisindoudn

yananddaiuraniseasunnianinisaulaaraznisnaslnsaunuy Fan1sianisi@enniu

dy a o 1% 1w a Q‘ = N . . .
YoaiURYIAlAIINN1TNITNIAFNUSEENSUSAEuANIU (Friction coefficient, )

U = (2.1)

F A9 wSAganuinndu

N A9 h339nT2yinluLLIfgIn
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SULUUVBALI L AEANY
1) wsadamuiiiinainaiusdeaniunisuen (External friction) 3saziin
wsadsanulugusuvaiingeaans (Static friction) waguuuaalmans (Dynamic friction)
ST A
2) wsudeaniudiiinainaaudeaniuniely (Internal friction) @ 1aziin
usadeavnuvedlalanavesansvdeau
2.4.2 Msannsa (Wear)

nsanuserdunisgadeilonasinduiavesiandadunaniainnsidans

doanansinfoun Iag nMTAnUIRaINIsanTUlAnTRLin1Td0 AUDE1ALAIANL

NTEUIUNTANNTOAINTATILUALY 4 Usziam
2.4.2.1 nsanvseuwuudafn (Adhesion wear) 1Jun158nnseNiinann1g
imdeunlukuiloa (Sliding contact) waginnisgiuauinauiAududa (Contact stress)

figeumiingn Yield stress vasiamsiliifinnsnemvosqaidiose (Spot joint) szwinatan
2 Fu vieFunininns (Cold welding) winszvinvadluianauazorneuseinsgdudadiia
nsdngazanansnuenuiodnunvesianeenainduanuiliinnisiedeudl feazdenalid
ounavesiandnusesanuilasdaivnainnisdarinaed ui daunidadesiAuly

Tdanussdulvuaznisilvan auinaul Wudu

| M

JUN 2.5 nsdnusewuudaia (Adhesion wear)
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[

2.4.2.2 MIANNTOLUUTAA (Abrasive wear) Wun1sanuseNiinduilodtng

q

A PR [ 1 . . a a i ’5 LY oA 1 I
¥300UNIANLAINTILINNTT (Abrasive particle) Avanusniiogludiunaeau 1y Hung

'
a0 1

nevseiaulany dnsedefiniuseninedan 2 uauieTangnideusanluainnsyaiinlag

[y

neseaunIAnfinuudege Fanrsidneuniavsedanysnaiunsavilalaenisnsense

N5 AT ULNTUTEDAUAIUTLELIAINANUA

Two body

A

NaR%
e
/\/_\/\/‘

JUN 2.6 nsdnnsauwuutng (Abrasive wear)

Three body

2.4.2.3 N1SANNIBULUUNNTAN (Fatigue wear) 10un1s8nnsefiina1nn1sa

(%
[

Yan 2 Ju \iansdudadiuasediuiuasann o Wuigdnsaminnisdnnseduiannigld

q

Y o0 8§ va o _a A P Aa Y]
pudwhliitaniivgurselisesusn unnsn (Crack) NidvoeTan

— _r\/‘“‘\/"l

l

JUT 2.7 n1sdnusewuun1san (Fatigue wear)
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2.4.2.4 msanusanuulnsiuaiineanseanisinniay (Tribochemical reaction

v v Y

. & = a a aaa = J a o 1 oA
wear/Corrosive wear) LUUﬂWﬁﬁﬂWﬁ@%Lﬂﬂ%’m‘UgﬂiU’]LﬂﬁJiB‘VI’J’NN’J’Jﬁ@]@lﬁﬂwﬁﬂUﬁ’]ﬁfia@au

q

Ly

lusgninsiandudaniglinnuiuainnisioui suilduamvaeauviliinnisdnvseunn

Ju eswinufisenaddsdrulngaziiunsadiisomiaadszninasiangou

' |
2 =

(Corrosive agent) uazianfigninnseu (Bulk material) Fauiiunlauiansoussiuieuile

[ I
2 2

Janlvinanelutuiauunagndninnisgdudaasiibinaunsedumelugiluises o e

q

[y [

Tannaemeluises o wWudeaiu

od 2

JUN 2.8 mMsdnuseuvulnsluiniiaeavsenisianseu (Tribochemical reaction

wear/Corrosive wear)

2.4.3 nsvaeau (Lubrication)

N131a0 AU UNTZUIUNITUIBMATAT LTI UNITAANISANNTDUDINIFUN AFDIR7

(%
Y

mafeunduimsiulagldasndefuussseniidulaaesiliiodiefun1seseniei e
Faansuaedusnvegluguuuufinau 91na JULUUTeRVa Iy Uiuvaedu JULUUYeLDS

A NG UarFULUUAYRITIURLIAT 1YY 9150

lunsavialuniseiinseviazgnisssuditoanuduias1stunieluvesiva

\WosnanudumueNundawazksuduaniuiiinainnisindeunivesedlnasening

v o

a I A A A o § v ° ¢ & Y oA a =
NITUNE miwaaamf]L‘WENWEW]’]IMMWI’N’]WUENQUMQJLﬂuiﬂiﬂaEJNmaLuax‘i LNANIIANNTD

[y 1Y

Weadntey wazUsAnanuduiniuly mnusimannsvasiu lavenseingidng

Maghanedninguilauinanuseularaudsgnu

JULUUYRININGRY

[
= =

ANuLdgAMUTLAaT Uil sURuUTLanas ua it duavesian iianis

Fond Fawuslamuan1znisrasau (Regimes of lubrication)
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2.4.3.1 annl¥n1snasau (Solid lubrication) iuaninzn1srasauniindy

LY

4:4' = o i~ I A o g va a a = |
%)) G]Q 2 YU llf}»lﬂﬂuiﬂﬂﬁiﬁlﬂﬂﬂjusﬂaqaqi‘ma@aUW'ﬂWLﬂﬂﬂ'ﬁl,aEJ‘VT']EJ NIDATNIFNNAIDBY N

2.4.3.2 @N1I¥N1IVARAULUVUILANS (Boundary lubrication) uan1igns

¥
oA ) o o a =

Aa A’ oas A a X a d o Vo
4310) UWNGUUINLaQasﬂaﬂaqiﬁa@auLTJ‘UW@@J‘U']\‘W]‘UiLQﬁUWUN']VIsU@Iﬁﬂu‘W'ﬂWFNﬂﬂllﬂ']iLaFJﬂ‘Vl']u

o
v A 4 Y ¥ v 1

waznsanusslutuiantnvesianmuduveunazddmwalinindusewmquuuiadetuidy

£ (% [
= ' o

YoasraeduiAnYusEINtuliganusewmau v ivaiunsasuivan (Load) lagwind

a1 A

Y o A a | ) - = | va ) L ~ P
widdusansgyisnniiuluniduanumiladenianas Aazdwaliiivesian 2 Fugniud
MUY 195IL5 ez A a9l T na11ulun I STULAA DU NLINT Y AN1IENNTNEDA ULUY

A3 gnTenuaie I Iuui a1 s2505UMeTaUINTaIN LR ILNUTINE TS UAILETS

videdy

2.4.3.3 anmynsvasaunuuanysal (Fluid lbrication) iuanmgmsvasduy
wuuitduvedlua (Fluid film ubrication) Ssasdiftmesian 2 Tugnuensenainfulasauysal
dheduitdurosmndoiu tullduvesamaeduazeglusures (Hydrodynamic lubrication)
way (Hydrostatic lubrication) @91 2 wuuiaylifinnsdudatuvestans vhlrdusadoaniu

WATNNSANNIDLBY

'
a =)

1) msvaedusuubalaslauifin (Hydrodynamic ubrication) Wimile

(% 1
(3 o W =

A157E0AUYN LN AT A LU UNUIN BT I ANANNANFINT DS INUYDIVDINADIVI AN URIVD

(2 1 ¥
a = [ v 1 !

a0 2 Juifinnsiedeuiueneonaindulasauysel Fzdusgiuanusiduivsseninaes

ade

1%

NUR? Auntnvesunduviasau 1as wazeedinaniely (Clearance) SenINaRIEUNA

<)

2) nsnasauuvvlalasaun@n (Hydrostatic lubrication) t0usuUnuy

Y

1%
v v [y o w1

#igvIn1srasdukuulalastauinAidulaveian 2 FuweneanannfuneNaNUNT WL

q

o ' v
a a =Xx a

LANANATUNANNLAATULNAIINAIAINI DWSIAUNUIINATUNDAUIITU NISNEDAUBUULIE

[ 1 1
= o U o w a

JUNULTIP UYL TUN AN TNLAEYRIINen e Tus s R AU
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2.4.3.4 an1gnIasduwuunsauysal (Mixed lubrication) #3880119¥013

oA a X A o oAl ¢ a . . Y]
RADAULUUNGN LNAYULUBUFN1ITAITIVADAULUUUIIUATT (Boundary lubrication) W&uNU

a

anen1svasiuLuvanysal (Fluid lubrication) WnTuileansvaeduiidiaiaimvazasly
nsasduRaniinuudwssranisidouiiiiunn Jzlunafdeaduuszdnsnisideaniu
waznsanusaiduaniiziinsznssiegranninginmuniandarafnuuiiuiuindu

a Ao ) 1 I~ 14 A v v o a a [ 14
‘UﬁL’Jﬁu‘Vli‘U.ﬂ’]izL‘U‘usﬁ’eNLﬂ@UsUUWUIﬁﬁWiMaE]GUIﬁaLEU']VL‘UIW ANILAABDUNVBIN IFUNTEIINY

v '
ol aa o

Ausuiinnnsiva adussanilonuniduda Tuuisusnandanuduegs anumis
YDIA1TNA 08 UOIIN LT UDEHIIUIN 1581771 N15Naed uwuudatalalalastauliin

(Elastohydrodynamic lubrication) Adui@seningingiasmsaidurovaimnsaintula

[
= = U

wonanfianeiiintuilezdnsaduilasuaauyseninsduusyans nsideamuuesns
ndvestan 2 Fuivduusydvinmadoanluturesasudedu
2.4.4 Stribeck Diagram

Stribeck Diagram ﬁ]3LLamﬁ’JaEJ'NEULLUUMWE{@%U (Regimes of lubrication)
Yoa90dianuss Fadunsndonsynineduussansusadonniu (Coefficient of friction, )
Ao ussluwwduiareusdlutuisiean suiusiEmae (Dimensionless duty parameter,
ZN/P) wdle Z fie manundle (Viscosity), N Al aanuisa (Speed) waz P e 1nan (Load) 1du
1A9U04 Stribeck 3LdUlAIUDY Stribeck-Hersey G?fqgﬂé?qmm Richard Stribeck Lag Mayo

D. Hersey gnlglunsiunaudfvesninndennuseniniduiaaasia

A
Boundary Mixed

.. . Fluid friction
friciton | friction

NP

I
|
| ) ban)
| )
|
I

Coefficient of friction p [-]

n -
p

Hersey number

U 2.9 Stribeck Diagram (Bergmann & Griin, 2016)
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25 nwmiaé‘mwuﬁléuuw (Thin film lubrication)

3

oA a ¢ a I A4 A a a 2 v a
N1SNADAULUUNANUNN AD ﬂqi‘waaau‘ﬂLﬂ@WﬁNUWﬂGUUWWUWIULNmiLUUWUIU LAMNYIN

Ufiselnsluafisznineiiuialavs wez Ufudemdsiiinsalvdulidudninedndutuild

*

[

a5 ARTULY AN1EN1SNERAUNWANG1TU TAeTDIAUSLNaUTDIYRLAlE A NYA

ee

Wudduwiadu Fluid film Ae Aauflanatatuaunu1vasilauindy dosrusenauved

¥
= 1

uiudemdsiugiudundn Ordered film fe fduiiogs¥n319 Fluid film wag adsorbed

Y

film 1AATUTEMINNTZUIUNSINSIUTAT BIAMUNUNIVLEFUNUSAUANUATA YUIA LAZIIVD

luanafiesdUsznavveaundui i nandnvuzvesaielglalasaisveu sauluds

d1uUs¥NaUTRIdU 9 uag Adsorbed film fe Aduiiogfnniuiuiilaneg dosAUsznouTes

Y
nsnlsiundusi way @15UsznaulietnWURATeAUNURY (Ge, Halmans, Li, & Luo, 2019)

a

LARIUIULUUN59180998398713A (Hardy model) JUN1 2.10 Gaasdusznauiinisdnguuuy

' ¥ v
a = Y o

AuveUlANINded uLarauTATIinTuYesva Uty o luanaveunalszgneadulifu

=

fuiveringauguetlnsly uay gnasis@ududy vilvienuvunvestuildy Juegiuvaiy

[

2y 19U A113L57 AUUTla LazAMURUYDIYRIMaNTUAY FaFLUSNdINANIENUADNNS

d' a ¢ q' a 3 a o & a A N ] )
ﬂa@aULLUUV\laNUWQNWﬂWﬁ@ 3] ﬂ"JqﬂJLirﬂUﬂqiLﬂaQUG]’JGU@QWUNQLu@ﬂQWﬂLﬂ RIIRNIANY

v 6

Ufduiusseauliianamsiivivedluanaiasdivaanuiiing

ﬂﬁﬁLUﬁﬂuLLUaagﬂwaaamwa'aﬁlu
1) am’gzmwda?{mwuamgmﬂ (Full film) Ae desAUsznauwes Fluid film
Lﬁuaqﬁﬂ3gﬂauué’ﬂﬁﬂﬁ%3umam7\lﬁuﬁﬂamwmﬁaﬁﬂﬁauﬁﬁamﬁﬂﬂmugﬂLLUUGUEN Fluid
film
2) @119¥n15MA A ULUUA sauysal (Mixed lubrication) w3 Thin film
lubrication flaerUsznauves Ordered film ussUsznaundnsemumuivesiiduiiaue
3) @n1en1suasAunuuUItai3 Boundary lubrication) LAAIINNTAATE7

1Uv94 Ordered film wazil Adsorbed film \HussAUsznaunanwnu
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17717777777777717777777777777)77
!{{!{(![([[(f[{!{{ﬁ(!{{/{{!{{{

Fluid film

Ordered
film

£

DA

Solid surface Adsorbed
film

SUN 2.10 wuuTaeINIMAeauYeansal (Luo, 2013)

N15UsEnAliU0INITVa DA URUUTANUN a15aanusudennu wag n1sdnnsed

v v
a =< v A

Windudududrulugiusudfiinisind eulnd wWudszdnsnin was gaengnisladau

(Patel & Deheri, 2016) 4aNINLLIAUITAYIHAIVANNITNTEINYANTOUNLAATUTENIN

FudIeUEUR anANLLEseIN YU lawiuly

2.5.1 nMsUFuUeaNsideanIu (Friction modifiers)

An15leas asne e tus29T0 1915 wazti U ulusr9va1enedssy 1970
dl' & o v dl' ‘: 1 ‘:l‘a' ‘5 ) = dil’ a U
wegauszadvilinisimdeulmluiudufdwulesiunisdnnsovunuiivesansdesiu

(%

NTAUEANMAEATINUNURIYDILT9R9EIN TOUIBAALTUALANIUNS DL ANUNEDAULAZ NS

= = a a a vo o o & a -} a
GIRVER] 3'31]1‘1_]@]@ﬂ']ﬁLWll“LJi%aVlﬁﬂ']WIWﬂUu’]@JULGUEJL‘WENLLagﬂqi‘UigWU@quuLsﬁ@Lwaﬂ
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nsvsusnsdenniu wisesnidu 3 Usean

2.5.1.1 sun1auilu (Nanoparticles) daduarsusznouaniveu lans lans
genled laveasuaiun wardy q luwungae 2 - 120 wiluwesifieanusudeanuias nns
Fnusefiintuagiumnmdundn auin sUiaazadudy nsanusadeaniuazfuna
nmainmsdae n1ands waznisahaduiidudedestu

2.5.1.2 e93n1luludfA s (Organomolybdenum, MoFMs) @15Usgnaumnan
Usgneudae daulesuasrleaetadundnumauilududatuieaosiniiufivesingd
ANY5VTELAA ouT I AU ulndud Ty lalvloa1sunun (MoDTO) way MOS,
Feansusgnevluduitudunidanunsoviauiududingdladafalsloneainn (ZDDP)

] o

éfamqﬁﬁqgﬂumﬂﬁfﬂuﬁwﬁum‘%aaa&J"Nm’;mudauﬁ%ﬁﬂﬁﬁﬂwﬁaqwamw‘uﬁmf\]Lﬁm

—

[
[y

Fuivdwinaeudseey 9 gnanuIinalunisldauly
2.5.1.3 n15U5uUgenstdganiudunie (Organic friction modifiers, OFMs)

Usznause msueu lalasiau sondiau waglulasiau Jsaveyluvyjues waves weanosed

(% ~
Y Y

IS L3 s aa [ ¥ b4 [ s IS
woilu wolud nsaasuenddn Wumu lassasduanaduaelylalnsnisueueniuasivin

anunsagedulduuituinilangiieusaiaenserinatakarnsesislasasusuaganaidniu

[
v A a

lugsannsaazaglulaeglunnmingifiuiuiuiivedansalgusawiu nesnad

a @& o as o Y =i - = = A a X
WA UTUNANNAUN WQE‘UV] 2.11 LWDAALLILFYANIULAZNITENNTDNLNAVU

Surface

. Hydrocarbon

‘&“-’ Polar head of OFMs

Surface

1211 NsUSUUTINsdennIuBunId

=b.

U

CaNl
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2.6  N5AATIZIRANULUTUSIU (Analysis of Variance, ANOVA)
M3ieszranuulsurudunissioiinssinsadfiionnaauninuuane1 9o
Uszannssaust 3 Usznnsiull auumnanslugudedsvesurazlssansineasiinns
Wasuisuaeasuesseninassansuasnslulssnnsiientiu Sannuudsusiuiaun
AD NATINVDIANULUTUTIUTEWINSUSEIINITINAUAMNLUSUTINA18TulsErnsRedniu

TngaganinarIuAszautsdaAg (P - value) wagmuunszautivdiAgy (o) Tauindain

4 1 A | I 1 a 1 [ 1 A v o IS a ! Q’lj
UBYNINNIBNNINY 0.05 AB ANRAULANANNUBYNNUBEF ALY Im&maumgmmmammdﬂu

auufgIulunsTiAgIen
Ho : M= Mo
Hitpi# Mo

[

& A W ° A o cs' A a ¢ A a & |
FIUNRANNITATUIUNENAUAIUAIT NN 2.4 IWBILATILNANULUTUSIUNLAAVY LYY

o

nau A mneadanaaay (F) 11nn3A13NG0 (Fraa ) IUEsauufigiu Hy wonand

v v

ansamIAsEAULBdIAY NENN1TN 2.2
P—Vatue =P (Fafl,ab(nfl)) (22)

2.6.1 M5AATITHAMULUSUTIUNILAE2 (One-way analysis of variance)
[~ a 1 .:4' a 1 [y} =
W UN15UTELAUAILLANFNNYBIUTEUINS LA8NUS LB INTAITULA NG 1A UL N
ANWAULLALINTDLUNNTYINNITNAABITL NS 8T LANFAINEIU LA BITIENARDUTE NI

AadvusLAazUsErInslaentadenu 9 onvazlialavatesyau (Treatment)

2.6.2 N5LATIZNAMUYTUTIUADIN9AEI (Two-way analysis of variance)
[~ a 1 A = 1 [y
WUNISUTLEUAMULANG19UDIUTEB NS IA8NUSLYINTLAMULANAA UADS

ANWULSDIUNITNAARINTTENLANAN N UADIUTY

ISR

2.6.3 nsU3BuliisuLdedou (Multiple comparisons)

I a ¢ 1 ! al' i = N ) !
LUUﬂ']ﬁ’JLﬂ’i']%ﬁ?’]ﬂ’]LaﬁEJQV]@JFHLﬂaEJ“U@QF]’J']JJLLU'ﬁUi'JUVIhJLVI']ﬂU bYU

1) Fisher’s Least Significant Difference (LSD) LU 8 UL UNAA 1958113
AwdevosUszansuiaze lneidunsdu Tdfunquussnnsifivuawingu
2) Tukey’s Multiple Comparison test aztUTauL7isua21835Ina1ABIRU LSD

widzanunsaldiunguusEsnIndvuawiums o ki



AN 2.4 NISIATIERAIULUTUTIUADIN

aIAUUSUSIU NasIUN1a9E049 (SS) 29ANDde5Y (df) NaTIURNasERaRaY (MS) AREnn (F)
a
2 2
. Yoo Yo SSa MS,
nax A SS,= -/ = a-1 MS, = — Fo——
bn abn a-1 MS¢
i=1
b ,
\ yj..- Y... SSb MSB
nau B SSg= _— b-1 MS, = — F=—
an abn b-1 MS¢
j=1
A (n-1) >
AUAANALAADU S5 =SS.-SS. -SS ab(n-1 MS, = —————
E~2°T2°A™-8 E (a—l)(b—l)
a b
2
, Ve
WA SSy= yo-— abn-1
Y abn
i=1  j=1
o)

y; P9 AduNARDD | AREUUT |

yi y; A9 HATIMANERNALAIN | kAL ADRUT |

Y- P8 HATINTBITDLATIINNA

a AB UIULDD

b

o v ¢

b A9 IMUIUADAUU

n Ag IMUIUTBYATIVIUA

ve
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2.7 wumendwa (Effect size)
yundndwailunisinvuinvestoyaviadf MAntuainnisidsuulasweasinys
Ausiafuusa lneszyuduliunamesuniunnd1aiuseninngy daaunsaauinle

A1EIBLUITMUNLG 3 1nauet (gnuadue, 2553)

1. ¥eudesiu (Confidence interval)

2. gUINTFIUVBIAIULANATS (Standardizes units of difference) @13150
wilFnmldananuansseseiadsszninngumaae s udsuunnAsgIuN
auwUssusin midwaldesndusuuslimie Ssiiiinadlddnmily ordidu gnsan
Cohen (Cohen’s d) Glass (Glass’s A) Way Hedges (Hedges’s g) #1088 14gATAIUININ

Cohen’s d euaun1sy 2.3

d= e (2.3)
S'D'|oooled
(n;-1)s.0%+(n,-1)5.05
S'D‘pooled: - —— - (2.4)

(ny+ny-2)

il
X| X, A9 ANRRLVRINGNN 1 wag NgUN 2

S.D; wag S.D, Mg @TEUUINATIIUVBINGUT 1 WAZ NGUT 2

3. a@nen1sidiusineesnulUsUTIU (Variance accounted for statistics) e
n1519n153LAs181 AINBUSUSIU L1 ANOVA LagasA1uaumn Eta squared (N?) %30
Omega squared (®?)

