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Abstract. Bio-o Is are p ten il fuels fo rin @rnal combu son en gie b eau & of th g hav e
ad vntag e u p op fties such as bio dgeadab lity renewability, high ox y § @ rert tand low
suph n Ho wv g th ehigh viscosity, su fiace ten i©n ,an ddensity of cru d baels po e
challen gs fo en g iaise. Those p @ prties affect fuel sp ay characteristics, mix u & fo mation
and comb stion. In tu m ,these impact en g igefficien g ,p wer and emission s Th g stu g
inv stig ted th e @ of cru dfesh o li HO) at med u nan do w ngine-lo d at wo en gispeed s
in an o ffro d en @ ieTh anjecto g h d 6-hole h gh flow rate tip sThe results were co mp red
with th ce® fofsil diesel fuel o li(DFO). Fish o liin reased h gro arb @ HC), carbo mo n alx i
(CO)an ¢ mtlyo xdigof trogen (NOx pmission sSmoke nu th g howev g d ereased. Cru d e
fish olialso sh oed lowered to @ p ®ticle n ubme (TPN) at lo wlo d at lo wen g esp ed
co m eed itwDFO.

Key wds: idsel e ¢ obli co th utie ngaseous emissio m, p ticle number.
INTRODUCTION

Bio b sed fuels can provo keeo nmuc, so ml, an é@nvironmental issues, especially
if the raw material usedinth p o d tionised hd. o @eguently, he focu for ibfu b
pro dctio nis switching to alternativ eaw materials such as no red b d veg table oils,
used coo kng o Is, fatty acids from algae, and animal fats (Sirvi6 2018; Ching-Velasquez
etal. 20 Q)

Acco ding to its 2 09 Go vre man t 3 mmme, inlEn dwill b earb o-n e tal by
2035 (Min stry o fhe Envmon mn ,t 2 .OlHeQlead ytan drdised Ibnd © fib skl
an datty acid meth yebter (FAME) fu bs are o a realistic way to increase th esh e o f
renewables to fulfil Fin msh g o snmen tan dEu ¢ pan Unio ntargets (Sirvio, 20 1 8 )
Man yFinnish farms and facto ies are willin go in rease the self-su fliciency of their
en egy p @d ution b yu ilising waste materials like crude fish o lias a fu kfeedstock
(Niemi tal.,2 09; Nmi tela , 2011)

The crude o li extracted from discarded p sts of marine fish may pro ad ean
ab u and ch ap and stab d so rce o fraw oil to allo wmaritime cou mi¢stopa d @& ¢
biodiesel an dhelp to reduce pollu ant emissio n ({in & Li, 2 0 0d® Almeida et al.,
2015). However, diesel en m scan b meven u refined b a-o Is, such as animal fats,
veg tab d oils, nda sste o Is. His in meases th dn drest in cru d bea-oils (Niemi et al. ,

749



2009; Niemi et al. 2011; Ho ng, 2 0 1. Th) eu & of straight bio 6 Is with minimal
refining sh oldiev m be preferable since refining always co numes energ yan dadds
carbon dioxide ({O,) emission sNiemi tela 2 O Od8b metal. , 12)2Pdwer plan &
with med u msp ed en m €fu Hed b yn &t bio eil are already in o praio mround the
world (Ollu s &u peri, 0270iemi tel. ™1 .)

World fish pro dctio nn 2 08Ilwas raund 1 7 fillion onnes, o wh ah 1 % was
used orfn o-fi;c 0o d p pesi(Fo o ahd Agriculture Org m zation o fht e WJted Natio n, s
FAO, 20 2 (More efficient md ustain ble se oifheries m diq uca thre mpd atio n
mu sbe mplemen dd sin ealarg @ op cion - as much as 35% - of p od ution is either
lo sor wasted. Impro vneents can b echiev d thro uhgap porpate p bcies, regulatory
framewo k s ap aity blding serv des an dnfrastru m &, as &l sa p shcal access to
mark ts. FAO, @2 0

Mo o fthe fish oliis u &d in the cosmetic, p hrmaceutical, and h u am dietary
co mpdmen in d tries (Bruu n , )2Af@hldBh ild grad ed uningstorag ® hand ihg
it can be used in arin r tationary d asel ngines (Bru u 20]9 .)Th e ibcan be also
pro essed furth eto opdce b iksel. h T, & e sialready large poten ial ot Isau &
fish astes of rufl rp d tiocn .

Cru d®o-o Is h u esh omseveral advan ag e as fuels in IC en mes. Compared
with DFO, many stu csirep o a sign fican treduction of tox d emissions an dno se;
small o rinsignificant g B eatio no fg eenho se gas (GHG) emission s and lower
emission ©f NOx poly gclic aromatic hy do arb o PAHSs), particu dte matter (PM)
an dmosk #ow tela ,@2; &y a my na Muraleedharan, 2 (G 1éBng, 019).