N15LUSANUYDIVUINDNENE (Cohen, 1988)
d < 0.20 Ao AnavUIALBELIN
d = 0.5 Ao AnavuIAUILNAIS

d > 0.80 A9 AnavuAlAgUIN
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2.8  9UILNNYIVDY

a

Lacey (1993) WAUILNUAINYDINITANKTD (Wear mapping) M1LAAAIALY BLWEY

=

Wne-1 Ilinsuaeduiisndsdmanannununiuresgunsalifidameinios Cameron-Plint

v
N LY v s

Tngnageuianududuivduaz Inaniiunnsinaiuluangeinia ufdlulasautazsuiuy
voshsiuiildanssudamstanseuluannzeinia iteaunsndnvinaduilsddulagag
n¥oufuuardeugniosudugiunndsdu wuin Wemmduiuduiliaadeduni
AuinawwesseBfisduan 0.32 - 0.48 Inanfiiivduidsnaliradoduiiuguinatses

seudlFnauueInumMsldansdudimsinniouldvilivunvessesdnuseanas

Hu, Du, Li, 4a¢ Min (2005) Anwinaaudfinisnaeduvesindiululedwa (liusans

a

wavu3an’) lnewa3es High Frequency Reciprocating Rig (HFRR) waglassadesyauluiana

q

9; o A 1 oA I a a oA Y
voudnTudwmansgnusensnasdu nulnanuisalsluledwalunisiiunisnasauliiu

Pnfudwalavilvdaisesnnseanasain 735 Wu 351 - 429 pm ddululedwawuuly

|
£ =

U3gnshinisuaed uldnniiuigns daufiaeamesvesnsaludusazlulundiwelsidu
6 L2 QI U d‘ U a a & 1 1 1 ﬂl =
asRUsEnRuUnantumMsiiun1suaeduy nsaluliudassuazlandwelsndwmasion svdefiuiies

Bntesnazlasnawalsdlidinananisvasiu

Peng (2015) n13@ nwinansgnuangungdwasdnd1usovazvesninuidudy
PriululefwanldiduasiuwsanauiuinTuiwaanUlns@ounsesas 2 5 10 20 50 was

3

100 (B2, B5, B10, B20, B50 4a¢B100) fifsdeolnsluladlneld3s Ball-on-ring vl 93iA5199
saaﬁﬂmaLLazmsﬁﬂmaﬁLﬁﬂ%us’?j‘:q%ﬁwmsmaauﬁqmmﬁ 30 60 90 wag 120 °C lagd
nan 5 Sadwdunan 2 99189 werAIKE3 500 SeURUNT 2 NHANIINAADINUIINISLRY
dsilulerwaasluifisadndos Adsmaliintuiivanndinsdouivuinses dnvse (Wear
Scar Diameter, WSD) ‘ﬁ'ammLLazmiLé?em‘vmuaq'iuamwmwa'aﬁ'uLLUUU'}’NJ@']%

[ [
LY a

wenAndfmuinmsideamunagsesdnnseuiiiuannTuilogung gy

Ruggiero, D’Amato, Merola, Valasek, wag Muller (2017) ﬂdﬂmqmauﬁﬁmdmﬁ

1
A o W

P19 kay mslulagvesuindunuanaeiu 3 ¥de Ae ddululefwaussunnuia
wamesvasnsalvduanisnda uiudiwadinmduasied waviiuaydi laeld Ball-on-
flat 1214 10 kay 20 Hz 11as 10 wag 19 428U 4287 30 WY WHaN1SNAZaUNUIN

ngAnssuNlnsluresduaunsawiavouwanIsasauls 3 vaulwaniy Stribeck curves
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nsaluiuaunsadrelinisrasd ufdudssuiisunudiTuiwaanUlasidey dndumwa

1%
e 1 U

Finnduaseniledulssavsusadeaniugaiansesas fe dndiululefiwalssnniuiialea
wesvaansaluiunsndauazinduaymaudituiasiiduawatinmduaseniuiu e
vesseuuasgn toeann1sdusunavesnsnaliesn (Stereatic acid) kagnsauradin

(Palmitic acid) ‘17{&‘1;’1

Sukjit, Poapongsakorn, Dearn, Lapuerta, Wag Sanchez-Valdepenas (2017) Anwn

AaudfnIsvaedu nslulad war wansenuanuylandu Ay wavanglgnisuouss

'
falal a

nsvaeauYesa1sounIsnileendiaulussrusenaulag High Frequency Reciprocating Rig

¥
s a

(HFRR) U771 ANSUBNTA LOAM ban +8NTBNTA LOALNDS LavA AW VIRNISNARA UATY

o w X 4 a £ o v oA a N eaa a ! =
PINEIAY ANUTUNINGI LY IIN TdeauYedan sauVsENileonTiauutasuu1nuedsasdn
wsBinduanNnIsgaduveteendiawianisinnseuduivedansiidunnainamaielag

Na9anssAUBLaNAToULUUABINTIA wazd uIuvasansldmsUBUNLINTUAINATANTS

PADAURVUANUAUNUNVDITUNAU L AT

Lin wag Hsu (2017) Tavinisusziiuszansnmniangulinslulagvesundiunem

W1unszuIun1siulalasiau (Hydrotreated Vegetable Oil, HVO) naufi vl ud gaan

a v

Vasideusiusunudesas 02 510 20 40 60 80 waz100 s‘z’fﬂwﬂuiaﬁgﬂﬂimuma

Reciprocating Cylinder-On-Flat (Carneron-Plint TE77) vl anndausasdnused vAind ufl

gaunil 25 °C wag 80 °C wudnlladusuawes HVO uinnisevay 20 Ardudsednsaiy

= %

Heanungaumndl 25 °C xllAfanas wavfiTevay 100 HVO vilvisesdnnsediniiudn

]

N Nl 80 °C TeduuseansnudennIuIINAIeg i lminnsageutsunity

]

[
= =

gaundl 25 °C weiseednnsafiinudaudninduwarannisnaasaiunsaasulaionis

9 Y

'
¥ a a a

e HVO ludniudiwaainTUlasidey Afeeas 10 Wuszdnsamiiauinfaadedisudy
o oA J o a £ = a1 A ::4' Y v a
Miegedu 9 uenniledudszdnsanuduaniuasiiianasiloninudutuyes HVO e
UINTY

[

Dearn et al. (2018) naaauAaudAn1TvaeauvesduuuTuinay 2-waianu

Y

=

(MF) uaz 2,5-lawfiansu (OMF) Saeas 2 4 6 8 10 20 war 50 lagUTu1ATAI8LAT 09

High-Frequency Reciprocating Rig (HFRR) 21%15§11 ASTM D6079 WUTINITNE 08 UVOS
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v ¥
o o a a

YT UTUATUTINTHEN MF way DMF Wgssagay 2 vlnauinsssdnnisoanadsosay 46
Way 47 AUaIRU Wiesauazuad MF way DMF wWindufazyinlnsesdnusetiuanadiiadain
msinyiiavilidudadanuudauswazannsoadsduildauietesiuiuivedanglan

899U Faforaz 10 v MF wazdosaz 20 v DMF foiludndiuilnunzaniian 1led91n

Sovasiiudulldsnanauszansnnvaalnsiuladlaiunnudn

Sukjit et al. (2019) lvimsdnunginssumslvsluladvesidululefiwadiuien
U8y (FAME) rrunssuiunislalassiuduvesnsaluiulydusveaudfiaeanes (H-FAME)
Fazdemuadesronsiineentinduninnitlulefwaiienind Tassade nsalashulidush
fislfumsiusaaud 2 #umis (Polyunsaturated molecules) fianas wag Telewasves
nsalusuliduivesufialeaineinis@nvmginssumslnsluladinunsinautininuvae
durenisundarUszianiirnuduuanssiulaeiadeg High-Frequency Reciprocating Rig
(HFRR) A131@55714 1SO 12156-1: 2016 1 usesdnnsenayn1sumd euiliind uuu
Specimens %Qﬂﬁ’ll‘ﬂ?Lﬂiwﬁm"lumgm SEM (Scanning Electron Microscope) A 28
Energy-dispersive X-ray spectrometry (EDS) Faaznudn H-FAME Junisifinminunsiives

Aauviaed Uyl ANuLde g9 L NNANN1SaNNseanadkay H-FAME dad1ulinenis

Waguwlaanuau

Rodriguez, Ramos, Sanchez-Valdepenas, kag Serrano (2019) ANWIAINUNE DAY
YauiunIs N (Paraffinic fuels) Wisldasiiunaaduiuiatodnes FeANunandule

418015089 UNSANNSBNIAAINASTLAR D UNVBITUAIUIaNE A8 TUTZUUFIRAVDINTITLHN

a

IngheSaseuRinTUN S ARNA LTS U URS D98 UA kAR 19 LS AL B WA NS TN
a Q‘ wa 1 d‘ d‘ 6 a v U ’oj C% aa
Ugnsaudiinismaediufian lngagkaueaosiulsunaiesas 1 wag 2 Auidunisfiiln
LaENAABUAIUNA DA ULAYLAT B High-Frequency Reciprocating Rig (HFRR) F997NHANT
NABDINUIILAIIUNG DA UN ADUT W IINNAVBINITIAA AR Bl UN 1WA LI NA9UDY

seudnnTe (Wear Scar Diameter) MinTu wag mnAnadgidusuaudna1avessoednnsed

' v v
1 A o o IS

AN UUINTUAUIUBNDIAIUNE DA UVBIUT U BINEIN anaImINAISIR UL AL MBS LB

= A g

Fovaz 1 azdwalimuvasduntukasiadulunuinasgiuvesinduiomas

Kuszewski, Jakubowski, Jaworski, Lubas, wag Balawender (2021) @nwinanssnu

'
IS

vosgauuInilneantilnslulagidesduves 1-butanol-diesel fuel (1-BDFs) lngldin3ag
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High-Frequency Reciprocating Rig (HFRR) 483310 1-Gamuea Tdauisaléifudenias

= Y} = s )~ v aa Y Y w oAl oA |
L@EJ']ﬂ‘ULﬂiENEJum@L"Ua‘lmﬂﬂllLL‘U'JIU@J'V]NﬂqﬁﬂqﬂizLUﬂmﬂLaﬂsﬂaﬂuqmuwG]']LLaSﬂQWNWa@au‘LN

¥
v IS

ganndaiuddvianuauladiu 1-0wmuea Wefiarsananunumuresseuuianesing sl

a

Indudemegeumiundeduvenifiuiomdaiielgungiingstu lurasndteulvlunis

Y Y

1%
Y a

= a = s = a =i
‘mmaauLWaﬂismummmaaumaﬂumumLszjammgmuaz1-m‘muaa NYPUNHU 30 60 90

Y

[y

wag 120 °C uagnagey 1-Uimuea nldndiusegazlagusuinsves 1-Unnuea agiseuay
515 way 25 laeiAsed High Frequency Reciprocating Rig (HFRR) #s35n1snaaevaziduly

AINUINTFIY ISO 12156-1 INUUYIINITAIEAINTREENUTaUY Ball Arendesganssall

Mgl

3

AR gLHURuANENa1903Ta8EN1Te (Wear Scar Diameter, WSD) i uLnoued

NM5UsEIUENURY0IANNNEDAUIINNANITNAABINUIEREIUSuazRY 1-TInusarinay

' ' ¥
=

a & o § val ! Ao A a wa A A ] | & Y
LW@J%UQ%W’]IM@JQ'}W@J“@@@UV]@mumqmwaﬂqqLLagamummaQﬂﬁqﬂwa@aumLLWﬂW'N'P]EJ'NLViUI@

' v
d N o U 1

Faurnign Ae nUIluAlwauIansuaz l-Unnueanildndusesar 5 lngUTuinsues

q

1-Uwuea

Doustdar et al. (2021) Anwin13Useiiiudszaninmlassasisluanavesoinds
'y} & | wa o & a a Ay v =~ PREEY) a
NaIUMBdanseauURAn1ensluladlaenisuidamaaniadeni leainTiuiailvieandau
ANaINMABU TINIUBA LWUNIUBA WlAaLNUNIUDE balAatnuN LY warUduUUUTY
HANA VW UALGAUTANS WIUNITNAABUAITUNA 88 UA I8LAST B89 High-Frequency
Reciprocating Rig (HFRR) #921nn15naaesnuln lelaainuniuea waglalaainuniluy 7
v 6 o a v P A v A = a v W | = P P

naufviniuAwasglirsesdnusentesianiiaiouiudiegnedy 4 sesdnnsaaziien
anadiladinsiudomdmadensesay 20 YUl WaisuividufgausansganIsanad

Yeas0udnusaIinIINNIslinyHendulansanda asusialukeanegeduasAlauniuaisu

1%
o

Re

' [%
o v aa v

= v | & a 2 3 | Y & as
"'ZN‘V]’]I UTHU L%awuﬂqimaNLeﬁ@Lwaﬁmﬁl\iLa@ﬂLUUIﬂJLaan]lISU'JﬂJ']ﬂGUU LAY BAIYAINTUNAN

1 (%
a (K'Y 4

ANNUNEDAULN DU DINUNITANUTBNLANIINNITLARDUNNURINIUU IINNAITNAADINU?
lalpanuniuea wazlalpaiwuniluy wianzaunaziluldiiaiiudseansaanliiuitamas

Tuaunan

'
Y

NNUITENLNBIVDIMUUAUDINAUNUIT TNISETUTULY DL NAIN A NTAY LU

1%
o w A

1-0amuea 2-wfiaysu (MF) 2,5-laufian$u (OMF) wag didululefwanauiuiiduniva

1% 1%
o w N a

nUlesidsuiiatiuaudfin1srasdu ann1sannsalrnuunduawmas sauludenisvaasu
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audfniaeadl nenente waz Wslulagveaduiyonds naaouNansEnuINgUngll
ANUTU uazIvian Liload1sununImMn1s8nnTe (Wear map) ogslsinudswinnis@nwinig
a ¢ ol wa =~ ™ o

IAszvinaseuAgunsedeuaudAniaal nanie nslulad uay nansenuantadenig

ALINADUNANUNTOAINANTENUADUL UL DLNA

ya o @ =2

Fitedaruinnuddglumameasuindudemas swidetiidiufisadanm
Fuaswdt naufuindululefwaUssianmuiiaeamesvaensaluiu Tussduaududud
wansnaiy elfivanvinsudeauldiuingufiwatinmduasieyt vimsmaaeuansing
il wae nslulad auluianisnaaeunansznuainiadenisdunndoufionadsunlas

i Wan a0 gl wag AuTY Weaiauduwnuninnnsdnuse
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31 asefiuazedesdiofildlumsise
3.1.1 gunsaluazinsesiienld

3.1.1.1 U IAUTUINT

3.1.1.2 ¥3nDuran

3.1.1.3 UUma

3.1.1.4 nines

3.1.1.5 ip30eta@iumys

3.1.1.6 \30sd98an3luile

3.1.1.7 1A309 High-Frequency Reciprocating Rig (HFRR) PCS Instruments

3.1.1.8 1A% 8ANA 09 aNTIAUBLENMTOULUUED3n31M (Scanning Electron
Microscopy, SEM)

3.1.1.9 in3esndesgansiailulasalaviuuiawesanuid (3D Laser Scanning
Microscope)

3.1.1.10 \n3elgiFesnsudesy Sursusnaelnshilasalay (FTIR Micro-
Spectrometer)

3.1.2 @rsuadiaild

3.1.2.1 Yifuiwadan ndanseyt (Bio Hydrogenated Diesel, BHD) nana1n
thifuida Ui Tsvaissu i

3.1.2.2 diululedwaussimufiaeanedvosnsaluiu ndnanuntuuidu
(Fatty Acid-Methyl Ester, FAME) 21nuSew lula@uiuesd 911n

3.1.2.3 a@lau (Acetone) Wuansusznaudunsgussiannsan1suandani
gnsiail A CH,COCH, mmu'%qw%‘%’%az 99.5 (1A AR) 911 RCI Labscan

3.1.2.4 11 DI (Deionized water) A9 UIMHIUNTEUIUNITNITIARNTALAIYNTD

1%
°

lossusanluiluiinfiauu3ansgaun
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3.1.2.5 lefealansonlad (Sodium hydroxide, NaOH) asu3anssesay 99
(:n5M AR) 910 RCI Labscan

3.1.2.6 Inunageune®ian (Potassium acetate, C,HsKO,) mmmawé PRERH
99 (Lh3m AR) 910 LOBA CHEMIE

3.1.2.7 winf@eumaslss (Magnesium chloride, MgCl,) A218US q‘m§ Jovas
99.5 (1n5M AR) 91N LOBA CHEMIE

3.1.2.8 Inuna@eun1susiun (Potassium carbonate, K,COs) mmu%qw%‘
Jowar 99 (1n3A AR) 311 QReC

3.1.2.9 laaealustun (Sodium bromide, NaBr) mmmam'§ Jovay 99.5 (1n3A
AR) 9701 QReC

3.1.2.10 loieunanlsa (Sodium chloride, NaCl) mmma‘m‘é 0888 99 (LnTA
AR) 910 RCl Labscan

3.1.2.11 nunaideunaslas (Potassium chloride, KC) amuu3gnisonay
99.5 (1nFA AR) 911 QReC

3.1.2.12 wutsgumanlsa (Barium chloride, BaCl,) mmu%qwﬁs%’aam 99
(,n3A AR) 310 LOBA CHEMIE

32 mawlsudiegiansiuiiwadanmdaasisi

3.2.1 nswspuiaegweninuildlunsinsigdininssadinmdansigsi iy
dsilulefwaUsvinmufiaeamesvesnsaluiulusinadesas 0 - 100 luvininusuing
250 ml

3.2.2 WlWasfuisuluTefwayssinnnselusiuvenaiiaoanesmudndiuievas
firvun

3.2.3 Wihsufiwatnmdaasedadurainusuinsauin 250 ml

3.2.4 YauninUSunnswasyinniseasdLnmlmindunauiu

3.3 MIATIZRaNUANIATivanuINGS
3.3.1 MTAATINANUNUAIAUAIERNTANULINTFIY ASTM DA45 diueindsld

aslunaonuniagian (Cannon - Fenske) fiuglugamuauamumgiiaei 40 oC uaan 10

W Mntugemegaendigassausuiulasiinifiuwamddraiqaninuasui

9

N13FUIALaEnYAaLET09YAgAYI1Y TIN1INAGBIE 3 ATY UIIAIMIANARY LAz

ANUIUAIANUNTINIAUAIANS AIUFUNITA 3.1
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V = Cxt [1-BxT,-T,] (3.1)
o)

V Ao AnuNiinaaumans (cSt)

C  fe Amasfiveviaenniigian (cSt/Aund)

t Ao nafkeannnisnagay Guid)

B fa AmaNEIsUNIsUSUAN (1/°0)

T fe gauuilinaaeu (°C)

(% ¥
U A

9 gauunniihiiudemdsneunageu (°0)

o))