Alth oghlig Wb afu bsare a good altern tive to fossil fuel o Ii there are challen gse
associated #hth & w.for mpd, tudes b yNmi tela 201 ), Deshmu k tal.
(2 0 ), Pan et al. (2 0 1, dn)dSirvié (20 1 &0 alu d th ath eh g hvisco gy o fn at
bio-o Is affects fu k te nsation and ffieient comb stion. They p mti ot pesific issues
oflarge @ tetsize, o 1 9 ays gn tratio n ofmatio n  ap foits, njector cok ng, img
sticking, piston seize-up Ju b elidilu ibn, filter ch o g etc. Oth elimitin gactors for
th &1 & o fre bio e Is are their ower h ating alue ml etan ewu rther, igthre disety
an dsu face ten n wh B compared to DFO, as well as th & acidic an dco mosive
pro prtees, plu gheir water and o xggn (Ho wetal., 12 @ru n, 201 9Ho n g201 9. )
Studasb Ho n g(2 0 1, Rakop o asdtal. (201 #and Ch a hne@tal. (2010 yep o that
crude bio-o Is ig eeduced p wer wp tt b madeposit ofmation in hetco th utien
ch mber an dnjecto th kes, resulting in increased carb o monoxid CO) an dinb mt
hydro arb o (HC) emissions.

Unlike FAME bio iksels, cru d ba-ols d onot h w e common q ulisy
specificatio n. Some pro dcers h ue th @ own specificatio ntk fset limits for v Scosity,
den ®y, water content, acid n u bar, su g hr content etc. These limits are b sed o 1th e
ex priences o fising bio 6 Is in d asel engines (Bru n, 2019 .)Fo examp d, acco din go
Ollu s& Ju o p €200 ), the acid number o fcrud ebio eils should b ebelo w
50mg ®H -fth evater conten tessth n 0.2 6 (V V!); th sulphur content less than
500 pm;an d gphlo w content dho w 1 O p m

The min esearch q ustto n ahf current stu d was wh th efish o lifrom left-o vre
fish rimmin gco Wb e wds saan ltern @ive fu kin th do al fishermens'v ssels. Th e
stu d was p a of a p @ject th fainvestigated the po dn il to make more efficient u & of
fish ritmmin gan & 3ycatches niOstro b lo i, inlind Sko gt la | 2Thel psgnt
stu din vstegated the use o rude fish oil in a high-sp ed, co mon rail diesel en g ie
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eq wped with 6-hole in gcto m mzles with h g hflow rates. The en gd was d iven at

th @e lo ds and at two sp ed sThe results were comp red to th oe svhen fuellin gwith

DFO. All the engin ep mameters were u nhan gd. Th emeasu emen ¢ p ¢ id enew

in drmation o nthe su tab lity o fcru d fish oil fo ra h gh-sp ed, off-road engin ¢
particularly with regard to total exhaust p #icle numbers (TPN). The results suppo tran d
pro m & ht ano ¢ efficient se o fen wable fuels ni n KCE.

MATERIALS AND METHODS

Ex primental setup

The University of Vaasa (UV) cond ated the ex primen ¢ at th e Internal
Co thustion Engine (ICE) lab cato y o fth €l'echno bth m labo atory unit in Vaasa,
Finlan d .

Engine etup

The experimen &l en ;m gan AGCO Power 4 4CWA, was a turboch sged and
in @rcooled h gh-sp ed, fo way ihd ediesel engine of non-road ap fcations. t & a
Bo sh co mo mail fu kinjection system but n @xh ast ag after-treatment. The e gie
was loaded b ymean sof a Ho iba
WT3 0 eddy cu rent d § mometer. Table Mainen gdsp eificatio n

The main sp eification of the engin ds Eng rie AGCO POWER
given ni dbd 1 . 4 £LWA

The current stu § was an exten ®n Cylinder n u bme 4
to th eresearch of ho wselected fu B Bo & ntm) 108
injectio nn ozles affect the injectio n , S0 k(mm) A 120
combustion, and emission characteristics IS{\:;% :p(;;l d me%T) ) ;'4 200
of a modern hig kspeed co mmon-rail Rated p wer (kW) 96,

diesel engin Hissaetal. 2 0 2 Th)a
stu dy comed so dnoid driven

injecto g with 6-, 8-or 1 ¢h @ h ozles. Ta le 2. Specificatio n & fth e6 -an d8 h &

Intermediate peed (min!) 130 0

The 6h @l ingctor nozzles were in gcto r nzbew

selected for u & with the cru d fish oil Nu th eof mzleh s 6 3

because the larger orificeso fh é& h ®1  Orifice d dmeter nim) 02 0.162
nozzles were more suited to the hgh - Toal dficeareas(mm?) 018 0165
viscosity FO. Three d fiferen ten ga Includ dsp ay mgd 149°149°
lo ds were used. Loads of 50 %an d No zle flow ate (Lmin") 1. 2 12

25% were app ikd at en md speed o f at1 00r ba

1,5 0 min! (intermediate sp ed): a 10%

lo d was ap fedatth en me’sratedsp edo 2200 in!.Th @ wzles had a high mass
flow rate (1 .12 in’' at dr) and th ep ay angle was 1 %4 90Md asel o th utien
systems use sp ay angles intheran gce 4 3-1 5 8The eng n ananu dcturer op imised
th einjectio nmap for the 8-hole n azles, but the same map was u ed with th se
alternative hole arzles. able2 iges the sp eifications oht 6 -md -8B el azrzles.
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Physica 1 i prties foest idquids

The b selin efu B was a commercial lo wsu p hr diesel fu ko li (DFO). Th e
unprocessed crude fish o i(FO) was p whr sed from Sto fiéird as Fisk Ab, Aland (Aland
Islan d),s inHn d able ¥ ist ht&k g p prtees o th studied ukls.

FO contain d saturated fatty acids (SAF) 1 8 . ;Om@nounsatu ated fatty acids
(MUF) 43.9%; an ¢olyu saturated afty acids (PUF) 37.4%. The xtended measu @men t
uncertainty for fatty acid swas + 106 The fatty acid composition is related to th e
viscosity o fa fu E Fu kv scosity valu edecreases with th ancrease in th eamo nt of
unsaturated atty cids CGh n gVelasquez tela 0220Desh m k hela 201 2Esteban

etal. 20 1 2)
The concentration of ahble Table 3 Fu bpro prtees

carbon b so MUF or PUF) has Un ti DFO  Fisholi

also b en fou n td affect carb o n Carb o rent t wt-% 86 . 177. 2

dep dits formation in engines Hydro gneoden t  wt-% 13.7156.

(Bru n et al., 201 9 Jayasin ke Nitro gneo rert wt-% 091 0. 13

et al. (2 0 1 Qate that th ekey ~ Suph mco et ¢ mgkg 33 2.1
s Ashcondn (7 7 ) wt-% <000 <0 .00

ch Hen g for the feasibility of

. . . Cetan @@ mb & IQT - 54 *

fish oil as a fuel is the recovery LHV MIk 3 43 37

of th ® lifrom ht evaste. A h g h Density at 1°6 k gn—S 835 920

PUF condn t d ereases th e  Acidn ubme mg KOHg! - 2 90

th emal an &xid @on stab lity of Kin. visco ﬂy at 40 °C mm? s™! R 2 8 * %

th efish waste. This needs to be Io diie Vuae g 1H60g 132

taken in & consideratio nwhen Water o rert t mg kg! < D909

managin g th e stoage an d Sufaceten ® n mN th 285 3%

transport of ish aste. Oxidation tal lity h - 0 .86

The acid number (AN) fo r *Fish oil was too viscou sfo rmeasuring cetane n mber;

FO was2.09 gm OK g‘l. This is * % jtedatu @ alue Niemi tela 2 090
substantially lo wr th a iteratu e v lu & fo ex mp d, Bru u nal. €019 yep tted AN
values o fl 725 mKOH -bfo fish oils. Th ecids in b d-oils increase th ecorrosio n
risk an dn the long term sh aen the ex pcted lifetime o fertain engn &co m o n
notably the fu Einjection sy ttem. AN ab we 1 0 mKOH g'! is con ®lered d &in tely
com wve. ANb bow5 gmOK g'isd fined as n otd increase the co nosion risk (Ollus
& Juo prie2 0 O Specifically fish oilsarerep adedtoh we h gh ANd ute the presen e
of water and PUF that are more su sep ib d to o xd iion and free fatty acid fo mation
(Chin gVelasquez et al., 2020 )With an AN valu ewell b bow 5mg ®H -k the fish
oilinthd ts dd/ es at pose aorrosio niskr.

In literature, th & nematic viscosity v lie o £rud dish o lih &b en measured at
28 m?s!(Niemietal.,20 0)%ndth aof DFOat3 m?s'.FO’s h gh viscosity hin dre
th @ @ dcio nf @éne fuel pray sin @ p actical uf bn mzle. Hig h sco &y modifies
th aroplet d strib tio mdu d¢o th dormation o flarger droplets. Fu Ev sco ity increases
sharply in co d conditio n, which may cause restrictio nis fu kd Hv ey thatresu tlin the
reduction o fh evo U mtric flow (Bo sh, 201 8 Adju tng the fish oil temperatu & can
co mp msate of its hkhie isco #y ompared o traditional uf ks (Bruunet la 012 )

Thed aidy o ® nihis ts d yas @ g&m> u F ah &y fliects he dpissio n
of th efuel injected in @ the cylin dr. Higher den #®y increases co m assion ratio th e
mass of uf kinjected an duel dro petl dmeter. hefe h we d rect mpact o nnjedtion
timin gan din gction spray pattern .In reased d msity red uec fu B ato nsation and
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mix n gwith air: this red atio nis associated with h g hr M and NOx emissions.
Accordin gto a man factu @r of marin ed asel engines, th edensity o flig wib a del
should b elo wr th a 991 g&m? fo rfo wstro k& eng nes (Juoperi & Ollus, 20 0 8 ;
Jayasingh et la , 201 2)