T

a A a ¢ =~ Y I3
E‘LJ‘VI 3.1 Lﬂii’N'lLﬂi’]%ﬂﬂ’]’]llWN@ILLUUVa@@LLﬂ')ELaﬂ

3.3.2 MTHATIERANUEWT NN AUEIU0TL0 kA AUNUILULY AILLINTFIY

ASTM D1298 hiffuiaindsldaslunszuanmisuuia 100 ml ugluanemiuaugumgiiangg

[

15 oC 1uian 1 Falus anduthlalasiives degui 3.2 quaslunszusnawazUaesli

Y

anga1uA AU nKaLilalalasiwas i ¥n15Aaedgn 3 ASY UIAT W UINALRAY

= 1 A ) J 1 =) = " a LY ! o ) & a
‘lNﬂ’TWEJEJﬂlI']Q%LﬂUﬂ’]ﬂ'J'Wllﬂ’NL@W‘l@ FIUUAMMKNANUNUAINUNINAINIEYDIUNLULT DLNAS

£ o

ANUANNIST 3.2 WBNAINLEIAIUITAUIAIAIUAIINNIEUDIUTULY DenA Sl UAIUI AN
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APUNUINYY TAgUIAIAIUNUILUUYRIUT a aaunnll 15 °C §allAn 999.016 kg/m’

(1193914 ASTM D1250)

anughneiile = (141.5/Anugesmgi 15 °C) - 131.5 (3.2)

4

5U7 3.2 lalastiwesdmsunisinanudinedle

3.3.3 15TV g UnIN1INA UlAgUTUINTMILLIASEIY ASTM D86 Wiy

v
(- a L3

waindsldadluvinnau (Distillation flask) 100 ml nuuilUAndiuYAIATIEigamngd

a ¥ U

nsndusazfndanesluiivesiiiosuargamgil Waufouwnduiamdmsauduna

v
Y 1 o w

lngAmuANdnsIN1snaulugie 4 - 5 mU/min eruakazduiiniavesgmniiiiediegiadid

gnndusenudunenusnuazztuiinnavesgamaiinn 4 5 ml veauSuasunduinduls

'
a LY

P A4 A a ¢
E‘UV] 3.3 Lﬂi@\‘]ll@']Lﬂiqgﬂgmﬂﬂuﬂqiﬂau

U
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3.3.4 NTIATIZVAIRTTTNUAILLIATEIN ASTM D976 TdRiauaiseflowazan

gauniinmInaunsesas 50 lneUsunsvasdiunnaulaundAiuin suaun1si 3.3

Cl = 45.2+0.0892T 5, +[0.131+0.901B] T +[0.0523-0.4208] Ty, +0.00049 [ T2, -

T2, ] +107B+608? (3.3)

e
Cl A AT
D flo AuMwILLLT 15 °C (¢/ml)
B 79 [exp(-0.0035(D-850))] 38 exp(-3.5(D-0.85))-1
To A qmmﬁmiﬂé’uﬁ%’aaaz 10 IneUsung (°Q)
Tion A9 Ty - 215 (°0)
T, 7D qmmﬁmiﬂé’uﬁ%aaax 50 lagUsuns (°C)
Tson A8 Tso — 260 (°C)
Too PO qmmﬁmsﬂé’uﬁ%’aaaz 90 lagusuns (°C)
Toon A9 Top — 310 (°0)

3.3.5 N153LATILIAIAINTOUTONEININNIATFIY ASTM D240 tiniduiiainasld

aslumeyassidauasdedmdnuuiesesdafdnoanuaziden 4 diuvus liihnineglugaa

0.5 & 0.02 g Anslaeynseidauusnuegiilvndadurieiniualnlivateidusiegued

meluiensuiininiulsezneudniugnuendsneinmadiludnsinielunsssusudunae

& o

3003 AISUN 3.4 LaziSUYINNSIASIZA

U

JUN 3.4 1aTesvauluAaesiines
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v v
o o IS

3.3.6 N159LAT181ANUINALNINTFIN ASTM D93 induemadldasludield

inegralvnadunnvualy Wszuia 70 ml) anduihlufenaniuyniiasizianinulnway

9 q

(%
Y

fnrawmasiufiwasanuuliausSeunvindutamndsnaae? Yasslalliiialuaslmin

v =2

mMsnulrdudsnsdlainnisulnus naiintnvendud e ndsinnisenuawasduinng

RIVRH

JUN 3.5 ipSesilallAse1iandulu

3.4 A5TUAUNMSIASIERaNTRNSUERRUAY 1SO 12156-1: 2018

[
(% v

3.4.1 finnagnuaatd1iu Upper holder Lmu‘ﬁlﬁmqﬂuaaLLazidﬁaﬁaQTu Lower
holder Auillasagnainniy

3.4.2 Tdvsiusnodsigosnstninseilaetiag 2 ml adufildietragisiu
Mt lAndsneluades HERR

3.4.3 wyuduiesdasimdnaulnandideddlunimaassdaud 200 ¢

3.4.4 wisuasavanelaionluslusu3unns 500 ml meluaiaasuzaielued o
HFRR

3.4.5 faplUsunsy HFRR e munman, QaunQd, ANud, sresdn way uan Lag

a

AMNATEIL 1SO 12156-1: 2018 fmualIan 75 Ui, gaumgil 60 'C, WA 50 Hz, sxozdn

Y

1000 pm uaglvam 200 g



37

ANAILFUTUANGAE

3.4.6 Weaaumnlnglusiasad 20 - 26 °C wa
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gﬂﬁ 3.7 4509 High-Frequency Reciprocating Rig (HFRR)

3.5 ﬂiz‘U?uﬂ'ﬁaLﬂiqzﬁﬁuﬁaﬂqiﬁéa?iULﬁaiﬂaﬂLLagL?aqtﬂgﬂULlﬂaQ

3.5.1 G‘Tmmgaqﬂuaalfﬂ“muu Upper holder unuii §agnusauazlafarasly
Lower holder ﬁuﬁlﬁﬁm&h&ﬁﬁﬂu

3.5.2 Tausushedeiiianudududosas 0 10 waz 20 trandwad 2 ml adluiild
fhegraitunniuiluiadeluaies HFRR

3.5.3 wyuduiestsiminaulnanfidedddlunisnaassdous 200 400 600 800
ey 1000 ¢

3.5.4 wisnansazareledenlusludusunns 500 ml aglunanivuzaigluies og
HFRR

3.5.5 faAnlUsunsy HERR Wiladmiuanan, samndl, a1ul, seaedn way Tvan
MvuALaY 75 Wi, aaungil 60 °C, AIUA 50 Hz, S¥eedn 1000 pm

3.5.6 Wogamgiaslufauades 20 - 26 °C uagAmududiivsmelusiaioses
av 48 - 58 FeEwsanaBuNIaaesls Lﬁ@ﬂﬁﬂﬂLﬂuﬁdjﬁqmﬁqﬁLLazﬂ%’]iJ%uﬁWiiﬂ%ﬁ’m%U

ﬂ’]i’?@li@ﬂﬁﬂ%iﬁmﬂmuﬁﬂiﬁ’]uﬁﬂ@ﬂ ISO 12156-1: 2018
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a

3.6 AsTUUMTIATITRENUANSUdR AUTaAMNBUT NS LA UNYH

v
=
wWaguuuas
3.6.1 Andagnuaat1iu Upper holder unuigngnueaunazlduiudaniasly
Lower holder fufildiagnengiu

3.6.2 T3 uA98199 0 AN NTUS 88y 10 WunThums 2 ml aslunlafineng

[ (%
o w & °

ihdfurnihiluRndaneluaios HFRR

3.6.3 uruduiesdanimtnaulnandideddlunsmaaedaus 200 wag 1000 g

3.6.3 WBAATAYANEINABLARNIRIRNTIT 3.2 UTLng 500 ml meluamnivuzniglu
P39 HFRR

3.6.0 faAlUsunsy HRRR Wil arfaruainan, guvigd, aud, seeedn uay Tvan
fatuman 75 unil, gamndl 60 90 120 wag 150 °C, ANaA 50 Hz, sv8xdn 1000 pm

3.6.5 Wogumndiniglufuaies htugamadfidmualy uazarududuivsniely

fasesdireglutiefosasNmuunnumsnd 3.2 Jaunsanasunisiaassla

M1317 3.2 indenldmuaumnuiuigumaiiewnaes

14 dy v o 4
DYATAIMUVUANNUD

IN&D 5
leulansonlan 9.65 — 14.00
THUaT YL BLam 23.05 - 26.20
winfideunanlsn 32.85 = 36.00
TnuaBaunsUoLus 44.00 - 48.95
Tainenluslug 51.20 - 57.15
lhsunaelsn 66.15 — 71.30
Inuvadeunaslsa 79.20 - 81.95

WU EUARD LA 86.75 — 90.10
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3.7 nizuaumﬁLﬂi'lzﬁwamiwﬂam

3.7.1 ilonsnnasaadadu Ball inldlupdessindrsnnuazendiesanilaia
(Sonicator) Ineilansyazaneidunsauedinudsanduirlusennses dnuseiind ulag
nasslulasalay

3.7.2 dpasuasildsetsiluiauazernsoussdulpefiansvazatadunsa
wedAnseliuiauazinlufunieluggaauiu

3.7.3 dhdad vl sgimeinsesigiieinsudresudussealalnslulasalay

' 1%
a a = I

AI3UN 3.8 Liansiaaeunylanduiliindu diennvesiuilITesNiinduuuRannens e

3 1

NABIYaNIIAUBIANATOULUUABINTIA ASFUT 3.9 LazN15IATUIAANNANLAZUSHIATVOS

a o

soednuseniinTumeiaseindeansimilulasalavuvuiawesaulii Asgui 3.10

gﬂﬁ 3.8 Lﬂ%‘lENWQL%EJ%VIiﬁuE’IWEJﬁJEQ)uWT]L‘iﬂﬁL‘UﬂIﬁ/ﬁhﬂﬂiﬁIﬂU (FTIR Micro-Spectrometer)



AUR\GA

JUT 3.9 1A3RANA099aNsIALBLEaNATEULULADINTIA (Scanning Electron Microscopy,

SEM)

JUN 3.10 wpFeanaesganssaululasaladuuuiawesaudia (3D Laser Scanning

Microscope)
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way Jasedanndoufidenansenunolnslivladvesigdufiwadannduasigst (BHD) Ay
dhdululedwadssinmaiiaeamesvaansaludy (FAME) Tasldiadeq Hich Frequency
Reciprocating Rig (HFRR) Tun1svadeuauiinismaeaumuunnsgiu 1SO 1256-1: 2018 uay

ManMvesdIndouiuana 19y Ae ian 1181 gauuiiuazAududuing laen1suiuuss
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wazasrvdevauUAvesdufwadinmduasizidaduindudwanilasascluana

v v b u oo | a o § val va v = o ° Yo a ¢
IﬂﬁLﬂﬁNﬂUU']?'JUWlejﬁ"iﬂﬂﬂI@ﬁLaﬂ@iW{LﬁuaﬁJU@ﬂﬁ’]Elﬂﬁ\‘iﬂu LLﬁgﬂqﬂJqﬁﬂuqﬂﬂimﬂ‘ULﬂi@ﬂﬁlum

1o a Qe

a Vv | ) ~ L A Ae v ° | a
Aualalnglidoiiunsuiulsandadaudfnnunaei unlinan15MaaeuRININUIN g
THlunsgnsranadsudsewmalneduinduswadanaliiinnisanusanusas oaeud vinlai
Tdudenihusulnleeldidululefalssimufiaeanesvesnsaladuilaudfinig

oA A | v & a | i | ° P Ay Y
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v
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VagoUALURNUFINEY o Yo Ul omEmInuInsgIu ASTM ndasqanssaudianaseu

LUUE09n519 (SEM) kg Jiasizvivy fleddulas (FTIR) wenainddrindudigadinin

'
1 )

Hunsgiitdnduivnzaneshilulofealssnnuiiaeamesumagouluanngaes
Aduandeusuuuuiil Ao viam 200 400 600 WAz 1000 g LIANGILA 75 100 125 Uax150 w1
finud 50 Hz sgErdn 1000 um qquﬁmaqﬁamﬁq 60 C waznngludaiaiomnasad
ArwiduduivsSosay 52 - 56 uarguvndl 20 - 26 'C uagneaoUluANTIFYEA IS DL
sUuuTl 2 fo meludedomaaasiimnududuingiosay 10 - 90 uarguuniveadoinds
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41  msAneansUszneumaaiivewinsiudomas
ansUszneumuaiive sl amasinunsmedeudieiniesuialasulngnsiil-
wuaaLUAlNILung (GC-MS) %LLamﬂmaquUmQQé’igﬁgwmﬁwuiunamﬁq “Nuitldnsl
(Peak)” vilduildnsl Ao Arududuresansuszneuiinuluhiudemanussudiouiu
asUsENeUINIAgIULANITIAN19T 4.1 nudhdufwaTanndnasegiiesdlseneuves
Cs — Cpo Wnefi azmudulvg Ao C18:0 way C16:0  udulalasardveuansldnss nie
wis1ilu Andudesas 40.70 uay 25.01 auddu Tnedesdussneuilndifsstuisiufioa

° va wva & & a v v 8w oa | & a va A 1
VHIWMﬂNU WUEWUWHHWﬁQ%R%ﬂﬁﬂﬂUUWNUWWﬁ1@SqibﬂmqmﬂqiﬂﬂMUWﬂqiwaaau1Nﬂ

a v ] [

Wesannisiaulalasiaulunszuiunislalasdiudusiudunislddasswgnsen vinlv

I a a

lasndwelsd dudunsaluduiilududiniedussaiinu]izen decarbonylation way
decarboxylation nanerduaneldnss Widnyanduaisvendaniiuesduseneunvinlid
wa P A Aa ~ ¢ a adaa | a = &

audfnisviaeaund uaviosrussneuvesmsfiunifweinquuiia Weoswnlutunouns
Muiserenaglulaauysal (M. Lapuerta et al., 2011) A1un157199 4.2 dmsuddu
lulefwaysennuiiaeawasvasnsa buiiy wunilesrusynauves C16:0 wsa Palmitic acid

L. = & s A | ' v & % v A
methyl ester (Mancini et al., 2015) Fs.Jussfavusznaunnwuadrulnguanslmiuinurdudn
iy medeuilunainnszuiunsdansiziaininduliay (Na-Ranong & Kitchaiya, 2014)
idululefwayszinmuiiaedmesvesnsaludiuiiosnusenavdiulng Ao C16:0 C18:1 uay
C18:2 Tu Sovaz 41.61 39.45 uay 11.0 muanu leellarsesazlndiAesiu Sukjit et al.
(2019) Falgursululefwalsennuiaeamesvesnsabuiuainuiduiesnusenau Ao
C16:0 C18:1 way C18:2 TuSevay 46.29 37.07 way 8.67 fua10U neasrUsEnaufing1?
Trerudussrusznovvesnsalagdui drdganuludidululediwa wagasdunnang

Y

a1sUsznouvaenIaluiulidudm vise mslusyeluddululefiwadsvianiuiialeamesves

N3ALYTY F9ANUTOASITUTANUN wazanduULiiuRIvdlane WintigiuauURnIsnasiu

Y

¥ [ 1%

WaTANANEUUSEANS LI WFIAMIULAAD U UBNIINLANTUTENUVBIUNNUTBIAUTENBUVBY
ponBaugasyisliiinnszuiuntsunlndauysellunIeseud wazannisuaesuaiymig

BINA
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A15197 4.1 wams1eratsusenavlalasansuaueIaawialasuninsns W-wuaaunlng

WNSVRIUNTUAWATININALATIEN

. Auildnsm
Lammju'aa YoarsUsznoumaall  gesednsdte  gsluana Sowazluy
(W)

BHD
4.41 Octane C8:0 CgHisg 0.42
6.05 Nonane C9:0 CoHog 1.08
7.88 Decane C10:0 CioHao 4.69
10.61 Undecanoic C11:0 Cy1Hog 8.16
13.23 Dodecane C12:0 CioHog 0.25
14.01 Tridecane C13:.0 Cy3Hog 5.95
17.99 Tetradecane C14:0 CiaHso 12.71
18.59 2-methyl tetradecane C15:.0 Cis5Hsy 0.28
19.00 Pentadecane C15:0 CisHay 0.18
21.07 Hexadecane C16:0 CigH3a 0.11
22.14 Heptadecane C17:0 Ci7H36 25.01
23.86 2-methy heptadecane C18:0 CigH3a 0.27
26.27 Octadecane C18:0 CigHsg 40.70
28.02 Nonadecane C19:0 CioHag 0.10
28.96 Eicosane20 C20:0 CooHaz 0.11

100.0
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AN5197 4.2 wams1easusenavlalasansuaueIaawialasuninsns -wuaaunlng

wnsvestndululafwausenniuiaeamnasvaansa by

il
12811549 4 - GIERERN gns N3

(wi) peRssnOUMIA 918 Taana  3ewazlu
FAME
20.75 Lauric acid methyl ester C12:0 CyoH240, 0.25
23.24 Myristic acid methyl ester C14:0 Cq4H2505 0.97
24.86 Pentadecanoic acid methyl ester C15:0 Cy5H300, 0.06
27.01 Palmitic acid methyl ester C16:0 Ci6H3,0, 41.61
29.38 Palmitoleic acid methyl ester Clé6:1 CisH3005 0.14
32.74 Stearic acid methyl ester C18:0 CigH3605 5.66
35.37 Oleic acid methyl ester Cc18:1 CigH340, 39.45
39.582 Linoleic acid methyl ester C18:2 CygH350, 11.07
44.2 Eicosenoic acid methyl ester C20:1 CyoH350, 0.71
46.52 Heneicosanoic acid methyl ester C21:0 Cy1Ha05 0.09

100.0
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4.2 ASANEIENURANUFIUVLYBLNES

v
wa A =

AUURANUSIUNIINIBAIN WaLLATIYDITDLNAILEAIAIANTIN 2.2 9znUILlasneay

<3

¥99115TululaMYaUs LA MLUA AL AN DS LT UYIN IR AMUNTAAUAIEAT AIIUDIITUNY

AUAIRLY gamndn1sndu uwasganulil eiigelu Wesniluaudfnudululediws

Y

[ ¥
=% A

Ussinnitateawmeslaeiiugiudangd wibidediud luddeigauusiido.duandien

AMUSDUVDWTDLNAIILTATIAN A

4.2.1 aAnunilnaaudians (Kinematic viscosity)

Anuntadunuindragidesannidunisianisaruniunisiva aumie

(% (%
o w I a

saumansnguiuluiardmasdesyuunisiaveshidahduiomaduiounvil uaziinnis

wlniiflilanysal wagaumilagailviinisvdeduasidigainainnisivavesveanad

(%
o

sgrineingaestulddeninivuilduuaiiniuiaatsudeaniulazsesdnuseld

6l

9n3UT 4.1 wuiddufiadanndaunseifiaianuniin fe 2.58 cSt uay
lefifosarvenintululofisaussinnaiiaianesvosnsaluiiufiududous 5 - 100 lng
Unnsazdmenaminegi 2.6 - 5.16 cSt muadu Femnuvilaiinausifinsugsiandsny
vosszinalngldtmualy Aa falaidingt 1.8 cSt waglaigendt 4.1 cst vosthifufigann
Vasdon (nsugsandaay, 2563) lnsarmniaiifiudunudndiuresnimaningy
lulofiwa Antunamauilelasiaunfinuesnisndedu (Hydrodynamic lubrication) ndmie

oAU aUaItT U DALALTY NTANALSIEeU (Shear force) SEMINITUVDIUITU

Y
a = 1

1INTIVU dINalNALSIA1UNIUNTINE (Flow resistance) 5&MINIRIEUNEA TId1U150%e
sessudminuIInn anntsdudalnensaeddaian silianusaduaniukag n1sdnuseas
v o a = R Y a ~ aa a a

fetuNsiinANLANUnTavesinduAensiantndululefwa Jadukuinianiusednsna
lumsuiulssautfnisvdedu egralsnu arumilanigainluansdmadesenis@auarnig
Tragurastnuldamadls YinlidesfansudsdndIunwmunzay wazielullranuniaien
AunaeiuInIgIumun nMskausevazvesiululafiwalssinnuniiaeamasveinia
laduimangay As Adus 5 - 70 InguTuinsaziirranunidnogluyie 2.6 - 4.03 cSt

Prululefwalssnnufiaeanasvaansabuiuaiunsatigiiuanunialinvdidufiea

I MEWASIEI psannisianeledlalnsaisuaue1ivesnsalvsuludndululefw awas il



ar

asAusEnovvemylansendalungureinsaasuenddn Joilinisiudndululedies

Uselnniuiialeamesvesnsalusiuianunilaiivadu (Knothe & Steidley, 2005)