FO a8 o0 visco ute measu its cetanen ubme(CN)b wn gn tio muality tester
(IQT). Inth stu dof Niemi etal. (2011 N for cru dfssho liwas 49 i. .enot verylo w
In h ®urren stud y FOlDda N o4 NCds mmp a ohe gititio nd kay ID).
A low Nin reases ID, resultin gn p orer comb utie mnd leadin go treoml smo k e
emission {Hissaet la ,01 R

The HV (lo wr datingv lu $of FO (3 7 J M)gs su btan ially less th ath ao
th eDFO (4 3 J M')g thus in reasing the required fu Hin grate to achieve the same
en m @ wero tput Oren ket al., 2014). Th ¢ asen e of water in fish o lidecreases its
heating valu eFO had high water conten :tover 9 th® &'. In engine use, atev nio li
may cau & co mosion of th eeq ip mnt an dcon diners (Ad e it & Hawbold ,t 2015 ;
Bru vatal. |, 2019)

If th esame vo Ume of two fu bs, with differen fu kd msities, are injected to an
en m gthe fu bwith higherd & ®yp @ id ghigheren m ©utp t However,ths ccu g
onlyiflo wr datin gatues L(HV) do at differ rgatly (Mu tonen , 2 () $idein hig
stu d, the den ®y of fish oil is sign fican lty greater than th ao fdiesel, th eenergy p e
injectio ns ctu Hy omx imilar han dsedon HV alo n. e

The surface ten ®n foFO &8 1 8 %N hrehan that o fl asel. Surface ehsio n s h a
a d rect imp at on the size o ffu kdro peth, so FO’s h g hr surface tension migh tlso
co mibute ot n mirease initsdro petl dmeters (Heywo o d, .20 1 8)

Ana ¥ ica Instruments

LabVIEW system-d sig nso tware was u &d to co lect the sen er data from th e
en m eThe reco @ d variab ds were engine speed an dtorque, cylin dr pressure and
injectio rtimin gduratio nan dj antity. A Win EM3 p o gam pro W id by the en g ie
manu dcturer, GBO &ver, « tro lkd fu kinjectio mccordin go load-sp ed req usts.
The basic settin g o fWinEEM3 were th esame for all n ozles and fuels. Fig 1 is a
sch matic fohe est dnch setup.

A piezoelectric Kistler 6 152Cpressu & sensor measured the in-cylin dr ¢ a@ssu a.
The senso wvas ounted on the h ad of th do uhr ylinder. A charge amplifier ilfered
an damplified th eign b wh ah was th B transmitted to a Kistler KIBOX combustion
an lyser. Th ecranksh ft p oition was reco ded b ya crank-angle en od e (Kistler
2614B1), kich ancoutput acran kan e ignal #h =wesoluibn fo .0 CA b ymeans
of an o pcal sensor. The cylin dr¢ essure data was averaged o &r 100 con &cu itve
cycles to smo d irreg wrlcomb utien. The averag d d ta were used to calcu dte the heat
release ate HRR).

The HRR an dmass fraction b unrd (MFB) were calculated via AVL Co nexos'
data-pro essing p dtform, u mg th eThermodyn mics2 macro .Th emacro used a
calcu dtion reso dtion o f) 2 °CA. The start of the calculatio nwas set at -30 °CA. Th e
data eve filtered with the DigitalFilter macro and frequen gof 2 0 (Hf. Fo rht HRR
results, th everage v lu gof in eylin dr ¢ a@ssure were calculated first. Thereafter, th e
macro was u &d to calcu dte HRR v l & Fin Hy the HRR curve was filtered .In
co mast, o thte WB results, p @ssure atu ¢ &ve first filtered ,n dhen the macro was
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used Th av mg evalu gof 1 0 ¢ kecwere not wds of the MFB results, stablishn g
th stand ed d e atio n. s

=)

- analyser for
NO, sensor

= P NO, NO,
intake et
I 0O, sensor . \ €0, CO,, 0,
i o

h
exhaust _\\

rotating oxygen meter
| disc diluter smoke meter | [ ]
ooooo
analyser for — HC analyser

cylinder pressure
and heat release

mass flow
meter for air

J engine L ]

I

diluter pump

dynamometer

EEPS for PN
Fig we 1Engn aneasuremen setu p .

The ex hust temp ratu as were recorded by K typ ethermo ou fes (NiCu NiAl).
Airand ex hu tp essures were d germined by indu wrial tran mitters. Th en g i@irflow
was measu @d by an ABB Sensyflo wFMT700 P meter. Exhau ts emissio n were
determin d u m gthe instrumen ¢ listed in Tab d 4. The measu ed concen tations of
gaseo u esnissions were used to calcu dte the brake specific emission sccord ng to the
ISO 18 tan drdr (EN SD 81 §-22 08 )

Table d4nstruments of r missio n easn emen ¢

Parameter Analy er Tech alog y Accu acy*

CO TSI CA-62 8 CA-CALC Electroch mical 0-1 Ofpm: H) %
10660 @ pm3%

02 Siemen Ox yan b Paramagn @c +025 %

NO, O? TSI &-62 8 CA-CALC Electro b mical 040 0 pHiOM%
10660 @ pm3%

HC J. UMVE 7 HFID 0-1 0,00 pmM=*1%

Smoke AVL U35 Op ital filter +5%

Particle nbm TSI EPS3 090 Sp etro mter -

* Accuracy p ov d d ybthe manufactu ar.

An en gd exhau & particle sizer (EEPS, mod E 309 O TSI Inc. )vas used to
determin eh €PN with n a particle size ran g @ 5. 60 560 nm. Th exh a ssamp d
was first dilu @¢d with amb ant air by a ro atin gl sc diluter (RDD - mo dl MD19-E3,
Matter Engineering AG), wh ah had a co stant dilu ib matio o ® Ol :Dilu ib mir was
kep tta 5 @ wileth ex hust aero el sample was co du ted toth KDD. Th & luted
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samp d (5 L p mwas fu ther d luted by pu ified air with a dilutio matio of 2 t Thus, th e
todl ithion atio awl 0O:1.

TPN was recorded for th @e mutes per load p mtiusing th EEPS. Th aeco ded
data was processed #h ‘SOOT’ niersio nWang tal.,2 06). Th evaerage TPN math e
stand =d deviation of TPN valu swere calculated fro nthe d ta with time in drvalso 0.1 s.

Ex primental ma tixa d msasurement procedure

All measurements were p gformed u ned steady operatin gcond tio n withou t
en m emo dicatio n. With high v scosity FO, the default engin eco trol parameters
allowed hten g ¢o run at an intermed ate psed at nzine load s fo B o tess, an dt
rated speed only at 10% load. Mu tlstage

injectio n (p Iot, main an d post Table S Experimen 4l old s

injectio 1) was used through otuh e  Eng e speed min!) 220 01, 500, 90
stu d. yTh eresults were co mq red to BMEP (b n) 1. 1 43 8.7
th ee of DFO. The experimen 4l loads Lod %) 10 25 50

an eéngine sp eds are seto tinTable 5 .

At th & ginnin gof every measurement, th engine was warmed up and the load
was ap hed usin gDFO. The in &k eir temp eature was ad ysted to 85+ 1C
down twream o fth ech mge-air co ler to su port auto-ig itio mf th du bs at each lo d.
The temperatu @ 8 co molled amually b epulating ht e dl w fo ac anl gvater to the
heat exchanger. Th e alve egtin g & kep tca mtant. All @sasu emen ¢ eve taken on y
after he mgine Ml atab lised , s determin d b tability fohe emp eatu es o dolant
water, intake air an d&x hu & Th dength of the measu @ament perio dwas not tied to a
certain time. With FO, th en me was started with DFO and after th engin & d warmed
up, th eutl = han gd otFO. oB ufb ere uppibd t mom emperatu &.

RESULTS AND DISCUSSION

This ch p d@r sh o swhe air temperature after the compresso © fhe tu wocharger,
ex huasgas temperature befo @ utlr ohceg etu bin grecorded njactio n rameters m d
resultso £ylin drp assu &, h atrelease rate, mass fractio tburned ¢co rh utie mluratio n ,
gaseo u an dp miculate emissions an dsmo k. élh eresults obtain d with FO are
co mp eed itlv hose kenusing BO m dh etiffferences re idcussed .

Compressed a iadnxhaust g temperatures

Fig. 2 repents co mressed air temperatu @ fter the co mresso o fhe turbo harger.
Overall, th ecompressed air temperature after th eurb oharg eincreased when en m e
lod ain meased, md twas k| hretall ohds with POco m red oth & o ®.

Atlo wo d, hig hr & scosity o ffO comp red to DFO result in p or atomization
an d spdrsio mf the fuel in th e&eombu 8o whamber Bh sk met la , 3)2HD’k high
co mert o ffatty acid sis shown as late burn n gof th se fractions, lead ng to h gher
ex huasgas temperature atlo woadatsp edo 2 ,0@ in'assh ominFig. 3. Ho wv g
ath gh elo d st engin epeed 1,5 0 !, ex huasg atemp eature is lo wr with FO
co m eed to DFO. Th dowered ex hust gas temp ratu & increases FO’s b ake th emal
en egy at h gh eload sbecau e mo @ heat can b autilized du in go rhu 8o mp a@cess.
(Bhaskaret 1a20 1 3 )
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we 2Air emp rature fter ht ampressor fithe utl oharger.

(2]
wvi

w1
[V}

Air temperature after the
compressor of the turbocharger
[°Cl
[=2]

[=]

v
o

=
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53 2,200 rpm, 1.1 bar BMEP 357 1,500 rpm, 4.3 bar BMEP &5 1,500 rpm, 8.7 bar BMEP
1

0

360 500

220 | 230 480
340 -

460 -

330 -

210 | 320 440
310 420

200 | T 300 400

DFO FO DFO FO DFO FO

Fig we X¥xh u sg atemp ratu @ befo ath eutboch rg & utl rie.