5.5

®  Experimental data %
_. 504 | ———- Regressionline st
& ——— Confidential limits {95%) /l'//
[
k) e
o
O 45 A P
@ Py
[=] o
< s
e
® 40 -~
> Pt
Fan e
i) it
-
8 ////
0 3.5 A ’(//
= ot
P
= e
g 3.0 A lccjf
o .:’.:a.’
k= —y e
< &
25
2.0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
%FAME

6

JUN 4.1 avamilnaueansveshdiudwatinmdsasgiilelifesazvenitiululediua

USELNMUTNALDEMDTVBINTA LIS UL ALY

4.2.2 AMUANINNE (Specific gravity)

AINAMIWNIY AD AIDHTIAIUANUAULULVDILYDLNAIFDAINUAUILUUVDY

£%
[y

Wigaumagiiieniu Auardwnsduautand Ayegrmiweshiudemdaiieniniing

o

AONITLN LA VD ILAS DI UAAIUITAUDNAINUNUNLUIVDIUNTULY DLNES WaNANTIAIAIIY

[ (%
[y

Vgl nngaumgiigeluagiianuaadunizdananas (Tat & Van

v

099 NLE YU

Gerpen, 2000) kagtduand@ndAgiie o ulaadmuLasAAINSouT T oINAS

13U 4.2 nuieanudssinzeesiuwaiinmdaaseidan fo
0.770uazidl aiftuiululefwaussaniufisieamesvensalutudisosas 5 - 100 1ng
U3uns Mlidarmnudasdung A 0.775 - 0875 ogluthenasgiuvesindufiwaiina
g3Randsauimualy Ao 0.81 - 0.87 (nugsAandsay, 2563) Dunn (2011) Hlulefiwai

NAMINUNITUDWNEDY WaY UILUATINALNULNNUALANINEOUAINLAY (ULSD) wuikiiasey

a

azv03unTy lulafwaiuduaeyinliaIA N9 WA aural 15.6 °C Twudl Uiy

9 Y

Lﬂuaumﬂé’umuﬁ‘maqiuﬁm 0.847 — 0.855 F9lvinanisnanasdlaaanmdasd lagA1A21L

a9 unedA gl udueg funangdadeulssianvesingau Mihunduasizvividu
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& a ) o A a Y Y a a s o
L%meLLazmSLﬂuﬂs@lwwlmau ’JGU’EJQU’}‘M‘L!I‘UIE]G]LaﬁaﬂiﬁLﬂV]LiJVlﬁL@ﬁWI@i‘SUE)\‘IﬂﬁG‘leGUNu

daralriAIANE TN TGy

0.90

[ Experimental data
———- Regression line
0.88 g nane
——— Confidential limits (95%) ///0
-
5') -7 ///
o 086 -
ol /.//:/:/”.
® 084 e
Z -
> o -
®© ///. T
5 082 A Pt
o -~ -~
L2 L
= t P
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Qo 0.80 ///////
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Lo~
0.78 4 j.’/
[ 3
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%FAME

6

JUN 4.2 anuaisdigvesidufgadinmdnaseiiliedsevazveniiululesiva

Uselnniuiialeamnesveansalusiulivuau

4.2.3 ANURUILUU (Density)

AUALILUY AD ANUANINAADELIIOULVOIATOIUA WagnISAANTISINI LU
Tun1saaonas 19Nt INYOIAIUNUILULY AD EIUVRINATBINAIRDUSIIATUBY
& a o qyva o a & a v Y o a =~ ]
Wamdwhiilelinsdademasiiluieanilndazinignaivaudsuinsedamalaenseie
MawsATegudnga laeRnnAAuruILLYA1e19dwalrn1eluie a1 lwllAnn1 5N
Ly ldauysal iansUassuaiiunglu vilvdnisivualvdenivauegluys
810 - 870 kg/m’ N1gaunil 15 °C (NSUFIAINGIU, 2563) 1NFUN 4.3 HaN1TIATIENAN
nsnageunuindeuntiululefwaussianuiialeaesvesnsaluduiudu agvinlrungiu
Aadin nduasizriiaurukunisuilioniilianaveseylsuiniauuiwgy
winntaanaveseaaunuludiufwadinmduaseilaglunisnaassiidudies

a Y] ca 1 | N 3 = a v % o a

YINTMNFWATIEAUATIAINUNRUILUY AD 769 kg/m waziiletiuseeazassuindululediva
Uszianuiialeamnesvaensaledui 5 - 100 lneusSuinsasdarnnunuinduiiududu
774 - 874 kg/m?® FadlarAnuuuindulnalAesiun1snageuYes Fathurrahman et al.

(2023) ANunILULYBNNTUAATININT AT IwLazTTululeRAwaanUduTFegN 783
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[y [

ke/m> uag 873 kg/m> muanau azdunalaininsdululefiwaaglirinuriuiwiuisnnnii
v a ¢ v & a

Pugadinmdnasied sedunisiiusesazvasdnululafiwadavinliaiainurun

WU UM URARIRITUN 4.3

900

® Experimental data
880 - — — — Regression line i3
———— Confidential limits (95%) PR )
-~

e -~ ~
E 860 - e
6 ,,// ”’
X /’:/ ,,’.
© g0 4 - 2o
[(=} /,/ -
G ate g
— -

820 o Pt
® e

[ I
2-‘ ’//z’
‘@ o.d g F-
S 800 - o
= z’:.///”
- -
780 —:;:;.’
[ 2
?BO T T TR T T T T T T
0 10 20 30 40 50 60 70 80 90 100

%FAME

JUN 4.3 anamuwiuvesfiufilwadinmduasgiileiifesazvesidululefigaUsean

WRALEAND5UBINTA LT UL ALY

4.2.4 aUUYNY (Cetane index)

(Y I

U Ao ° v Ql' Aa a | =
WGUU"UL‘V]ua']ll’]iﬂﬂr]U'vaL@'ﬂ']ﬂﬁllﬂ"lﬁ/] (3.3) NISNUAAYULLNUNFIUIUDNAY

RV

v

msfiszuunmsunlviiifveseiesudfien warausavsinitudemagainlaldieud
yu lesananunsnaduisnisvhnusswineniaazindudemaslunssuaunisn g
yeaA3osoud MM fuEduasinanUTinunsasudalussdulasaing
Tuanadshdufiadinndianegidesdusenevvedlelnsasveuasldnsmionaiiu
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WiRaLeawasveInIA LT U LTUVN TR N R VDI BN UR AN TS NwueAsIUS 8ULNNTY Faindu
Tulafwadsznniuiateamasvasnsalusiuiuduyinlvilsssnisannsstiosadnuiinnu

USEUINNTY tawnanmsivivedluananviinisgaduuuiilansuaznisnedivestu

HauanansUseneaveandiau wu yilsiduansuendanviliinujiseninslusenineiiui

[
= =

voslavy wenaniliinmsnuasuadlasseuiiuivesmsinuse Suduasuresansueuan
vuilufivesunufadiifiandsainnstngen q fugnuoalaeiaies HFRR wazsulud
AfueudiAandsaindunsrurunsiiauouresid eundsannisvaaes
(Sukjit et al,, 2019) M3TATEis MR ULIHURAANINNSATIITUTAE EDS Aaimnsnadt 4.4
drilngasiduman (Fe) anou (Si) waglandeu (Cn) FudussdusynouveuiuRanfivihun
nnuanndnl¥adu suludsnnsiieendiau MiliiAaufaseieondiatdu 1wy Fes0, uas
Fe,05 ‘17‘IILﬁ@%ﬂiz%’j’mﬂ’]iﬁﬂﬂ@a@tﬁﬂﬂﬂﬂifﬂg%’] 7 YasgnUeALasIHUFAR (XU, Wang, Hu,
Li, & Zhu, 2010) nsdnnseuuuinnseuiiiinainniseenles uenainiasueuiinaunie
vosesiusznoulalasasvenvesihdudomaililunismaaosihumiufoudiintulunis

ey Jeaznuarsuauludiulvajuuiuiinesian (Sukjit, Deam, & Tsolakis, 2012b) A5

¥ '
A a A

WUBIAUTENOUTBIATTUBUUAL LRI NAANTBUMUUTINAYTE VB TR FNVITOTIIRTUUY
Wiy wandliiuiansingaduvediuanavesidiululefwalssinmuiiaeamosveinin
lodu wevnutnigrefinautfnisrasiu laun158S1998UlIANITRA A ULUU U1IANS

(Doustdar et al., 2021)
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MI5NT 4.4 NAIATITISINABLATDINADIYaNTIAUBIANATEURUUERINIIA shawmnalla

EDS

$ovazlnviutinuassng
%FAME  @15uau 2ONTLIU Fanau Tasiliey wian
© (0)] (Si) (Cn (Fe)
0 5.85 6.27 0.27 1.73 85.88
5 5.93 1.55 0.26 3.45 88.87
10 5.15 1.15 0.28 3.8 89.62
50 4.66 1.25 0.31 3.83 89.95
100 5.55 1.44 0.27 3.39 89.36

0 %FAME 5 %FAME

10 %FAME 50 %FAME

100 %FAME

JUT 4.12 nweneveduiufanlaendosganssAididnaseunuudeiniafisesasvaningu

Tulefwalsznmufiatea oSy
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4.3.4 nam3ATIElagiAIaInaasganssAdlulasalaliuuaiwasauiin

A153LASIENTOYNITANNTDIINANUANTILANY UUUAEN LULUIFIRIN AU AN

[ ' 1%
A a dqi ¥ A a ;%

vosgnuea iun1sidduanawesuuiuiy dldgaiuiaseusimuuvesianilundndaidie
Wiguiguinsgsuanuaniaziiaduiuuiiiugananiianvesnisiinsesdnrseiagaingud
4.13 uag 4.14 wanslusindaudnainsesnisdnuseuaznnanuiifvessesnsanused

NATuUUNURIvesRan Feaznuinlinaveoyadenndesiuaafeidurugudnalssesdn

=Y

wseTinduuugnuea M131eW 4.3 nanfe Welnswauievazvesdululesigaussian

1
A a a L3

WwiaLeawasvensaluduinduazianuanfiinaniuiivesnanasiuleanas Ingannnis
NAFDUNUI LB MU T UALTaT I NTINNFLATIEHIAAIANENLA AD 10.389 um waziile
Wiudaeaz 5 10 50 way 100 lagusuasvesuniululefwalssinnuiateamasasyinlian
Anudnanatlu 5.059 1.683 1.661 way 1.474 um MNERU LaznNaNaLTAAwaASLA
& = P cs' % E ™ a a fa a X

WUDIIUNNYR95R8ENTTaTNanaswusear el ulafwaU TN aLe @S N ALY
FAN15NNABINAIUT0EUTUDIANNA LA IUNNTANTBYNITANNTDANINAT bLANTRN1TNED
auvesdululefwalssinmuiialeanes vesnsatuduldduiiudwadin ndansigi

= = 3 1 & a < o av 1a o (Y
LuENQWﬂﬂ’]'ﬁM@ﬂﬂﬂi%ﬂ@U%@\‘iﬁiﬂﬂﬁﬂ?ju@@ﬂ%LQULLﬁgLUUﬂi@VL?JMUVliﬂJaﬂ@jﬁqﬂqiﬂ@ﬂ‘ﬁUﬂU

o
o (3

Nufvedlansiioadsuiauunalalnensdnuiigenndasiu Sukjit, Dearn, Lag Tsolakis
(2012a) AAYININAaDIAN YU BB UENUANITRA A UVDIUT UL BLNE s 1NuaY
wanamavestayailunisinAinudnuasaimainds wuin nsldundululefwalssiny
a [ CY t:ll 1 ’6’ C% = Q' wa 1 dl' Y go" £ d’lj a
wialedmesvesnsalvsiunlaanunsiusWdnaunsaiiuauifnisuasauliiudnsurolnas

ludndrunminzauignegnsesay 10 lngU3uns
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. : y Ww 5
b 100 200 300 400 s0d cod 700 200 000 1000 1100 1214326 g
10 % FAME
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JUT 4.13 vwnanudnvewiufaniaendesqansiallulasalavuuuiaesauinng

Yauhtiululefwaussnmuiaeamasiudu
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1211.389 pm

V1790970 ym

um
10.904

1791 452um l

7835

1213.651um

0 %FAME

5 %FAME

N

1212.046 pm

71790.406 pm 0

10 %FAME

b
1214213 pm

50 %FAME

-~
1212187 pm

pm
8.076

{ 0
"1790.994 pm I

2845

100 %FAME

JUN 4.14 ameanganuiiivesunufanlaendesganssailulasalavuuuiaefauiiiniosa

[
o

vpsnululefwalssniuiateamasiuIu
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4.4  msieszvladuianndaundimansenusalnslulag
MlATgiuRLTiALaA sidurugudnaaYessesnsAnus antladedanndeud

9193z AT uivUTuAwadIn mdwas1gvingnunluldluanmuindaufiunna ey @4

a

aunsaleuiisuiuainegeununInsgIuimvuakazyin i lafswansenuaindade

[
[

9199z AT U tnsluladvesuTuiwadIn I ndwasied asdunisneaeulaeditdade
a P a | ) ' Al L o o e A = A
danneuniuanadeiu 1wy Wan Lanldlunimegey ANuTuduius uwazoungll J9d
o & | ° ) a =~ A a £
ANUINTusan1svinautlanansluladnnsannseinT Uwaz U ULIAAINNAINITOUD
va oA % o o a o ¢ = a ¢
AUURNISNEDA UVDIUIN UALLATININFWATIZY 520LUDIN15LATIERAMULUSTUSTIULAY

Wiguigurunnansnavesladedunaeu nAnadeiduiugudnanssesdnuse

Y

4.4.1 Wan15IATIERLNUY AR U UALINa1IvasTRENTsANuTa UL

Y

Ya4lvan wag 1Ian
AsNAERvANURNITMaRaUINNISUAsULUaITAT BN AR LAZLIANT b LU

msnagavdmsulnaniildlunisvaaauiie 200 400 600 800 waz 1000 g Hias1a8nIs

v a =

5995ULIINUNLNNTUN18 T UATDILUARWE ULLIDLNEY WaLIan FIMINUNNULYamaIin1S
1 r-ﬂ' Ql' A | Y a = d' 1 .
vaedunliiisane wdwaliiinn1sdnrsenguusela (Hansen, Lee, Westbrook, & Wilson,

2018) dmsuanlvlunisnadauda 75 100 125 wag 150 U9 wilalansliiiudsatade

(%
Y o v = =

Wurugudnatssesdnnsenivasuilasly delunimmeaaesaselldunduawadanan
o ¢ a & Y =~ a ¢ o oy

duasizruignsnauiniululesiaUssnuiiaeaneivensaluiunesas 10 uag 20
lngU3uns Welmsdiwesaud 50 Hz seeedn 1 mm aamall 60 °C uag ANUYUFLING
Seuay 52 - 56 wansAnARetduNIUAUINA9TREFNNTONINATT 1NN 4.5 UavTUN 4.15 wans
uHunALRdsduuAugnansensdnvselledinisasunuasladelvan 200 - 1000 g
waztaalun1snegeuy 75 - 150 w1l vesdsiuswatin nduasieniuians uwasilenay
udululefwayssinnufiaeamesvesnsaladuiesay 10 way 20 IneuTuins wuid

VDULIANISNAABUANUANITNADAULLAIULANANAUDETALIY LANUITUALTATINTN

dunsgiviansiviauadeduiugudnassesdnseuinianag lugae 609.0 - 898.4 pm

a4«

Y& 1 3 o oa a o el A Ay a a v o ¢
LLa@IQEL‘VTLVU'J']UWlIUWL‘(jﬁ?erﬂ"IWﬁ\TLﬂiqgﬁuﬂqiﬁa@aumlﬂﬂ Lu@\‘i'ﬂ"lﬂilﬂ']LQ@ULﬁUNWUﬂUGﬂaWQ

v
o w a IS

seednuseias wasdndunazinunviuugsnsuaeiiu Sandufwadinmdaunsisiuigns

nausululafwausyunnuiaeamasvasnsabudulussvay 10 waz 20 lagUsuies vinld
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ANRS Bl UN1UA N NaN9TRENITA NN TR ANaNA0Y TUY I 1765 - 315.5 pm waz
180.0 - 357.5 um Aua1RU Aatunskandtululediwalssinnuiiateanasvasnsa busiu
aunsaiuguiRnsraeauldiuiniuAaTINNELATIZIIdenAR INUNINIAABIN DU

agdlshinufleinsanmuiedevedivanuaziiaifsgun 4.16 4.17 uay 4.18 wansian1e

a

Ingeizailieiinisleluan 1000 g waz LaTtun1smndeu 150 ufiagyilminAedeLduNIY

|
LY = 1

AUGNANNTBUANYTEEIEA AD 883.0 305.0 Uaw 335.2 pm MNAIFU Fadawaliinn1sdnnse

[y

yuLssiueTaseud Wesnillvaaviseusinaduianseyiluluisinuuiiuilansuiny

1% '
[V RY]

ilviinundudaiiuanndusazldhnarlunismageuuiuuniu Jvhlviisdad eidusiu
AudNaaTednmIeadan LilalUSeuliiguiuaniItenIuuInggIu Ae wan 200 g Liantunis

NAgaY 75 w1l dAnadgldunugugnaasesinuieanasie 609.0 180.0 ag 180.0 pm

v

muadu vieanasdnmduiesas 31.05 41.00 uaz 46.31 mua1du dunalidnanaiisdu
H1ugugnassesdnvseiirniianas AsiunsnaaeUNanIIENuenmisnINAuInTgIuaL
ansovihlidnlaveulsanuausavesunusnauaziansenulnslulad niintudle
AREAIENTULTE WONNUIINTUN 4.16 wulliilelnanasfiuazivdesundasanldlunis
nadeudmaliARdsduuAudnaNesEnuseLintuluTesazNuIngn Fie 13.78 usiile
=) Ql [ et P a ! N ¥ ! L3 =
WiguiigudunaildlunmsmaseuasivasiUisuwladnanaafeduniugudnanssesdn

nsorindulusogazNuInfgn fe 7.83 1nNna1NU19RU Ae Va1 lun1seaeuinasie

Atadudunugudnanseednvselauinnitlvan Weuwanisnaasaldimseyiaaeg

o v A ISP (%

ANOVA w11 Uadsannluaniian sedutledidey Ao 0.0005 waztianlunisvadoulaisediu

1Y ra v =Y [ |

HodAg Ao 0.0000 YadeainlnandeliddedAgy wanailunrsvadeuildudrAyaonis

o o

v o o

WaguuUasvesAiadeduinuaudnalssesinuse Wesnniarseautdedidey < 0.05 uag

W RUUIRdNENaINNISAILIAL Cohen’s d wUULAY WUIUadeanluanilan d = 0.140

Y

wazladuannnailunsvmegeuian d = 2.760 Tunanaennassiusziviudify Undudiva

Finmduanendaudinismvaedunlis siliaadoduiugudnassesdnusediaigaiu

" A o

Wiasgufmue feiudelvlnaniiiuduisiladwmalirnadeduiiugudnalssesdn

nsarasuntasluannAuiinagndy 1nA1ee Cohen’s d AnansliliuiinasaraduLdy

N o o w 1

HiuAugnanssesdnusedesunn wardadevesnarildlunimeasuiliideddysons

=* A 1

WasuuUasddeiduiiuaudnanssesdnuse siuludslia1ves Cohen’s d wuidn Uadeann

wanlunsnaaeudma A RauEuNUANENA LYY WadunaFUN 4.17 uay 4.18 WNuf
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ARRsEURUALgNaNTRENSANUTe Nivanasuazildsuidasiainlslunisnaaauiinl
ALadduRuAudnasseednvsaiiuTuluTevar Nunniian Ao 20.00 uag 11.20 MUAGU
wilenanildlunmmaseuasiuazildsuudaduanadiade idukiugudnalssesdnnse

WaduluSesaguniiande 25.74 wag 25.94 mudwiu inaniaenadesiuaseauledidsy

o w A

YaduanlnandaszauisdAg Ao 0.000 visludosaz 10 waz 20 nedsung waztianlu
nsnadsuiiAseaulediAn Ao 0.0013 wag 0.1985 MUAINU wazliloinIUINBNSNAIIN
n13ALIad Cohen’s d wuutaay wui1 Jadeanluaniien d = 1.731 wag 2.118 A1ua1au

Jadeannnarlunisneaauiia d = 0.135 wag 0.163 AIUAIAU FILANFINANNKNAVDIUTY

' (%
= o

Aladannduasziusgns Welniswauiiu lulefwaussnnuiiawawmesveensaluii

ilndadennlvaniaziandwnasionadedurugudnassesdnuseuniian As Yaguain

a v [ o o 1

lvan Ideddymuszaudvdidysenisivfsuniacuaziiaves Cohen’s d igadenasie

o

o v |

Anadedusugudnanssesdnusenn uitadeannalunsveaeuldiidedidguazaives

Cohen’s d fifluasorAadaidunugudnantes win1sdsunUadlvanfigaluazdnans

Y
£

JURUUTRITRENSANUTORUUBARATINAY Tuntmsstiudlanafldlunisvegeuuiudu

o

JOUNTANUTBUUVEARAITANaY (Hornby, Cuckston, Caprotti, & More, 2013) Wuana1ntea
puMskaNsiu lulefwauseinfaedinesyaansaludusosas 10 Ineusunns Tinad