Exhaust gas temperature before
turbocharger turbine [°C]

Injectio n  a mters

Fo mll test co nitdons, p Iot an dmain injectio n were set b fore top d ad centre
(BTDC) and p o mjections o cu ned after to plead cen re (ATDC). Ex at timing sand
durations are hs o swniTable 6 .

Table dnjectio n rametersfo r BO md O F

Fub Sp ed BMEP/ Pilot njectio n Main in gctio n Po & nigction
Lo d (ATDC) (ATDC) (ATDC)
Start Duration  Start Duratio n  Start Du ation

min!  bar/% °CA °CA °CA °CA °CA °CA
DFO 2200 1. 10 -18 46 -8 6.9 13 0
FO -18 4.6 -8 7. 6 13 0
DFO 1500 4. 256 -12 39 4.5 82 13 417
FO -11 39 -44 9. 6 15 4. 7
DFO 1500 8 30 -8. 7 313 2.1 13 21 45
FO 94 3.8 25 16 22 3. 4

Injectio fimin gan dlurations were broadly similar with b ¢ fuels at 2 200 min™,
but th e wtatio m fhe ainin gctio mwas lon gr éor FO becau gitslo wr latmg alu e
is e$s than DFO’s.

At the load of 4.3 bar BMEP and engine speed 1 , 5nfin0, pilo injection started
1 °CA earlier with DFO comp red to FO. The main injectio mstarted at th esame time
with both fu b b ninjection du ation mhFO a8 gainlo ger than with DFO. FO's @t
injectio mtarted 2 °CA ater than with BO, mtp abably delayed d ato FO’s ohger
main in gction duratio nTh e wtatio n  @stf njection was tdl imilar for bo b uf bs.

756



With FOath g Hoadat 1,5 0 in’', pilo in gctio mtarted earlier (9.4 CA BDC)
th a with DFO (8 7 © @ BTDC). An adv nced injectio nmay increase NOx emissio n
(Ho wetal. , 1 2J}8h buddinet 1a2 O 1 & pmp mson with ofsil idsel. Ho wver,
based on Hey w o0 (@01 8§ loan gpeot si wds o shorten hteld ofuel b ncreasin g
in ey ith dr temperatu es for main in gctio n. The main injectio nstarted 0 . €A Idter
with DFO an dost injectio mtarted 1 CA earlier with DFO. The d wtro m fh anain
injectio mwas oln gwath ®th a it BO.

The v tu mtric amou n df injected fuel was assumed to correlate to injection
durations because fuel in gctio nwas co motled acco @ n go load/speed requests. Th e
lo mer main n gctio n adom 5 ®re d wteikher v scosity n abu fiace tension of @,
which in reased the to al in gctio d wtio ndue to decreased flo wth @ug hhe injector
(Bae &, 2)016

As exp eted, pilo tnjection d wtron increased wh 8 h tng ne lo d was red oed
because th e lb s u &d especially at lo wloads to p eamote ign tio nredu e ID and to
smo c tthe increase of comb stio np assure. Post in gctio n are used to redu e
particulate and soot emissio n, $ imarily at lighter lo ds an dlo wr en me sp eds
(Heywo d, 20 1 8Th ¢ tech myia was observed at 1,50 0 inlhwh e p st-injectio n
duration did increase when the en g idoad was red ued Ho wv g at an en g iespeed
of 2, m'!, ospin gctio nl mtion was a short pske #hb th uf bs.

Cylinder messure

Injectio ntimin gp imarily affects maximum cy ih dr pressu @ (MCP). Ho wver,
th epressu @ also d p B d om the bu med fuel fractio nd unr gh ¢ emixed comb utien
phase, an d¢h ucs nhe ign tio n lag (&D). ID is a perio dwhen njected fu kB rerain ¢o
cylinder, ato nwes an dnixes withex stin g@irbutd esno y eignite. Chemical reactio n s
start slo Wy an dgnition o cu g after the ID. ID h s a d nect effect on the heat release
rate and an ind rect imp at o nen gien me and exh u 5 g & emission fo mation
(Ald hid hwa et al., 20 T; Kuszewsk ,12019). A long ID resu tk in a rapid pressure
in rease in th eco rhu §on ch mber wh B unbu m @ fuel fin Hy ign tes. Th erapid
pressure in rease leads to d asel k n b h gh eso bemission smalfunctions inen m e
operation and eng ne damages (CIMAC, 2 011 Ogawa et al. 2018 Hissa et al. 201 9
Kuszewski, 2 09). A lo neglID and mo & fuel b mnrd in th epremix d p hsau sally
results nia teeper rpssure rise mal hig br MCP (Hissa tal. ™ 9

2,200 rpm, 1.1 bar BMEP 1,500 rpm, 4.3 bar BMEP 1,500 rpm, 8.7 bar BMEP

— 60 60 80

2

) 60

2 40 40

v

o 40

U

2 20 20

%

s 0 0 0

DFO FO DFO FO DFO FO

Fig we 4Maximu myih dr pressu as at rated an dnigrmediate psed s

Fig. 4 sh o swthat MCP v lu & with DFO were slightly hig hr ¢han with FO at
all studied load oip & The d#feren esb tween DFO and @ in reased with het ol d.

757



The av eag d MCP valu 8 an d Table Maximu nty ihder pressu s m dtan drd
th & standard deviatio n » f1 0 0 d eatio n s

%Oblfec? ive cy les are gvu e in Fub Speed ES/IEP/ M:;(S.uryedl(gvdre Dev
aple 7. min’! p € (filtered )
bn% bn
Heat dea & rate (HRR) DFO 2 02 11Y 0 51 0. 08
Co rhustio mtarts with arap d FO 30 0.0 5
DFO 1 ,06 4325 58 0. 12

burn n gphase that lasts o hy a few

. FO 56 0.0 7
CA d g aes and produces th ef1r§t DFO 1 06 8750 76 0 13
spike in th e HRR cu ve. It is FO 75 00 6

fo lbwed b ythe main h at-release
perio d ithw langer dation nd a
more or n ddero ife. The ail o fhe HRR curve is th @emain dr e fhe fu Es ch mical
en egy released when bu m @ gases mix with excess air th awas not invo Yed in th enain
co th utie n(Heywo o d 0 1F8g)$-7sh o HRR cu v sfor the stu ¢d fuels. A slight
lo s o bery d at the b ginnin gf each HRR curv as due to the heat tran fer in @ th e
lig id fu B of r aporising md atingg Hey w o d 18). 2 0

Fig. 5 illu wates the HRR o fwo fuels at 2,2 0 m'an dl. b aBMEP. The FO
cu ve in dates that its p Io tdid n oignite properly, so FO had a h g hr ¢ ek HRR
comed o tFD. O¥ pke laoo cuned afv rank angd @rees later than DFO's.

2,200 rpm, 1.1 bar BMEP 1,500 rpm, 4.3 bar BMEP

60 .
’%‘ —DFO
—FO

—FO |

(o))
o

D
o

40

20

N

O O O 0O 0O O O O O o o o o O O O O O O O 0O O O O O O
Mm oo S NN T N O~ 0O Mm N — N M < 1N O ™~ 0

Crank angle [°CA] S Crank angle [°CA]

0 r

N
o

Heat Release Rate [J deg]
N
o o
Heat Release Rate [J deg']

-20

Fig we Seat release rate cu v & with FO Figure 6 Heat release rate cu ves with FO
and PO t2 .00 intnml .1 artBMEP. and POat 10, 05! ml .3 bar BMEP.

Fig. 6 depicts ht éwo HRR curves at 1 5 0 flin"! and 4. B aBMEP. heTHRR of
DFO again sh oswa clear initial HRR peak an deven an in mease in the HRR at
post-injectio nln orctast, he FO wvy ehs ws mclear HRR peaks fro neith epilot or
postinjectio n, an dts general p @ ile is mo @ rounded th a DFO curve. Mo slikely, the
high visco ®y and su fiace tensio nof FO increased the droplet size of the fuel sp ay,
imp @in gignition. FO’s lower CN wo 1d also increase ig itio nd kay leadin g tp
retarded oc th utie nBag( & #n, 2 QG 1&b wod, 018; Hsa tela ,®9). However,
th dower co mressib lity an ch g hre® x gngo tent of FO may h we accelerated the
HRR o® Sh hhuithdt la 0123 )
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Fig. 7 o wthetwo RR urves 1,500 rpm, 8.7 bar BMEP

when h #o d ta,§ 0 Oin!in ceased E,]OO <501
to8. B nBMEP.No wth #0’s RR 5 80 —FO
peak fro nthe pilot injection is clearly e 60 ‘
evident but is still seen later th n th & & 40

of DFO. FO shows no p ot-snjectio n § 20 \\ ,

peak bu teemed to b m slightly faster A ——
tha DFO in th e later phase of g -0

co 1h utie nAgain, the high visco ®y 2239 °399292238¢eg%8
an durface tension of FOin reased th e " crank angle [°CA]

size of fuel d o petk, and the time

required to evap cate the fu Edroplets Fig we 7 Heat release rate cu v & with FO and
also increased. DFO ta 10 5if1 md 8.7 bar BMEP.

Mass fractio tburned MFB)

In th ecurren study, the max mum compression p @ssu & was at two d grees CA
before the to pd ad centre at an en m espeed of 1 Q0 Gmin!. Ths h d n oeffect o n
measured esuth W msbe aken nta consideration when het esu th are xamin d .

Table 8 presents mass fraction burn d (MFB) values with th & stan drdid e ations.
MFB v h1 & were v gy similar with bo i fu 1. Only at MFB 9 @& at 2 , 2 (inf wam
th & more than 1 °CA o fifferen e between them. Bo h fuels sh oedd MFB 5 Qo at
between 24 to 2 6 CA°atlo wr olds an ct 29 °CA at h gher lo d Mo sprob bly, FO
burn d lgg Hytmore apidly uk ot tsixygen omntent feer sh d elewer gi ttion.