WANKI9AINNNSHANS8AY 20 TnsUSuinsiieaantos setunauisiululefwalssLnniuia

(%
Y

LPAMBIVRINIALIUSaEaY 10 tneUSuipsiiigswananistigiaURn1suasaulnuunu

AYATINNEUATIEN



M137 4.5 Aadedurugugnasesdnuseludialvan 200 - 1000 g kA 1IaN

75 - 150 WA
ﬂ"lLa?iﬂLé’umuﬂuéﬂmaiaaﬁnma (um)

%FAME ian (9) _ _ _ _
75 w1l 100 wrd 125wl 150 wf

200 ¢ 609.0 677.0 773.5 849.4

400 ¢ 640.5 734.5 778.0 865.3

0 600 ¢ 672.5 739.5 814.5 898.4

800 ¢ 647.5 741.0 820.4 871.7

1000 ¢ 647.5 751.0 847.3 883.2

200 ¢ 180.0 176.5 219.5 199.0

400 ¢ 228.5 237.0 236.5 260.0

10 600 ¢ 2435 2535 260.5 274.0

800 ¢ 269.5 277.0 280.5 300.0

1000 ¢ 276.5 288.5 315.5 305.0

200 ¢ 180.0 184.0 203.5 183.0

400 ¢ 196.5 204.5 228.5 2115

20 600 ¢ 266.0 240.5 244.5 243.5

800 ¢ 253.0 253.0 275.0 312.7

1000 ¢ 295.5 2955 357.5 335.2
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JUT 4.15 unundadelduiugudna1avessesnisdnuse lurilvan 200 - 1000 g uag

981 75 - 150 Wil vesdiufwatinmdnnsenuians was nauduiniulule

flaussinnaloamesvesnsaleduiosas 10 uag 20 lnausung

900 -

850

800

750
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600

Load (g)

140
120

400 100

200 80 Time (min)

850

800

750

JUN 4.16 ununAdeiduruAugnaavessesnsdnuse lugiilvan 200 - 1000 g uae

1381 75 — 150 W9l Y89 URwaTIN NELATIZY
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JUN 4.17 unuidadeiduiumudnaiavessesnisdnuse ludilvan 200 - 1000 g uag

1281 75 — 150 Wil vesunTuRwaIn I ndLATIzviNalfuiululefwauseLan

Wwiaeamasvaensabuiiusesas 10 Ineusunng
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100
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280
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JUN 4.18 ununAdeiduruAugnaavessesnisdnuse lurdiilvan 200 - 1000 g uae

1387 75 — 150 W9 vasitufwadinmanasznaunuindululefwauseiny

Wwiaeamasvaensabuiusesay 20 Ingusunng
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UBNAINNSUAAIHAANRA LA UNIUAUENANTRENTANUTO S llNavesrduUsEaNS

LSOASANIY WA ToeazvaildunsvaofuTAAINNIUN 4.19 uar 4.20 wud Whdiufiea

I o

Fanmduasiziasiiadulseansusadoaniueglugie 0.348 - 0.412 waziisosazuodilay

= B

nsvaefiuegluyie 15 - 87 FeaeilArduussdnsusudeaniuiiainiuazSesasvesilaunis

A6 ' P ~ = o T o = a s o
HavaUNININ LN@L‘U?EJ‘ULV]EJ‘Uﬂ‘Uﬂ']iNﬁiJu’]ﬂJu‘l‘UIaﬂL“UaﬂizhﬂwLNWﬂL@aLW@iT@ﬁﬂiﬂlmNiﬂu

Yy

Sewar 10 war 20 lneUsuins ilvdleduuseansusudenmuanaseglugg 0.115 - 0.138

WAy 0.110 - 0.136 MUAIRU wazilsosavvasilaunisvaeauasueglugae 79 - 98 uag

(3

69 - 98 MIUAINU FIVNIAANFUUTLEANT WIUFLANIUVBIUTUALGATININEIATIZINT WAL

ndululefiwaUssinmufiaeawmeivensaluliv daegluveulwnnimasduiuuunitans

I

lngamananiinlidandudsednsusudeaniuanas uay Sosazvesildunisvaoiiuglu

= Y = a ¢ v o va A Aa
Luaﬂf\]qﬂuqlluvh.ﬂ@@L"UaﬂigLﬂV]LlW]aL@aLaLW@isﬂaﬂﬂiﬂimﬂJuuaN‘U91ﬂqﬁ'ﬁaaaLW]@ﬂ'}']

(Xu et al., 2010) #nTUNaaINNTUA 8 ULUAITAT 8N aAWAZLIAA T Y FEvinTH A

[y

1UszANSusuasanuilnunldunanasieadnies wiilaiinisnagsvandfinisvasau

' 1%
o A o w 1

suaaluiaﬁwamﬂayjmmwﬁuumwaaﬁu (SAE 20W40) 1Wasuuaslnan 50 100 waz 160

Ty nuIlelvanfiuuan

[y

a £ = I~ =1 ~ a Y]
NﬂigﬁmﬁLLiﬂLﬂﬁlﬂWqUNLLu’JIu@Jﬂ']LW@JGUU LUBIITAULLINANNU

e

a [ 1

ntranfiiindy i linuiivesingiivesinafianas dunusivsevasueslidunisviasiu

anasRuinLIUFIANTUNETY (Yashvir Singh, Singla, Kumar, & Kumar, 2016)
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JUN 4.19 unuiienadeduyssansusadeaniu lugialvan 200 - 1000 g uaz

€ a

1281 75 — 150 W9 Vo9t TURATININEWATILNUSEANS ke NaunU

9

Yrfululafwausunviuiaeamesvasnsaluiusesas

10 way 20 leedsues
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JUN 4.20 unundnsFevazvesilaunisvaedu Tugialvan 200 - 1000 g wae

a

181 75 — 150 W19 VaSUNLURAATINNEWATIENUSAND hay NauiU

9

Jrfululafwaussnmuiaeamasvainsalusiudosas 10 way

20 TneUsunng



75

a = Y 1 <

4.4.2 wan15AsznNundAaduNuAudnanwessaun1sanuseantUale

v v
QUUNAUBTAMUYUTUANS

ANSNAFBUANUANITNADAUVBIUNT UL BLNEY L adiN15 VA uwUaIUa 8D

' v
a a =

gaunil wag ANuTUFUInNSIIAeTun1elunIes HFRR dmsugamgildlunisvaaeude

9 Y

=Y

60 90 120 uaz 150 °C Fadugaunginansliveaeu lnewasas HFRR LH391nn15v9uY

Y

YBUATOWUA hag 1132A 91938vUlUAN1IENTULTWINEWY dauTouiliiudy Feay
daansznureszuulnslulad vilidanudnduiiveaeuluaniiziigamgligandi 60 °C
Hugamglanuszuuinnsgiu eamgiveshiudemiiiivgy dwalinisdnseduana

voagiululefwaussinnuiiaeanesvensalududsuaniaulugliuuess (Hardy)

% '
(% (3 =

Nansagdetuilay ewinnsidesaaneveslianariilviileiian1sdnglesesnisanuse

vuiIvedlanegalu (Buyanovskii, 2010) wenanniillegamgiingsduagyilvianuvilanues

(% '
o w %

Wihuanas Migaduresasraeduniiuitanas dufnufisenaliserinsansiiuusisluingiu

(%
o

WendsnuiuRalaveladedu 1wy nMsfaufiseneendmduvesaisusenauludulidud

[

Ui yilnfiinn1sdnrsenuutng (Abrasive wear) a1neuniavesansuseneuldinindu

wseUisuneslstuniiszninnsaludiuiulane silaAanisdnrsawuuianiau (Corrosive

'
a

wear) @aganndaenungugiieanunalnnisinsluiad (Tribochemical mechanism) 9

(%
a a o 1 v W

Ugnseuadisslviiianisdnnsessninanuiiamdeediuluaniisvasiu asdunisidenld

' ' '
a = a A

a1sfuuaeiingne o s3udan1snrvaNgungiivesidiu Jududdidesiansauniioan

Ao N sUszasrmanil dmsuanududunmsilylunisneasvaesosas 10 - 90
muaulpgasazangindedusi 8 via Fudunisdiassszauanudulusiniaiiuansneiu
warenvdINansEnuAnfuszezialunistiusne il amae saulutanisldauiisiu
d’l’ a d'z:l % 4:1' [ @ dl
Wwawasluanneniilourndniaulilueinie lnsannsildlunsnaaeuniu ssuvuiasgu
vV = dy Y v} L3 1 1 124 d' ¥ L% d'
wdosanuyuduimseyludisiosas 52 - 56 1llpwinAesAIuANAILUINEUDNT D17
a d? Y @ 1 ) a a :j dy Slno/ v a a
Andu war Tnduamissgivaunsainllilseudisy nsveassessdldundufigadinim
o L3 9({ L% = a s LY} v a
Fuaszvinauinsululafwalssinmuiaedinesveansatviulusesas 10 Ingusuins Iy
Hlnanluana19iy Ao 200 ¢ wag 1000 ¢ Waliws1dwesanud 50 Hz szeedn 1 mm uag
LnAUNTNAEIU 75 WU masuaqmimmaaa%gﬂLLamLi‘]uﬂ'ﬂLaﬁﬂLé’umuquéﬂa’masﬁﬂma
A A A e a a
MNR5T 4.6 wag Tuguiuuveswnud iefnynansenuannsuasuwUasuegungll

A

wazANUTUFIISAaARAsIduR uANdnansTeednuTe AN TenIRaNTRN SYA D AUTIAATY
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U 4.21 wuin filvan 1000 ¢ dAnadeiduruguinatssesdnusenglutig 245.0 - 380.5
um Fadldsnnindiluan 200 ¢ fiAnadeidurugudnassesdnysesglurig 162.0 - 328.5
umn Wesniaduanlnasiiuansstiulvan 1000 ¢ vlviiiuRadudaiazilifnsosns
Anuseldunnituaznsadistuiiduundldmngy Samldianedoduiuaudnarssesdn
n59g9n31 93T 4.22 flefansasiilvan 200 ¢ axdanmindian1iziiingnAogamgdl
150 °C wazarmiuduimslurisiesas 80 - 90 Wanadeiduinugudnanssosdnusotigean
#9 328.5 pm sduananmznAsu Ao gaumnni 60 °C arududuimsludisiosay 52 -

56 idAnadeduuaudnassesdnnse Ae 188.0 pm Anluiinduiefevay 42.8 lny

'
I Y

ALadudUHuANg NaTRrdANvTalw g Wl ogaum il a9 unazliadey

=)

aAniYag

' ' [
a a = = 1

gaungil 60 - 90 °C agalsAmudmsunnan1izvesdovarauTuduiMs AT ullnase

ALadsduNuAudnalsesdnrseisndntesituy lnedenndosiunaInnsinsIen

v v o W

ANOVA a1nUadgaumgiifidanasienaieiduniuaudnalssesiinnse dseaudedAny Ae

Y
¥
=) U U U v o o v v

0.0000 wardaduanududuimsiissiutedidufe 0.0013 Tnefisedutiddey < 0.05 il

<

Y [

m‘ﬂmamﬂammmLLammmuamww STudiTednfyidamadonsisunUasanadeduniu

@JUEJﬂa’NiE]EJﬁﬂMiEJ wiilaYnuuInsnsnaaInnsAILI Cohen’s d WuUlady wui1tlase

v v
| % A v v a1 [ Y

NguuddaT d = 1.032 wazdadeananududuingien d = 0.580 Aviudmiunis
neaesfivan 200 ¢ n1swWasuuwlasaungiagynlvanad eiduruaudnaissosdnmse
WRuldinndnAaRuding 1esnilA1ves Cohen’s d 71gand1 wenanilanngui 4.23
o o Al = a P SV ¢ = =

dmuiilvan 1000 ¢ Nian1ingalAnadelduHIuALINaIIAD 355.0 um LRLIINENE
WINITFIUAB 265.5 pm Ainvduesas 25.2 lnefianigingaiidiAnadeiduniuaugnansses

dnnsenlnalfgsiuiuAiadeiduniugudnasesdnrsefigungil 150 °C MUdsuwUas

(% [
A v v

ANUTUETImSAIuATosaz 10 - 90 agluyae 340.5 - 380.5 pm uag LeANUTUFUTINSAN

WU Aiseear 52 - 56 Waguaumunil 60 - 150 °C danaduiduiiuaudnalssesdnvseny
4 a X

U939 265.5 - 340.5 pm eINANNTUFIIMS LU UIINAf DA LRRIEUH UALENAT9T OY

a

dnusetesniinsidsuuasguugil dennneiuaA1vee P-value 31Ngaun il A 0.0000

Y

[
o o

uay %’aaazmm%u UNNSAD 2.2013 @11sUNITNAARYN 1000 ¢ HiNesn1studsuLyas

Y l N ' a Y ¢ =

@ﬁﬂma@@ﬂWiLUaEJ‘LlLL‘Uaflﬂ’]LQaEJLﬂUNWu@Ju‘EJﬂa'NﬁEJ‘EJﬁﬂ‘Vii@ way 1edn

Y

gaunniniied

YUINBNTNAINNTAIUIU Cohen’s d wuutady wud1 Jadeangaumgiisien d = 2.201 uae

Y

ﬂ%m’mmwmuam WnoileA1 d = 0.162 ezmaamﬂaamumsmaamvmuuséw A W‘U'J’]ﬂ’]
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983 Cohen’s d 3MNgaumngiagihlviAladudurugudnaesesdnusoiiudu gaumgiigeu

[
a = o

Y
ilvAnadedurugugnalsesdnvsegeliy Wesnidlegumgiasdu inldiuniitives

luananduinnsaeduvuiuilanglidosas tuiaunaiedilianysalvisedeuaniizas

(Wadumesthrige, Ara, Salley, & Ng, 2009) saulufiainn1sszineiazaunilanveosigu

v
IS a

Walndanas uenaniiinisneaaeunansenuresgungiindwmadeautiniclnslulagves

o¥

v
L% IS a

1178 a0 Jun153LAT1ERDIANUNUNIUVDIR I AT BLES (Kuszewski et al., 2021)

[% ' (% [
LY A A v (Y

AeluRaIINg g indwareaudinisuaeduidlusyiulasaircluanavesidulule

a ) [ 1 |

AansoansRLLAaazyln da1nsulatumNuTUSUINSHdnansenusaauURn1suanay
Y9N ULT DN I@enAd 89AU Shaver, Giannini, Lacey, kag Erwin (1998) 1avin@nw1
NANTENUINNUINELARARAUTRANISNADAUYDIUNNUINASIY UNTURAE NIEAUAIBIEUATDY

a4 2 oA & A ! Y} ] & = A4 A oa & v o N
L38® sUQﬂJﬂ’J']@J%u‘V]LLGm@WQﬂu@@ﬂIU WU?qﬂﬁqﬂﬂjuvL@JNNaﬂigmUﬁﬁ@@JLWUQLﬁﬂu@'UW@ﬂWLQaEJ

¥
IS [ Y

Wusugugnatssesdnuse undnyunidelinis@nwAnuitanuuduinsdanasenisi

'
3

Usuoendiauiildluniswtlvsiluindessusd Tnefia1ainud uduimsiassrdanadise
Y

=

wisdwesi sndulunisyiauvenas eseud (Haller, Jankowski, Kolanek, Magdziak-

v A

Toktowicz, & Wrébel, 2015) 4anaInRgain1sAnwIANUIUFURNS kAL ANUAIUITALUNNS

d’lj 961 LY 9; LY dy a io’ CY a a s v
ANAINUYUYDIUTNUUTHULYDENAN IWEJTJ']&I‘IJVLUI@G]L‘Uﬁ‘LJimﬂVlLlWlaLEJﬁWlEJi?JENﬂiﬂI“UﬂJUlI

(% ¥
o w N

ANNANNTALUNITAAAUTUNINTIGA Todadun Ar Urduaindsnsildnuasirdusieg
nTlasidey audnu Weswinnisivyasvenddn dadunguluanaiifitiaunsoge
& v ova 1 ' a o 5 o oa a a o § v
AndulafunnInguuesasUszney exlsudndinuluhdudiwaantlnsidey il
= wal 1 g = 4” v v 1 { 961 o/ ara = IS (3
flaud@ldyeuirdagemnuduladesniinguueaiauluifumsilin Fnsilesduseneu

o lulduldondsdswatinisnasaunanas (Magin Lapuerta, Sanchez-Valdepenas, &

' '
v a a

Sukjit, 2014) AsusesazANuTuduINSTRLTWTuaws iliesrusenauvesinludgy

oAy liuaunnN1srasdauLuuUNUASiasuwladlua annn1sanus oLy



M13NN 4.6 ARReduRUAugnaasTesEnueluYIguugll 60 - 150 °C uay

ANMUTUAUANS DAL 10 — 90

78

AnadeduruAudnassesinuse (um)

van (g)  %Anududuing

60 °C 90 °C 120 °C 150 °C
11.88 194.5 180.5 222.0 240.0
24.73 162.0 185.0 204.5 254.0
35.10 186.0 172.0 214.0 244.0
46.30 207.0 182.0 228.5 259.0
200 55.44 188.0 197.0 203.5 239.5
70.64 242.0 226.0 246.0 2535
80.68 212.0 218.0 252.0 253.0
88.04 234.0 218.0 226.0 328.5
10.51 249.5 246.0 248.5 343.0
24.46 260.0 250.0 272.0 363.0
34.00 246.0 256.5 260.0 351.0
47.08 256.0 269.5 255.0 380.5

1000
54.14 265.5 267.5 269.0 340.5
68.70 277.0 265.5 280.5 348.5
79.88 258.5 287.0 264.0 378.0
88.39 268.5 252.5 294.0 355.0
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4.21 wnueedgiduruaugnatavessesn1sdnuse lugigumgil 60 - 150 °C uay

ANMUTUAUNNSSDEaE 10 - 90 IagUSuN9s FalTUNTUR@aTINNEWATIEANEAL

fFuihifululefwalssnniaeamasvoinsalosiu Sesas 10 lnaUsuins

7ian 200 ¢ way 1000 g

E 450 |
= 400 |

eter (u

£ 350
O 300
© 250

200

150 4

140
120

100
80

Temperature (°C)

60

20

100

80 180
60

40
ambient humidity (%)

4.22 wnuiiAedgdurnuaugnaisvessesn1sinuse lugigumgil 60 - 150 °C uay

dy v v Y a = SU%I v a = % 6
ANUTUANTINS oA 10 - 90 lneUsues Felditiunwadinndunsiginau

Auihdululefwaussnnuiiaedamasvoinsalosiu Sesay 10 tnaUsuins

flvian 200 g
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380

340

Wear Scar Diameter (um)

260
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. 20
Temperature (°C) 60 ambient humidity (%)

gﬂﬁ 4.23 Lqu‘mmLaaEJLaumuﬂuaﬂmwaaiaamiaﬂma Tugsgaumgil 60 - 150 °C uae
PnuTudTmMESeay 10 - 90 lagUsinng vesusuiwatinndansginan iy
Pfululafwaussnuiaeamesvasnsalusii Sesay 10 lnaUSunns

7vian 1000 ¢

dnsurduUszansusadeaniu was %’aaamam‘?\lﬁm’ﬁuéaﬁumemmgﬂﬁ 4.24
uway 4.25 7 man 200 ¢ uag 1000 g ANEIRY Wudwmé’mizﬁmémﬂL%EJWW@&J'M%'N
0.108 — 0.195 uaz 0.102 — 0.129 uay :ﬁ%faaamaaﬂémmwﬁaﬁuagj’tmiw 80 - 99 ez
77 - 99 puadu nsvedeuiinansatuaznuIfivian 1000 flendulszansusadon

v a s = oA ~ o &
MU LAY S98a5VRINAUNITIABAUAININ VlI‘Maﬂ 200 g Lu@ﬂﬁ]’]ﬂllLL?Qﬂ@IULLUQWQQ’]ﬂf\]Wﬂ

v '
% =< ¥ 1 a

IaauiuduinlvinuivesdaneNinaiuaaduaennd o uNa v IR A uldUHuAUINA1IVBY

Y

[
A v v 6

seensAnuseiinadluneunth dmsuladeangampiiuazaududuimsazdunninnies

v
|

dy v w6 I a £ = a 2/ a d?( d' a =<
AYAUYUAUNNS 10 — 50 ﬂ']ﬁllﬂi%ﬁ‘l/lﬁl,LNLﬁEJ@VlTumLL‘IJ’]I‘L!@JLWNQQ%ULM@QWMQM%Q%U bb61
v d? % Y s ! v a &£ a =Y a g
NIDYALAMUTUAUNNT 60 — 90 ANFUUITTANT UINAYANIUILANAILY @QNWQNGQ‘U‘U

Y

wennilAmduusyavsusadsamudnlvgasiianfiauiennududuivsgaiuaziuladn
flwan 200 ¢ esannnisadrestuilduveeenlesiivildduilduuasuulasldainnsd
AU UETNS (Kuszewski et al, 2021) Feduilduiidsuntasluvinlymnuansnsalunis

vaeduanas way daadeiduriuaudnanssesdnusefianas sulufiuliogumgiifasduh

TR A58 Me99UT UL AN 1Y I UN1SNAaBILaLaNSaza18mna YN A duUs e ANS k4

[
=

deoamuiingeiu dusuiosazvesilaunisuaeduazduvunliuilndidssiuiesnnidunis
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Yalagldarumnradngnialuindseainaiuaaiaedou 39luiuaunana19iuas1g

aLau
0.18
0.125
02 0.2
- - 0.16
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a) Load =200¢

b) Load = 1000

JUN 4.24 ununanduUszavsusadeaniu Turieegamgil 60 - 150 °C uag ANAUFIING

s

Somar 10 - 90 lnaUsuns vasthdumwatinnwdansizrnauiuvindululefa

UssLnmiialeamasvasnsalutiy Sesas

10 TneU3u1ms 7ilvan 200 g uaw
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a) Load =200¢

b) load = 1000 g

JUT 4.25 unuiiuanidnisesazvesiidunisvaedu Tugisgumgll 60 - 150 °C uag

ANMUTUAUNNSSDEAE 10 - 90 LngUSU9S VoL UALYATINTNELAT LI

fuihidululedwaussnnuiaeawasvasnsaluiiy Sesas 10 lnaUsuins

7lviam 200 g way 1000 g
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4.4.3 nan1slanzilagiesaindananssmidiinasaunuudasnsnainiade

Aauandas

NTIATIZNAN YU VOITOINITANUTOUULHUARN YUIA 60 L1 wag 5000 1
dowdsuiasoniedwandon 91nanseit 4.7 Jaseainlnanuazinan dunnunsiuiiea
Fanmdanszid WewSeuiieu 0%FAME 7 Tran 200 ¢ way 181 75 Wit dadunismeaeu
PANASEIN ISO 12156-1: 2018 nuthiladeannandmansenuiusesiiintumnnnindade
snlnan agelsfmusesfiiinainnisldnamegevuiuninzdwalisesiivuaiiivguaz
Aneudevneuuiuiniiunnd definsaniddmensgenalnnisinusessifintuuansiis

[y

i Fufnnisdnuselugluuudedidusewuwindnaiuwiens nsanusewuuianseu uay
msdnusenuun1sa fuiivesuuAaniiasesvuaivg Mnnsgndad@iduannu awia
< = & a <) < o 1Y [ a 4 b4
aviinann1sdnnseduiiadusesunnuuiadniuiuinminiuuss (Wsive), 2561) lika
aenndeasiuAnaisduruAudnassegdnuse vendnillenavriululefiwalszian
wiaeaesvensaluiusevay 10 wag 20 lneUsuins tvinnisiSeuiieuiu 10% FAME

= & ! v = I4 [y A LY ]
Faunmsnaaeunuunsgu Wan 200 ¢ wud linatiaenndesiu fie Jadeanlvandna

v v = Y = A A& a =2 13 1
nsznuiuanwaensa@nnse Wedunasesdnnsoiiluan 200 ¢ UNUNINTITANUTBYUINLANNTN

¥
1Y =

way efiarsandiidenegeluazinnisdnusouuudad uiazintfosnit Tvan 1000 g
Tagnsanunsanuudndazivuindndusasuiand (Doustdar et al,, 2021) sauludanisan
NIOUUUATAN Lﬁaqmﬂmigﬂmﬂﬂmﬁqﬁu ﬁﬂﬁlﬁﬂmﬁﬁﬂmaﬁgutmﬂiw‘hﬁjui’gi’fﬂs%w 9
AANTITUNSNTEAIEVDITRUUANKATNITUANBDNVDITHR ognslsAmunswassfululedva
Uszinnfialeawesvesnsalusiusosay 10 - 20 lnedsuins dedamalimnansiudaiusion
Tnaseuvessasdnuse dadumsvauiiniunislimnudousinnismeass (Homby et al,
2013) Lﬁ'aﬁmmwﬁﬁﬁwmaqﬁuwudﬁﬁuﬂﬁﬂmaﬁL"%‘ausfu Audssuuiiuiall
suuss ilesnmisnedvesidundeiu ansuseneuiiititheanmsdudassaineiiuia s

TUDINNSANNTORUUTRELAZNITENNTDLUUAD

dl v a d‘l o v s 1 d‘ a dl
1NN151N 4.8 Uade YUNNU UAS AIMNYUTNNNT WUINNBWINTUIN

[

Maseegs aa 1000 g AANTANYTBLUUTAGNTULTINGT AnTuan 200 g Lisaniin

3

= v a & 1 1 =1 Y o = = [y ] =
ﬂ’]iﬁﬂﬁﬁ@LL‘U‘UsUﬂaLUU‘iax‘iLLU’)EJ']'JE]EJ'NLﬁuvLWUG] 'ﬁ’JlIvLUﬂQﬂ']’iaﬂWiE]LLUUﬂﬂﬂiE]ULLﬁgﬂ'ﬁaﬂ

nIDUUUANLDIUSBUBUAUAISI9 4.7 10% FAME Inan 200 ¢ Anudiuduninssesas 53
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¥ [
=) a =) v v 574 a

ey gaun)iligainds 60 °C lngiauiuduinsTosay 85 uaz gaumgilidainds 150 °C

' ¥
a =< o 1

WUIANTUFLTSwaz Ul WBNENgTY vilvsesdnusevunalngdu Fuintuliain

Y Y

g 2 Yade ileeannanudurinldnnsvasdungas (Sukjit et al,, 2017) ag1elsAnnuiile

WIsuiiguiu 10% FAME Fallgaumniliyeindaniunnsnaiu fe 60 °C wag 150 °C wuilile

Y
¥

gaungiigelusesdnnssvufanivualvgnin uae NUATIVVBIAITUBUUUNURININNTN

\esnaumging@uinliiinnisaanedivesiauuisiaiaduiveannisdnuse Faviliia

o
[V KY) a

seufvualvg dauvihlinafiaenndesiuAnafeiduiiugudnalnduiiediy fe gl

U U
YUY DNAIANARDTDUNITANNIDLPUINATIANUTUTUNNS

] [ 6 a 1 1

a a (3 % N
dMSUNTIATIENE N TOY UUUNUAANINNNTATIATULAY EDS mainns1edl 4.9
P aa ' & a s v 4 a aa . =~
wanafiesnog uuiuiivesuau taun asusu (O) eandiau (O) Fdaau (Si) lasiley
(Cr) wagan (Fe) nmsnuinanuuduauduaiulug esannidussdlsznaundnaes

weudannlalun1sneasy sauludensnulesileunasdanouiannnaadnuaIsIen 4.7 was

[
v

4.8 Miannsdnuseuuudadvuuiuiandanvazilusowwuiuniediuiilovesiiuindusy
¢ = ¢ a A o Y] a a ° a
wag AU BeAnsusulzgnnuInnfigaiievinnmaaeu luladegungiigeds 150 °C 1fin
31NATIVANSUBUTIHIUNTRAdUUNNLE I nUd g uS ulnusauresTesdnuTaLag NS
WagugUveaiuiy (Xu et al, 2010) waNAINTUNITNUBNBAUVUNURIVDITOLLNAIINNTEN
o | = & = a a v @ & o aa I3
nsauUUAANIoau FuduUn15ENUTeNNLITDIRINNITNDFA IVBITUN ANV NLDIAUTENB LB
a a [ aaa 1 Ly Q' v d‘ Q' ‘;{ d‘ % dfl’
sandlauineenledainufisenserindlangivdwminden lnennumuduliedadaaiuiu

¥

duimsuazaumn gy
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= = t4 fa @ ! dl' = LY
M3 4.7 Naﬂ’]i‘Vlﬂﬂ'&]‘UIﬂEJLﬂiEJ\‘]ﬂaEN‘Qﬁ‘Vﬁiﬂ‘NEJLaﬂmiEJ‘LlLL‘U‘Uﬁ'ENﬂi']ﬂLﬂJE)LUa‘c’Ju{]ﬂﬂ]EJ

an wag »an

SEM Image

van 4981
% FAME
(g) (w19l)
0 200 75
0 200 150
0 1000 75
10 200 75
10 1000 75
20 1000 75

60 X

5000 X
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= = t4 fa @ ! dl' = LY
»13°19% 4.8 Naﬂ'ﬁ‘Vlﬂﬁ’e]‘UIﬂEJLﬂiEJ\‘]ﬂaEN‘Qﬁ‘Vﬁiﬂ‘NEJLaﬂmiEJ‘LlLL‘U‘UﬁENﬂi']ﬂLﬂJE)LUa‘c’Ju{]ﬂﬂ]EJ

a

ANUTUFNITINS Uay gaungil

Y

& a
Tnan % ANUTU | UNNU SEM Image
9 Y

v v ¢

(9) HUNNS (°Q) 60 X 5000 X

200 85 150

200 53 60

1000 53 150
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A3 4.9 NAIATITISINLABLATDINADIYaNTIALBIANATEURUUARINIIA shawmnalla

EDS Wiawasuiadedainany

Seuazlaguining g (%)

o/o FAME/ o A [ d' 4 a aa = <
I @ ‘ﬂi]ﬁ]f]‘i’l 1 {]QT\IEJ‘VI 2 ANIUDU | 99NUYLIU | YAaADU Iﬂ'imﬂ&l Lian
wan (g
© 0) (Si) (Cr) (Fe)
load: Time: 75
0 5.85 6.27 0.27 1.73 85.88
200 ¢ min
load: Time: 150
0 4.71 5.87 0.27 3.25 85.89
200 ¢ min
load: Time: 75
0 4.08 5.09 0.28 2.78 87.76
1000 ¢ min
load: Time: 75
10 5.15 1.15 0.28 3.80 89.62
200 ¢ min
load: Time: 75
10 4.66 1.71 0.24 3.83 89.59
1000 ¢ min
load: Time: 75
20 571 2.05 0.25 4.34 87.64
1000 ¢ min
%RH: Temp:
200 ¢ 8.29 3.37 0.23 3.94 84.17
88% 150 °C
%RH: Temp:
1000 ¢ 9.04 3.98 0.21 4.13 82.63
53% 150 °C

4.4.4 wan15AIElagATaINdeanssadlulasalaliuuaasanuiifain

Uadedaninany

ANSALATILNTBYNITANNTDINNANUA NWATAINANTR Lo UasuTTeN4

A9U9A93 10A157197 4.10 TUsldanudntaznwaudfvessesnisanuseantavelvan

waglIan WIsUgUANaNY8ITe8NSENYIBBIUINUAWaTINNEUWATILRTLan200 ¢

waglIa 75wl agnuIndaianudn 10.389 um welldsuiluasatlun1snaaaulnuau

Ju 150 wiit vilidAaudnuiniiane

Y

g 16.766 pm MUAIENAINNISNTUTBIan

1000 g fimudn 14.709 um wazanawauifnansiliudsanuugnsannsefinatuuy
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¥

NURY @oARARINUNITIASIEARaUNT tHpsAnTuasiduu1enldiadasnisiiuiailunis

nage ULV ITesANENgWUNINNTY MU IaaTiiaLssnaTiuluwfRINiU

[

fuRa eglsinunisuauhdululefiwauszanuiiaeanesvensaluduluiiudivg
FInmFuATIent vilinuanvessesnsanuseanad e ndilduuigunasiaiies

vilvnswauii¥esay 20 fisosanudn 2.606 um usnaniiflodunnguil 4.13 (10%FAME)

U = =

Tnan 200 ¢ f58A708N 1.673 um wazdlowfislvan 1000 ¢ Aanvindu faudn 3.445

um vilidadevediandmansenunesesnudn @onndpanuNailAsIERAnaIluTemy

ﬂ']ﬂﬁﬂﬁ']\‘iﬁ 4.11 I‘Uﬁlwa‘ﬂflqmgﬂLLa%ﬂ']Wﬁ']llﬁasU@\‘ﬁ@Sﬂqﬁﬁﬂﬂ/ﬁa{'ﬂqﬂﬁﬂ%ﬂ
& v w o« A A o = = Y = ‘:4'
ﬂ?qN%UﬁNWWﬁLL63QMV§JN Lll@VI"]ﬂ']iLU'iEJ‘ULV]UUﬂUiaﬁJﬂﬁqNaﬂf\]’]ﬂzﬂw 4.13 (10%FAME)

Wu31 N1siadadeangungd 150 °C uazluan 1000 g vilviAnA1u&n 9.212 pm

v v 6

WANIINUNIINAMUTUENIING wag goungdl AAuaAn 5.737 pm Aatiudsdunaladn #aan

9
[ £%
a

nsEig il lvinuaniiug @y Wesnniilegumglgauliiananasisiduuisiign

Y Y

o a ¢l I =2 a & a .
Fuuufaniauadesanas SulUN AN TIZIREVO AT DLNE S (Karner & Eisenmenger-

Q/ U s =3 L4 =

Sittner, 2010) 9¢14L5AMNLAISINAMUTUFURNS AL NUINAVN IAAMUBNALTY LeasvinleA
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AMANUIN N

AN5199 N.1 ANMUNLAIAUANEASUDIUT U DLNAS

. . AUnAvaUAIENT o4 9uunal 40°C (cSt) - ASTM D445
7989 .
I I M IR\Y
Diesel 3.12 3.11 3.12 3.12
0%FAME 2.58 2.58 2.58 2.58
5%FAME 2.60 2.60 2.60 2.60
T%FAME 2.63 2.64 2.63 2.63
10%FAME 2.65 2.65 2.64 2.65
15%FAME 2.67 2.67 2.67 2.67
20%FAME 2.80 2.80 2.80 2.80
30%FAME 2.84 2.84 2.84 2.84
50%FAME 3.45 3.44 3.45 3.45
T0%FAME 4.03 4.03 4.02 4.03
90%FAME 4.87 4.87 4.87 4.87
100%FAME 5.16 5.16 5.16 5.16
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AN 1.2 AIUDIINILVDIUNTULTDLNAS

. ANAWIUNTE o @ungdl 15°C - ASTM D1298
A29819 5
| I I |2y
Diesel 0.830 0.830 0.830 0.830
0%FAME 0.770 0.770 0.770 0.770
5%FAME 0.775 0.775 0.775 0.775
7%FAME 0.784 0.784 0.784 0.784
10%FAME 0.788 0.788 0.788 0.788
15%FAME 0.793 0.793 0.793 0.793
20%FAME 0.801 0.801 0.801 0.801
30%FAME 0.815 0.815 0.815 0.815
50%FAME 0.825 0.825 0.825 0.825
70%FAME 0.845 0.845 0.845 0.845
90%FAME 0.850 0.850 0.850 0.850
100%FAME 0.875 0.875 0.875 0.875
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AN N.3 ATUAUILUUYDIU LY DLNA

. . AURUILUY o gaungil 15 °C (kg/m?) - ASTM D1298
A19819 5

I I 1l R8Y
Diesel 829 829 829 829
0%FAME 769 769 769 769
5%FAME 774 774 774 774
T%FAME 783 783 783 783
10%FAME 787 787 787 787
15%FAME 792 792 792 792
20%FAME 800 800 800 800
30%FAME 814 814 814 814
50%FAME 824 824 824 824
T0%FAME 844 844 844 844
90%FAME 849 849 849 849
100%FAME 874 874 874 874
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AN 1.4 AYUTNUVDIUNTULTDLNAS

. AullEmnY - ASTM D976
A2D819 —
Ty (O Tso (°C) Too °C) | avl@mu

Diesel 222 280 334 56
0%FAME 220 258 274 78
5%FAME 222 260 280 76
7%FAME 222 262 284 72
10%FAME 226 262 288 70
15%FAME 230 264 296 68
20%FAME 230 266 306 65
30%FAME 232 270 314 60
50%FAME 238 286 322 59
T0%FAME 260 308 336 55
90%FAME 302 324 340 55
100%FAME 336 356 374 48
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AN N.5 ANAIIUSDUVDILNLULTDLNAS

29814 Arrudoutainas - ASTM D240

Diesel
0%FAME 47.02
5%FAME 46.56
T%FAME 46.57
10%FAME 46.26
15%FAME 45.74
20%FAME 45.21
30%FAME 4a4.54
50%FAME 43.1
T70%FAME 41.64
90%FAME 40.28
100%FAME 39.62
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108

gaunniinsnau (°C) - ASTM D86

9 Y

A10819 ELIEE 10% ¥89 | 50% v@9 | 90% 89 ALAD
Gudy | douiinduld | douiinauld | doudinduld | qavin

Diesel 182 222 280 334 336
0%FAME 158 220 258 274 282
5%FAME 160 222 260 280 288
T%FAME 160 222 262 284 290
10%FAME 162 226 262 288 300
15%FAME 166 230 264 296 306
20%FAME 170 230 266 306 308
30%FAME 174 232 270 314 318
50%FAME 182 238 286 322 324
70%FAME 198 260 308 336 338
90%FAME 258 302 324 340 342
302 336 356 374 376

100%FAME




M5 1.7 Ianulnvesdduaimgs

A29819 3a21uln - ASTM D93

Diesel 71
0%FAME 87
5%FAME 88
T%FAME 89
10%FAME 92
15%FAME 93
20%FAME 94
30%FAME 97
50%FAME 99
T0%FAME 120
90%FAME 138
100%FAME 169
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AANUIN U

A1519%7 0.1 N15NRaRN 1 nedsvaulinisvasdudenauidululafwaussnniuiaeamasvainsa buy

fn9814 %BHD %FAME gaungil (°C) amiizaws %A X (um) Y (um) WSD (um)
LIUFYANIUY
E1.X.01 100 0 59.9 0.302 58 610 530 570
E1.X.02 95 5 59.9 0.143 96 260 200 230
E1.X.03 93 7 59.9 0.143 96 230 210 220
E1.X.04 90 10 59.9 0.129 96 210 150 180
E1.X.05 85 15 59.9 0.133 97 190 160 170
E1.X.06 80 20 59.9 0.135 96 190 170 180
E1.X.07 70 30 59.9 0.128 98 200 150 180
E1.X.08 50 50 59.9 0.128 97 210 150 180
E1.X.09 30 70 59.9 0.134 97 200 160 180
E1.X.10 10 90 59.9 0.133 97 200 160 180
E1.X.11 0 100 59.9 0.131 97 210 140 180

177



A15197 .2 N15NNARIN 2 NedavauTRnsMasdwllanautntululafwaussLNuiaeameasveInsa by

29814 %BHD %FAME gauugil (°C) amiizaws %au X (pm) Y (um) WSD (um)
LIUHYANTY
E7.X.01 100 0 59.9 0.452 33 690 640 665
E7.X.01-1 100 0 59.9 0.422 8 670 590 630
E7.X.02 97 3 59.9 0.178 72 420 330 375
E7.X.03 95 5 59.9 0.139 92 250 190 220
E7.X.04 93 7 59.9 0.138 95 240 170 205
E7.X.05 90 10 59.9 0.133 96 200 170 185
E7.X.06 85 15 59.9 0.134 95 210 160 185
E7.X.07 80 20 59.9 0.134 95 210 170 190
E7.X.08 70 30 59.9 0.121 95 200 160 180
E7.X.09 50 50 59.9 0.126 96 200 160 180
E7.X.10 30 70 59.9 0.124 95 199 161 180
E7.X.11 10 90 59.9 0.131 96 190 160 175
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A15197 2.3 N15NNARIN 3 NedevauTRnNsMasdwlanautnTululafwaUsE LN AL BIVDINTA bUTY

29814 %BHD %FAME gauugil (°C) amiizaws %au X (pm) Y (um) WSD (um)
LIUHYANTY

£8.0.01 100 0 59.9 0.289 40 590 500 545

E8.5.02 95 5 59.9 0.156 86 320 280 300
£8.10.03 90 10 59.9 0.138 97 200 150 180
£8.50.04 50 50 59.9 0.133 96 190 160 175
E8.100.05 0 100 59.9 0.135 96 190 150 170

E8.0.06 100 0 59.9 0.457 51 690 620 655

E8.5.07 95 5 59.9 0.145 94 260 230 245
£8.10.08 90 10 59.9 0.139 96 220 150 185
£8.50.09 50 50 59.9 0.131 97 210 190 200
£8.100.10 0 100 59.9 0.136 96 240 180 210
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AN5197 9.4 NMsnedsvanURn1suasdullaasutadelvan was a1 YesnduRwatin nduaszvnandsululefwa Sesaz 10 lneUsuing

v

Fudu dugn
- o < - ANUBY - AN
L R duuszans . WSD IR o o . il o o .
29819 o %Wayn | X (um) | Y (um) AUNNS HUNND
(O usstdsaniu (um) Tnasau Tnesau
Tagsou Tagsau
(®) O
(%) (%)
E2.L200.T75 59.9 0.129 96 210 150 180 25 53.6 25.1 53.6
E2.L400.T75 59.9 0.132 94 255 202 229
E2.L600.T75 59.9 0.132 95 275 212 244 25.3 24.2 55 55.9
E2.L800.T75 599 0.131 94 307 232 270 24.9 23.6 56 574
E2.L1000.T75 59.9 0.115 96 324 229 277
E2.L.200.T100 599 0.138 98 214 139 176 22.8 54.6 22.8 54.7
E2.L.400.T100 59.9 0.132 98 264 210 237 25.8 52.3 24.1 56.6
E2.L600.T100 599 0.132 95 286 221 254 24.7 52.9 23.4 56
E2.L.800.T100 599 0.131 94 310 244 277 23.1 50.8 22.9 544
E2.L1000.T100 59.9 0.124 94 318 259 288 22.6 51.3 22.6 53.9
E2.L.200.T125 599 0.135 97 250 189 220 25.8 51.2 24.9 55
E2.L400.T125 59.9 0.134 95 266 211 236 25.5 535 24.8 54.6

it
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(»9)
Fudu dugn
- . o _ | auvu _ | auvu
o QoUUQH fuuszdns . X Y WSD QUi o ow . QoUUQH o o .
Aa9814 . %Wau Funns Funns
Q) usetdsaniu (um) | (um) (um) Tnasau Tnasau
Tagsou Tagsou
°0) @)
(%) (%)
E2.L600.T125 59.9 0.127 95 298 223 260.5 22.3 50.2 22.4 53.6
E2.L.800.T125 59.9 0.127 95 315 246 280.5 22.9 52.3 22.8 54.1
E2.L.1000.T125 60 0.125 79 335 296 315.5 26 26.6 50.9 53.2
E2.L.200.T150 59.9 0.133 98 223 175 199 26 51 24 55.5
E2.L.400.T150 599 0.131 96 285 235 260 239 49.8 23.2 54.1
E2.L600.T150 599 0.125 95 302 246 274 23 49 22.9 53.7
E2.L.800.T150 59.9 0.126 94 328 2712 300 25.4 52.3 23.3 554
E2.L.1000.T150 599 0.122 93 333 277 305 25.6 26.4 55.2 56.3
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AN5197 9.5 MsnedavanURnsrasdulaasutadsvan was a1 vesnduRwatin nduas1znanlsilulefwa Sasaz 20 Inausuing

v

Fudu dugn
N _ | auvu o | vy
L gauvall | duuszAnsuse . WSD | amwgdl | _ _ . | amwQdl | o
29819 - %Way | X (um) | Y (um) AUNND HUNNS
@) WHeaniu (um) | lpesau Tnesau
Tnasau Tnasau
(°Q) °Q)

(%) (%)

E3.L200.T75 59.9 0.135 96 190 170 180 24.6 56.8 24.7 53.9
E3.L400.T75 59.9 0.112 94 218 176 197 22.4 53.2 22.7 54.7
E3.L600.T75 59.9 0.132 85 293 239 266 22.3 52.6 22.7 53.8
E3.L800.T75 59.9 0.119 94 291 215 253 22.5 50.7 22.8 533
E3.L1000.T75 59.9 0.131 83 335 256 295.5 22.5 49.1 22.8 529
E3.L.200.T100 59.9 0.129 97 207 161 184 23.6 52.5 23.9 53.6
E3.L.400.T100 59.9 0.11 97 241 168 204.5 23.8 51 23.3 55.3
E3.L600.T100 59.9 0.12 96 272 209 240.5 22.8 52.2 23.2 535
E3.L.800.T100 59.9 0.132 88 309 267 288 24.7 50.1 24.3 54.1
E3.L.1000.T100 59.9 0.136 73 370 286 328 24.9 54.8 24.2 55.6
E3.L200.T125 59.9 0.126 97 200 187 203.5 24.9 52 24.1 55.2
E3.L400.T125 59.9 0.124 97 245 212 228.5 23.5 50.9 23.6 53.6
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AN519% 9.5 NMsnedavanUAn1suasdulodsutadelvas was a1 YesnduRwatin nduasizvnandsululefwa Sesaz 20 laeUsuing

(919)
(Sudu dugn
. L« - ANNTY - ANNTY
L gauuQll | duuszdnsuse . WSD gl | . | eamad | L .,
29819 %Way | X (um) | Y (um) AUNNS AUNNS
(°0) GEL D) (um) Tnesau Tnasau
Tnesau Tnasau
(°Q) °Q)
(%) (%)
E3.L600.T125 59.9 0.125 94 284 205 244.5 23 53.7 233 539
E3.L800.T125 59.9 0.126 94 300 250 275 24.8 57.7 25 54.3
E3.L1000.T125 59.9 0.134 69 387 328 358 23.7 55.7 24 539
E3.L200.T150 59.9 0.127 98 213 153 183 22.8 50.5 22.8 54.6
E3.L400.T150 59.9 0.11 97 238 185 211.5 23.2 50.1 23.2 54.5
E3.L600.T150 59.9 0.121 97 264 223 243.5 22.7 53.9 23 539
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A15197 2.6 NsNedavaNURn1sasdulloildsuladelvan way 1381 VBNTUALYATININELATIZI

Fudu dugn
N _ | Avwdy o | Anuau
L gauuall | duuszAnsuss . WSD qaumadl | . | amwgdl |
29819 - %Way | X (um) | Y (um) AUNND HUNNS
@) WHeaniu (um) Tnasau Tnesau
Tnasau Tnasau
(°Q) °Q)
(%) (%)
E4.L200.T75 59.9 0.399 18 657.0 561.0 609.0 23.3 554 23.5 55
E4.L400.T75 59.9 0.404 15 686.0 595.0 640.0 23.3 55.3 23.4 55.2
E4.L600.T75 59.9 0.392 19 711.0 634.0 672.0 23.2 53.4 23.6 53.6
E4.L800.T75 59.9 0.355 a7 676.0 619.0 647.5 23.1 49.8 23.5 52.8
E4A.L1000.T75 59.9 0.348 40 678.0 617.0 647.5 23.1 51.7 23.4 53.2
E4.L200.T100 59.9 0.38 53 717.0 637.0 677.0 23.3 55.3 23.5 54.5
E4.L400.T100 59.9 0.412 a4 779.0 690.0 734.5 23.1 54.3 23.6 535
E4.L600.T100 59.9 0.391 73 781.0 698.0 739.5 23.1 54.3 234 536
E4.L800.T100 59.9 0.363 30 770.0 712.0 741.0 23.5 54.2 23.6 54.8
E4.L1000.T100 59.9 0.372 37 783.0 719.0 751.0 23.2 51.7 23.7 535
E4.L200.T125 59.9 0.397 53 818.0 729.0 7735 23.2 49.3 23.5 533
E4.L400.T125 59.9 0.385 58 820.0 736.0 778.0 239 54 239 54.4
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AN5197 2.6 NsNedavaNURnIsasdudiealldsuladelnan wag 1181 YastnTuAAaTINNEWATIEN (FD)

Fudu dugn
N _ | Avwdy o | Anuau
L gauuall | duuszAnsuss . WSD qaumadl | . | amwgdl |
29819 - %Way | X (um) | Y (um) AUNND HUNNS
@) WHeaniu (um) Tnasau Tnesau
Tnasau Tnasau
(°Q) °Q)
(%) (%)
E4.L600.T125 60 0.383 87 790.1 873.5 831.8 23.5 52.8 23.9 533
E4.1L800.T125 59.9 0.385 62 796.3 844.6 820.4 24.3 53.6 24.3 54.3
E4A.L1000.T125 59.9 0.36 69 817.0 877.7 847.3 24 49.5 23.7 53.7
E4.L200.T150 59.9 0.401 69 812.8 886.0 849.4 23.5 53.2 23.9 54
E4.L400.T150 59.9 0.402 54 823.9 906.7 865.3 23.3 50.2 23.7 53.3
E4.L600.T150 59.9 0.39 60 858.4 938.4 898.4 23.2 54.2 23.5 534
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Fudu dugn
. L _ | Ay _ | Ay
.. aumndl | duuszBnsuse | _ | WSD | amwgdl | . | el |
e BERN - %Wau | X (um) | Y (um) HUWNG AUNNS
(°0) LHeanIu (um) | Tawsau Tnasau
Tawsau Taasau
(°Q) O
(%) (%)
E5.NaOH.T60 59.9 0.111 95 289 210 249.5 27.2 10.1 27.6 9.4
E5.NaOH.T90 89.9 0.102 96 285 207 246 28 9.7 28.3 9.6
E5.NaOH.T120 119.9 0.112 95 284 213 248.5 27.9 11.4 28.7 9.9
E5.NaOH.T150 150 0.122 88 394 286 340
E5.NaOH.T150-1 150 0.121 90 387 299 343 26 12
E5.C2H3KO2.T60 59.9 0.108 96 302 218 260 28.3 24 28.2 22.6
E5.C2H3K0O2.T90 89.9 0.108 98 2914 206 250 27.7 23.8 28.4 22.3
E5.C2H3KO2.T120 119.9 0.109 93 318 226 272 25.3 26.7 26.8 23.9
E5.C2H3KO2.T150-1 150 0.113 88 412 314 363 27.4 26.2
E5.MgCl2.T60 59.9 0.106 93 285 207 246 24.8 32.8 25.7 32.9
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This study systematically investigates the lubricating properties of bio-hydrogenated diesel (BHD),
a synthetic diesel produced through biomass hydrogenation of vegetable oil. Despite having similar
chemical properties to petroleum diesel, BHD has poor lubricating properties due to the removal of
sulfur and oxygenated compounds during the hydrogenation process, which could damage the engine.
To address this issue, fatty acid methyl esters (FAME) was added as an additive to BHD to enhance its
fuel and lubricating properties. FAME is a polar molecule with good lubricating properties that adsorb on
the surface to protect against wear. The study found that adding as little as 5% FAME significantly
improved the lubricating properties of BHD. The wear scar diameter (WSD) decreased from 609 pm to
249 pm, and the average film was 94% with an average coefficient of friction of 0.138 by only 5% FAME
addition investigated by High Frequency Reciprocating Rig with I1SO 12156-1: 2018. This shows that
blending FAME with BHD could reduce engine wear and improve its lubricating properties. Disc samples
were analyzed using a Scanning Electron Microscope (SEM), OLS5100 3D laser microscopy, and Fourier
Transform Infrared Microscopy (FTIR) to examine the worn surface both physically and chemically. An
increase in the percentage of FAME addition to BHD resulted in a smoother worn surface, exhibiting
reduced delamination and debris compared to pure BHD. This effect was attributed to the protective
film formed by FAME. The study highlights the potential of FAME as an additive to enhance the

rsc.li/rsc-advances

1. Introduction

Air pollution presents a pressing challenge that jeopardizes
human health and environmental well-being. Particulate matter
with a diameter less than 2.5 microns (PM2.5) poses a grave
threat as it can infiltrate the respiratory system, causing respi-
ratory ailments, allergies, and even lung cancer." A significant
contributor to air pollution is the incomplete combustion of
fossil fuels, leading to the emission of carbon monoxide due to
engine and fuel injector wear.” Additionally, industrial activities
exacerbate the issue by releasing pollutants into the atmo-
sphere. The ramifications of air pollution extend beyond
human health, with far-reaching impacts on global warming
stemming from greenhouse gas emissions. Consequently,
urgent action is imperative to combat air pollution.
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lubricating properties of BHD and reduce engine wear.

Transitioning to renewable and alternative energy sources is
a pivotal step in reducing emissions.

Bio-hydrogenated diesel (BHD) emerges as a promising
synthetic green diesel, offering an environmentally friendly
alternative energy solution.’ Derived from vegetable oils and
fats through hydrogenation, BHD undergoes a catalytic trans-
formation that yields a molecular structure akin to conventional
diesel fuel, encompassing long-chain hydrocarbons (C,,Hzo~
Cy6H34). The advantages of BHD are manifold, including
a higher cetane number, lower sulfur content, and cleaner
energy profile, resulting in a potential reduction of up to 9% in
nitrogen oxide (NOx) emissions and 32% in particulate matter
(PM) emissions.*” Notwithstanding its merits, BHD exhibits
room for enhancement in specific aspects, particularly its
lubrication properties. The lubrication properties of BHD do
not meet the standards set by national and international regu-
lations, as indicated by a limited wear scar diameter of 460 pm.
Inadequate lubrication can have detrimental effects on engine
wear. Recent advancements demonstrate the efficacy of
blending ultra-low sulfur diesel with fatty acid methyl esters
(FAME) derived from rapeseed to enhance the lubrication of
Swedish diesel fuel MK1.® A similar approach involving BHD
blending has the potential to enhance vehicle performance and
curtail emissions; however, this blending is constrained by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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certain properties that necessitate refinement, including cold
flow properties and lubricity.” While tribological theories have
explored the lubricity attributes of fuels derived from plastic
pyrolysis oil and waste cooking biodiesel when blended with
diesel-palm biodiesel,® limited research has specifically targeted
the augmentation of BHD's lubricating attributes.”*"*

Hence, the drive for improvement in the bio-hydrogenated
diesel (BHD) blend's lubricating properties and overall fuel
characteristics remains pivotal. Moreover, tribological investi-
gations into synthetic fuels hold promise for mitigating envi-
ronmental concerns, extending the lifespan of diesel engines,
and curbing the aging and wear of fuel injectors. This study is
dedicated to advancing the fuel and lubricating attributes of
this eco-friendly liquid fuel by harnessing the potential of fatty
acid methyl esters (FAME) as an additive. FAME, a biodiesel
synthesized via sustainable technologies, is derived from the
transesterification process. Widely employed in conjunction
with commercial diesel fuel, known as B7 and B10,"" FAME
augmentation has demonstrated the capability to enhance
diesel fuel's lubricating characteristics, leading to reduced
friction and wear scars. The polar head and extended fatty acid
chain structure of FAME molecules confer favorable mixed and
boundary lubrication properties, even at low concentrations.****
This research seeks to methodically investigate the fuel char-
acteristics and lubrication efficacy of synthetic fuel blended
with FAME. The focal point of this study is to address the
necessity for enhancing the fuel and lubricating properties of
eco-friendly liquid fuel, fostering improved performance and
diminished environmental impact.

The primary novelty of this study lies in the systematic
exploration of the lubricating and fuel properties of synthetic
fuel blends containing FAME. Unlike previous studies, which
have mainly focused on broad property trends and general
lubricity improvements, the research aims to delineate the
intricate relationship between FAME content and lubrication
efficiency within the context of BHD blends. By investigating
a full range of FAME concentrations and their impact on fuel
and lubrication properties, the intention is to unveil the optimal
conditions that yield enhanced lubrication while addressing
potential challenges such as viscosity and cetane index prop-
erties. Furthermore, this analysis expands beyond common
properties by scrutinizing lesser-studied aspects, such as
specific gravity. This comprehensive approach enriches under-
standing of the intricate interplay between FAME concentra-
tion, fuel characteristics, and lubrication performance.

2. Materials and methods
2.1 Chemicals

The commercial specification of bio-hydrogenated diesel
derived hydrogenation of palm oil (BHD) was obtained from
Verasuwan Co., Ltd, Thailand. The industrial-grade biodiesel,
composed of Fatty Acid Methyl Esters (FAME) obtained from
transesterification of palm oil and a mixture of partially recycled
cooking oils, was procured from Biosynergy Co., Ltd, Thailand.
Both biofuels were characterized by Gas Chromatography (GC)
Technique to examine the variation of hydrocarbon molecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances

Table 1 Hydrocarbon compound in bio-hydrogenated diesel (BHD)
and fatty acid composition in fatty acid methyl esters (FAME) based on
the qualitative GC/MS full scan

Peak area

Compounds % in BHD % in FAME
C8:0 0.42 0.0
C10:0 1.08 0.0
C11:0 4.69 0.0
C12:0 8.16 0.25
C13:0 5.95 0.0
C14:0 12.71 0.97
C15:0 25.01 0.06
C16:0 40.70 41.61
C16:1 0.0 0.14
C18:0 0.0 5.66
Cc18:1 0.0 39.45
C18:2 0.0 11.07
C20:1 0.0 0.71
C21:0 0.0 0.09
Aromatics 1.3 0.0

100.0 100.0

The qualitative analysis of hydrocarbon compounds was tabu-
lated in Table 1 in accordance with the GG/MS full scan shown
in ESIt section. They have been utilized for a large-scale
industry and transportation. Acetone (AR grade) with purity of
99.5% was purchased from RCl Labscan. Sodium Bromide
(Analytical grade) with purity of 99.5% was purchased from
QReC.

2.2 Fuel properties

The investigation firstly focused on examining the fuel proper-
ties of green diesel blended with varying concentrations of
FAME between 0-100% by volume using standard procedures.
The kinematic viscosity analysis was carried out using ASTM
D445 at 40 °C in a glass capillary and temperature control water
bath. Similarly, the specific gravity was analysed using ASTM
D1298 at 15.6 °C in a density API and specific gravity with
temperature-controlled water bath, while the calculated cetane
index was estimated using the Nomograph method with ASTM
D976. The fuel properties assessed in this study underwent
triple measurements, aligning with ASTM standards that
adhere to the regulations established by the Department of
Energy Business, Ministry of Energy, Thailand i.e., the limita-
tion of chemical and physical properties of diesel fuel specified
accordingly with the nation regulation as revised in June 2020.

2.3 Lubrication properties

The lubrication properties of synthetic diesel fuel were exam-
ined using High-Frequency Reciprocating Rig (HFRR), PCS
Instruments. Friction coefficient, film percentage, and wear
scar diameter were obtained for further investigation of lubri-
cation mechanism. In the HFRR cabinet, an upper specimen
holder with a ball and weight loading, and a lower specimen
holder with a disc, fuel sample, and temperature probe were
installed. The ball and disc are made from stainless steel 6 mm

RSC Adv., 2023, 13, 31460-31469 | 31461
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in diameter for a ball and 3 mm thick, 10 mm in diameter for
a disc. BHD was blended by FAME ranged between 0-100% by
volume with testing conditions in accordance with ISO 12156-1:
2018. The standard testing condition was a fluid volume of 2 ml,
fuel temperature at 60 °C, frequency of 50 Hz, stroke length of 1
mm, test mass of 200 g, and test duration of 75 min. The
temperature and humidity in the cabinet were controlled
according to laboratory ambient using sodium bromide satu-
rated solution in accordance with the testing standard"® which
is a temperature of 20-26 °C and relative humidity of 48-58%.
Upon conducting the test, the ball was subjected to a cleaning
process in accordance with the standard procedure. Subse-
quently, a measurement of the wear scar on the surface of the
ball was taken along the X and Y dimensions utilizing a metal-
lurgical microscope that had a magnification of 100x.

The disc was also taken to measure the wear area, depth, and
volume by LEXT OLS 5100 (Olympus, Tokyo, Japan) and surface
roughness around the worn zone. The worn surface on disc was
further examined by scanning electron microscopy (SEM)
AURIGA (Carl-Zeiss, Jena, Germany), JSM-7800F (JEOL Ltd,
Tokyo, Japan) to illustrate the abrasive mechanism. The deposit
formation around the worn surface was chemically examined
using FTIR microscope with an MCT detector. The disc spec-
imen was cooled with liquid nitrogen over the measurement
range from 4000 to 400 cm ' with an IR microscope (Hyperion
3000, Bruker). The microscope was connected to a software-
controlled microscope stage and placed in a specially
designed box that was purged by dry air. The measurements
were performed in the mapping mode, using an aperture size of
8 x 3 pm with a spectral resolution of 4 em ', with 64 scans co-

added.

3. Results and discussion

The percentage of area under chromatogram peaks of hydro-
carbon profiles in BHD and fatty acid compositions in FAME is
presented in Table 1, indicating that hexadecane (C16), penta-
decane (C15), and tetradecane (C14) are the predominant
paraffin constituents of BHD in consecutive order. BHD, akin to
conventional diesel derived from petroleum, is composed of
lengthy hydrocarbon chains. Upon examination of BHD's
hydrocarbon compound, it is observed that saturated hydro-
carbon molecules demonstrate a propensity for efficient
combustion. Alkanes tend to produce fewer emissions of
particulate matter and sulfur oxides than petroleum diesel,
which can help improve air quality and reduce the environ-
mental impact of combustion.'® Nevertheless, their lubricating
properties exhibit suboptimal performance due to the hydro-
genation of double bonds within unsaturated triglyceride
molecules during catalytic reactions. Additionally, thermo-
chemical conversion processes lead to the reduction of long-
chain hydrocarbons such as decarbonylation and decarboxyl-
ation, resulting in the formation of shorter-chain hydrocarbons,
ultimately contributing to the production of alkanes.'” However,
FAME does not solely comprise palmitic acid (C16:0), but
additionally exhibits substantial levels of oleic acid (C18:1) and
linoleic acid (C18:2). The occurrence of unsaturated
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hydrocarbons is indicative of their pronounced influence on the
reduction of friction and lubrication improvement in a range of
biofuel blends.****2°

The study shows the enhancement of fuel properties such as
the kinematic viscosity, specific gravity, and cetane index of
BHD fuel by incorporating FAME in varying proportions,
ranging from 0% to 100% as tabulated in Table 2 and shown in
Fig. 1-3. Based on the test results shown in Fig. 1, the viscosity
characteristics of BHD fuel improved significantly as the
proportion of biodiesel increased from 0% to 70%. The kine-
matic viscosity values remained within the acceptable range
specified by the Department of Energy Business, Ministry of
Energy, Thailand, which mandates a maximum viscosity limit
of 4.1 cSt for diesel fuel. It is noteworthy that the study
demonstrated the efficacy of adding FAME in enhancing the
viscosity properties of BHD fuel, while conforming to the
regulatory standards. The viscosity of FAME can impact the
performance of diesel engines when used as BHD. Higher
viscosity can lead to increased fuel consumption, engine
deposits, and emissions, as well as reduced fuel atomization
and spray penetration. Studies have shown that the viscosity of
FAME can be influenced by various factors, including the type of

Table 2 Fuel properties of bio-hydrogenated diesel (BHD) blended
with fatty acid methyl esters (FAME)

Kinematic viscosity Specific gravity
% FAME at 40 °C (cSt) at 15.6 °C Cetane index
0 2.58 0.770 78
5 2.60 0.775 76
7 2.63 0.784 72
10 2.65 0.788 70
15 2.67 0.793 68
20 2.80 0.801 65
30 2.84 0.815 60
50 3.45 0.825 59
70 4.03 0.845 55
90 4.87 0.850 55
100 5.16 0.875 48
55
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Fig.1 Variation of kinematic viscosity at 40 °C of the blended fuels of
FAME in BHD.
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Fig. 3 Variation of calculated cetane index of the blended fuels of
FAME in BHD.

feedstock, the degree of unsaturation, and the level of impuri-
ties.”" In 2018, Chen et al investigated the effect of FAME
viscosity on the fuel spray and combustion characteristics of
a common rail diesel engine. Their results showed that higher
FAME viscosity can lead to reduced fuel atomization and spray
penetration, as well as increased combustion duration and
particulate emissions.*

There is a relationship between the viscosity and lubrication
properties, viscosity plays a crucial role in lubrication, as it is
a measure of a fluid's resistance to flow. In general, fluids with
lower viscosity tend to have better lubrication properties as they
can easily flow between two surfaces, reducing friction and
wear.>® FAME, which is fatty acid methyl esters, has a higher
viscosity than BHD, which can impact its lubricating proper-
ties.">** However, the presence of polar compounds in FAME,
such as carboxylic group of fatty acids, can enhance its lubri-
cating properties, even with the higher viscosity. BHD, on the
other hand, has poor lubricating properties due to the removal
of sulfur and oxygenated compounds during the hydrogenation
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process. Incorporating FAME into BHD can enhance the fuel's
lubricating properties by creating a protective film layer that
diminishes wear and friction. This film layer is discussed in
detail in the subsequent section. FAME's innate lubricating
properties can contribute to this effect, resulting in improved
lubrication characteristics for the blended biofuel.

Consider Fig. 2, which depicts the investigation of alter-
ations in specific gravity attributes upon the addition of bio-
diesel, ranging from 0% to 100%, to BHD fuel. The
experimental results indicate that up to a 90% addition of
FAME, the specific gravity attributes remain within the
prescribed limit. The standard for specific gravity of diesel fuel,
as determined by the Department of Energy Business, Ministry
of Energy, Thailand, dictates that it should be in a range of 0.81-
0.87 for 30-90% FAME. The specific gravity of FAME blended
with BHD can impact the fuel properties and performance of
the fuel. It is generally recognized that the specific gravity of
FAME is slightly higher than that of petroleum diesel. As
a result, this disparity can impact engine power output and fuel
consumption. However, blending FAME with BHD can increase
the specific gravity of the blended biofuel as shown in Fig. 2,
and could improve its performance. Specific gravity is
a measure of the density of a substance relative to the density of
water at a specific temperature. The specific gravity of FAME can
vary depending on the type of feedstock used and the degree of
unsaturation. When blended with BHD, the specific gravity of
the blended fuel can be increased to meet the desired fuel
properties and engine performance requirements.

Several studies have explored the impact of specific gravity
on the emission and performance of biodiesel blends. Elevating
the specific gravity of FAME blends can lead to better engine
performance and reduced emissions, particularly under higher
engine loads.* Additionally, alternative research suggests that
optimizing the manufacturing process or integrating additives
can enhance the specific gravity and overall performance of
FAME blends.***”

Refer to Fig. 3, which presents the investigation of changes
in calculated cetane index characteristics upon the incorpora-
tion of FAME in varying proportions, ranging from 0% to 100%,
into BHD fuel. The findings indicate that up to a 90% addition
of FAME, the cetane index attributes remain within the stipu-
lated range. As per the standard value in Thailand, the cetane
index of diesel fuel should surpass 50. The cetane number of the
resulting blend is lower than that of BHD alone. This is because
the lower cetane number of FAME has a diluting effect on the
overall blend. The degree of reduction in cetane index depends
on the proportion of FAME in the blend and the cetane number
of the specific FAME used. When blending BHD with FAME, it's
common to see a reduction in cetane index. Cetane index is
a measure of the combustion quality of diesel fuels, and higher
cetane index values generally indicate better combustion char-
acteristics. The reduction in cetane index is due to the lower
cetane number of FAME compared to BHD. Cetane number is
a related but slightly different measure than cetane index, with
higher values indicating better combustion quality. BHD typi-
cally has a higher cetane number than FAME due to its molec-
ular structure and production process.
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According to a study by Cendeia et al. in 2009, the blending
of FAME with diesel fuel can result in a decrease in the cetane
number of the blend, which in turn affects engine performance
and emissions.* Similarly, Kim et al. in 2014 studied the effects
of blending different biodiesel feedstocks on the properties of
diesel-biodiesel blends and their effects on engine perfor-
mance, combustion, and emissions. In contrast to the findings
of this study, it has been determined that the incorporation of
FAME into conventional diesel fuel can lead to a gradual
elevation in the cetane number, thereby exerting a beneficial
influence on both engine performance and emissions.” In
practical terms, an increase in cetane index can result in
decreased emissions, increased engine performance, and lower
levels of engine deposits. To mitigate these effects, it's impor-
tant to carefully consider the blend ratio and the specific FAME
used in the blend. Additionally, engine calibration adjustments
may be necessary to optimize combustion performance.

The calculated cetane index of BHD is a measure of its
ignition quality and is based on the fuel's chemical composi-
tion, specifically the amount and type of hydrocarbons present.
BHD is typically produced from feedstocks with a higher degree
of saturation, such as vegetable oils or animal fats, which
results in a fuel with a higher cetane number compared to
standard diesel derived from petroleum.**" A higher cetane
number indicates that the fuel will ignite more readily and burn
more completely in the combustion chamber, resulting in
improved engine performance and reduced emissions. Addi-
tionally, the hydrogenation process used to produce BHD can
also increase the cetane number by saturating unsaturated
hydrocarbons, resulting in a fuel with a more uniform and
predictable combustion behavior.*” Fig. 4 and 5 exhibits an
investigation of the lubricating properties of BHD with different
FAME concentration addition between 0 to 100% using HFRR
with ISO 12156-1: 2018. The evaluation was obtained through
the wear scar diameter (WSD), which was measured in
micrometers by using a microscope on the ball, the friction
coefficient (CoF), and the film percentage. Each sample was
subjected to triple measurement. However, if the difference in
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Fig. 4 Variation of wear scar diameter (WSD) of the blended fuels of
FAME in BHD.
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Fig. 5 Variation of percentage of film and friction coefficient of BHD
with different concentration of FAME addition.

the values of WSD exceeded 20 pm, a fourth test was per-
formed to verify the repeatability of the results. The mean values
of WSD were then calculated and plotted in Fig. 4. Experimen-
tally, it was observed that there is a positive correlation between
the concentration of FAME and the lubricity, as indicated by the
reduction in friction and wear. This phenomenon can be
attributed to the presence of aliphatic fatty acids in FAME,
particularly oleic and linoleic acids, which possess the ability to
enhance lubrication properties. These acids promote the
development of lubrication films, which regulate the friction
and wear between contacting surfaces. The adsorption of
oxygen-containing compounds and a mixture of several fatty
acids in methyl esters on the rubbing surface further contrib-
utes to the reduction in friction and improvement in the film
stability and thickness of the boundary lubrication regime.

Despite the numerous benefits of utilizing BHD over tradi-
tional diesel, such as higher cetane number, reduced sulfur
content, and decreased NOx and PM emissions,* inadequate
lubrication can result in adverse effects on engine wear.
Experimentally, the wear scar diameter (WSD) of pure BHD was
approximately 609 pm. However, when blended with 5% FAME,
the WSD reduced to 249 pum and continued to gradually
decrease until reaching stability at a 10% FAME addition, with
a WSD of 178-185 um. The study reveals that an increase in
FAME concentration leads to an increase in the proportion of
the tribofilm covering the surface under frictional conditions.
The application of protective films on the surface results in
a reduction of thermal energy in reciprocating contact, ulti-
mately enhancing lubricity.**** It is plausible that the carboxylic
acid moiety serves as the fundamental building block for the
formation of lubricity-enhancing films. In addition, the pres-
ence of trace components in the FAME, such as free fatty acids,
monoglycerides, and diglycerides, may also contribute to
improving the lubricity of blended fuels.*”

According to Fig. 5, a decrease in CoF was observed with an
increase in FAME concentration. The average range of CoF was
found to be between 0.121-0.178, which suggests the presence
of a boundary lubrication mechanism.*** In contrast, the CoF of
pure BHD was found to be 0.452. The film percentage, which

© 2023 The Author(s). Published by the Royal Society of Chemistry




140

Paper RSC Advances
%FAME ‘Wear Scar (um) %FAME ‘Wear Scar (pm) %FAME Wear Scar (um)
g
2
0 i
X=197 um
X=69Tm-
3 /
X=199 um
X=424 ym
5
=191 {im
74

Fig. 6 Microscopy images of wear scar on the ball of the blended fuels of FAME in BHD

indicates the formation of a protective layer on the metal
surface to prevent wear, was observed to be between 96-98% for
the range of FAME concentrations studied. Careful consider-
ation is necessary when quantifying the film percentage
utilizing electrical contact potential (ECR) due to the potential
for misleading outcomes caused by dust or wear on the disc's
surface. It is crucial to acknowledge these factors and take
appropriate measures to ensure the accuracy of the ECR
measurement.**" Microscopic analysis of wear scars on ball
bearings for blended biofuels, as shown in Fig. 6, indicates that
the inclusion of 3-5% FAME in BHD blend results in a signifi-
cant reduction in wear scar diameter as compared to that
observed with pure BHD. Further, it is observed that the wear
scar diameter remains stable at concentrations of 10% FAME
and above.

These results highlight the potential of biofuel blends in
mitigating the adverse effects of wear and tear in machinery and
equipment. It is imperative to conduct further research in this
area to fully understand the mechanism behind this observa-
tion and optimize the use of biofuels in industrial applications.
When analysing the stability of thin film creation in lubrication
processes, several illustrative systems are depicted in Fig. 7.
These systems display a notable increase in the speed of thin
film formation, reaching over 95% formation in 10-15 minutes.
This can be attributed to the chemical properties of unsaturated
fatty acids present in FAME, which adhere to the surface of
stainless-steel specimens and create a layer that resembles

© 2023 The Author(s). Published by the Royal Society of Chemistry

a film under the area of friction. It is worth noting that the
concentration of FAME has a significant impact on the process
of film formation, with higher concentrations resulting in
a faster and more effective stabilization of the film. Therefore,
an increase in the percentage of FAME addition leads to an
accelerated process of film formation and improved film
stability. The analysis of the worn surface of engine components
is a crucial tool for understanding the mechanisms of wear and
degradation in diesel engines. According to Swain et al. in 2021,
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Fig. 7 Evolution of film formation under the lubrication process of
BHD with different concentration of FAME addition.
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the surface morphology and topography of worn surfaces can
identify the types of wear that have occurred, such as abrasive
wear, adhesive wear, or fatigue wear.**

W Wear Volume [x10° pm?]
T Wear Depth [um]
40 B \Vear Area [x10°um?]

Wear volume[x10’um3]. depth [um], or area [stumz]

0 3 5 ) 10 15 20 30 S 70 90 100
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Fig.8 Variation of wear volume, wear depth, and wear area with of the
blended fuels of FAME in BHD.
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Additionally, analysing the chemical composition of the
worn surface can provide insight into the mechanisms of
deposit formation and corrosion that can lead to engine
damage.” In the context of FAME blending with BHD in diesel
engines, examining the worn surface of engine components
with different percentages of FAME can provide valuable
information on the impact of FAME blending on engine wear
and degradation. By comparing the surface morphology and
chemical composition of the worn surfaces, we can identify any
differences in wear patterns or deposit formation that may be
attributed to the use of FAME blends. This information can be
useful in developing strategies to minimize engine wear and
improve engine performance and longevity.*

Fig. 8 portrays wear volume, wear area, and wear depths on
worn surfaces, whereby wear depth measurements were
acquired by identifying the minimum position on the wear scar.
The outcomes indicated a reduction in wear depth proportional
to the increase in FAME concentration. The reduction was
marginal until a stable level was achieved at 10% FAME. The
outcomes align with the findings in Fig. 4, which indicate
a positive correlation between wear scar diameter and FAME
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Fig. 9 Selected depiction of depth and 3D profiles of worn surface on the disc for the blended fuels of FAME in BHD.
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concentration. Thus, the incorporation of FAME into BHD's
composition contributes to the enhancement of its lubricating
property. Fig. 9 presents comprehensive data on the wear depth
and 3D profiles of the worn surface on the disc, obtained using
the LEXT OLS 5100 imaging system. Specifically, the wear depth
values for a concentration of 0% FAME, 10% FAME, 50% FAME,
and 100% FAME were measured at 10.389 um, 1.683 um, 1.661
um, and 1.474 pm respectively, under conditions of recipro-
cated rubbing of the ball against the disc. Notably, the 3D
profile analysis of the worn surface also revealed a decrease in
the depth of wear scars with an increase in FAME concentration.
This phenomenon can be attributed to the significant protec-
tion provided by the tribofilm, assisted by the presence of
unsaturated molecules in FAME, on the stainless-steel contact
surface. The experimental findings in this study are consistent
with the outcomes of Ruggiero et al, who carried out
a comprehensive investigation on the tribological properties of
fatty acid methyl esters (FAME)."" Sulek et al. reported data on
surface roughness, depth of wear and 2D profiles of the worn
surface, as well as the impact of FAME concentration on the
wear depth.** Their study showed that the unsaturated mole-
cules in FAME produce a tribofilm that offers considerable
protection on the contact surface of stainless steel, leading to

SEM Image
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Fig.10 Images of worn surface on the disc taken by scanning electron
microscopy.
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a reduction in friction and wear. Fig. 10 presents the scanning
electron microscopy (SEM) images of the worn surface on the
disc. SEM images indicate the presence of abrasive wear, which
is a common phenomenon during the HFRR test, resulting
from the intermingling of hard particles between the ball and
the disc, as well as debris formation.* The SEM images portray
the full worn surface at 60x and 5000x magnification. The
addition of FAME leads to an improvement in lubricating
properties, thus decreasing the area of worn surface in
comparison to the worn surface of the disc under 0% FAME
(pure BHD).

Significantly, an increase in the percentage of FAME resulted
in the appearance of black residues around the worn surface of
the disc. Further, an energy-dispersive spectrometer (EDS)
analysis reveals the formation of waxy carbon on the disc, which
could be attributed to heat generation during the test.**** In the
worn surface of the disc under 0% FAME, wear debris was
clearly discovered. An increase in the percentage of FAME added
to bio-hydrogenated diesel has been found to result in a worn
surface that appears smoother and shows reduced delamina-
tion and debris when compared to the worn surface of pure
BHD. However, with the increase in the FAME concentration,
the worn surface's smoothness significantly improves. The FT-
IR spectra depicted in Fig. 11 shows the results of examining
the chemical compounds present on and around the worn
surface of a blended fuels with varying concentrations of FAME
in BHD. The spectra show several peaks representing various
chemical bonds and functional groups. The broad peak at
around 3400 cm ™' corresponds to the stretching vibrations of
the O-H bonds present in the carboxylic acids in the FAME. The
peak at around 2950 cm " is attributed to the C-H stretching
vibrations of the methyl and methylene groups in both the
FAME and the BHD.

This suggests a decrease in the amount of alkyl groups in the
sample, possibly due to the presence of FAME. This observation
is consistent with the findings of previous studies, which have
also reported a decrease in the intensity of this peak with an
increase in the percentage of FAME in biodiesel blends.**"” The
peak at around 1740 em ™" is associated with the stretching
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Fig. 11 FT-IR spectra across the worn surface on the disc for the
blended fuels of FAME in BHD.
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vibrations of the C=0 bond in the ester groups present in the
FAME.

The intensity of the peak at around 1740 cm ' increases with
increasing FAME concentration, indicating a higher concen-
tration of ester groups in the sample. This increase in ester
concentration may enhance the lubricating properties of the
blend due to the polar nature of the ester groups. This is
consistent with the presence of more ester groups in the
sample, as FAME is a type of esters. Previous studies have also
reported a similar trend in the FT-IR spectra of biodiesel blends,
which is in agreement with this observation.***” Additionally,
the appearance of peaks at around 1600 cm ' and 1340 cm ',
which are attributed to the C=C stretching vibrations and the
bending vibrations of the CH, groups, respectively, suggests the
presence of unsaturated fatty acids in the FAME. The formation
of deposit compounds from FAME blending with BHD during
the lubrication process in diesel engines is a common issue that
can negatively impact engine performance and longevity.
Hydrocarbon deposits can accumulate on the worn surfaces of
engine components, which can interfere with proper lubrica-
tion and increase friction between moving parts. This can lead
to increased wear and tear on the engine, reducing its efficiency
and potentially causing damage over time. Several studies have
investigated the impact of FAME blending with BHD on deposit
formation in diesel engines. One study found that the use of
biodiesel blends containing FAME resulted in higher deposit
formation on the engine components compared to pure diesel
fuel.*® Another study showed that the presence of FAME in the
fuel resulted in increased deposit formation on the piston
crown and cylinder head of the engine.” To minimize the
formation of deposits in diesel engines, several strategies have
been proposed. One approach is to use high-quality fuel and
lubricants that are specifically designed to reduce deposit
formation. Another approach is to implement regular mainte-
nance and cleaning of the engine components to prevent the
build-up of deposit compounds. Additionally, some studies
have suggested the use of fuel additives, such as detergents and
dispersants, to reduce the formation of deposits in the engine.*

4. Conclusions

In conclusion, this study demonstrates that the addition of fatty
acid methyl esters (FAME) to bio-hydrogenated diesel (BHD) can
improve its fuel properties. BHD mainly consists of paraffin
hydrocarbons, while FAME contains unsaturated hydrocarbons
that enhance lubrication and reduce friction. Mixing FAME into
BHD can improve lubricating properties and specific gravity but
reduces cetane index because of the diluting effect. FAME
concentration positively correlates with lubricity and reduces
friction and wear, with aliphatic fatty acids and trace compo-
nents such as monoglycerides and diglycerides contributing to
film formation and enhanced lubricity. Biofuel blends can
mitigate adverse wear effects in machinery, with unsaturated
fatty acids in FAME accelerating the formation of thin films in
lubrication processes.

Analysing worn surfaces with different FAME percentages
can inform strategies for minimizing engine wear and

31468 | RSC Adv, 2023, 13, 31460-31469

Paper

improving performance, with FAME incorporation into BHD
enhancing its lubricating properties and leading to reduced
wear depth and smoother worn surfaces. The study identifies
the presence of abrasive wear and black residues, with carbon
formation and wear debris reduced at higher FAME concen-
trations. However, increasing FAME concentration leads to
higher deposit formation on worn surfaces. Further research is
needed to optimize the use of blended biofuels in industrial
applications. The forthcoming research endeavors will aim to
establish a correlation between the black residue that forms on
a worn surface as a result of oxidation reactions, and the
deposition of material within engine components.
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