Table 8Mass fractio n nbéu m dtansdrd evdation s
Fu B BMEP/Speed MFB 10 % StDev MFB %30 StDev MFB 90 % StDev

b amin! °CA °CA °CA
DFO 112, 200 12 0.4124 0. 75 65 4.3
FO 13 0.46 25 078 69 43
DFO 437V, 500 13 0.2125 0. 3159 1.5
FO 14 0. 17 26 024 58 14
DFO 871, 500 18 0.1729 0. 26 58 1.2
FO 18 0. 13129 024 59 13

Combustio mura ib n

Co rthustio nduration (CD) can be defined either as the time interval between
MFB 5% an dMBF 9 0 %Fig. )8or the time interval b eween MFB 1 & and
MEFB 50 9%Fig. 9 )

The high v scosity an dsu fiace ten ®n of FO g m mted larger droplets. Larg e
dro mt, again, req ire more time to ev porate an db mnr(Hey w o ® ,08). Fig. 8
sh oswhatat1 1 BIEPat2, M min' mdt8.4db a MEP ta, ® min', CD 5-90 %
was lon gr evith FO than with DFO. Ho wver, FO’s h gh o x gngon @n tmay h wue
imp oved co rth utis by d ereasing combustiond watro sin eCD 1 05-0 $%as sh der
oreq al MhFO am edto BO (Fig.9 )
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2,200 rpm, 1.1 bar BMEP 1,500 rpm, 4.3 bar BMEP 1,500 rpm, 8.7 bar BMEP

60 60 60

50 50 - 50 -
40 40 40
30 | 30 - 30 -
20 20 20
10 10 - 10 -
0 : 0 ; 0
DFO FO DFO FO

Fig we 8 ombustion d wtion (°CA) at all en g do ds, d ermin d as crank an gsb tween
MFBS5 %mdMFB9 0 .%

Combustion duration [‘CA]

DFO FO

2,2 1.1 BMEP .
14 ,200 rpm, bar 14 1,500 rpm, 4.3 bar BMEP 14

12 12 12
10 10 10
8 L L
DFO FO DFO FO DFO FO

Fig we 9YLCombustion d wtron (°CA) at all en m do ds, d termin d as crank an gslb tween
MFB1 0 % MBS 6.

1,500 rpm, 8.7 bar BMEP

CA]

r

oo
o]

Combustion duration
o N &~ O
oN b O

oN b O

Ga eo memissions, moke and otal pa ticle wmbers (TPN)

Fig. 10 illu wates th & ake-sp eific emission ©© NOx O, and HC. The smo k e
numbers re sh omin Fig. 11 an dod ptigle n b m TPN) re d¢ieted n iigF 2.1

In b wad terms, co rh utien o fFO generated more NOx CO an dHC th a wh r
usin @POFO, b uthe d fferen e between th duels diminished wh = th engin do d was
in reased.

At 1, 5 Gn0, F@nemitted v gy similar NOx emission sof 26 ¢ h¥ & both
lo ds. The result at th ehigher speed was 4. 0 ¢gWh'!. Comp red with DFO, FO
in eased NOx b y2 3 4% lower lo d at 1500 in! wh le at h gh eload th alifference
was oyn D.%bwev g t2a @ min! tal .bla MEP, DFO showed X kher NOx
th a FO. Th ¢ gher NOx for FO may be d to ¢he p esen e o fno dcular o xgyn that
pro mdad d #on o ifrogen Sh h bhud dhetal., 2 0.1 addrignition m dncrdased
premix & co th utie nmay also hav eaffected NOx formatio n(Saty a myana &
Muraleed hran 2 02 )

Less excess air and h g hr eombu 80 rntemp rature pro mted NOx fo matio nAs
seen ni igF (L in reased engine old mp oved fu kBair min gnd afko xdiio n h e T
imp oved mixin grate led to a reduction in CO, HC and smoke as en m elo d was
in reased. It is mo slikely th taiinadeq uteaspray formatio mf FO caused hig br NOx,
COan d C dhission sNiemi tela , 2009)

FO pdadmoeCO han BOat lhlo d s t 1A ® min' at he lower load CO
was 2. 2gWh'! for FO an dO . 5 2Wh'lgfo kDFO. At h gher load, FO emitted
09 @k W' mlDFO 0 (xk W' At ,200 min!, O€missions r6 m @ e vye
high at, 2 3 Wh'! While DFO g B rated ap porkmately 3 ~ Wh''. FO’s high CO
emission sndicate p or duel-air mixing an dn omplete co th utie nesp eially at v gy
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lo wloads. Ollu s& Ju o p €007 )eported that liquid b a ¢ b (LBF) increased CO
emission sin a mediu msp ed diesel en gigan do n ®aso nfor in rease may be that
th = dve Ieneso m ald egio m ni he co th utien h enb ecausin @ idtu ban e of
co th utie np @ ess. Satyan my na & Mu aleedharan (2 0 1 &sp rep ot 0 npoo r
atomisatio mn dn o mdte co thu 850 mwh B u n &teel p bm oil o fh gh v scosity was
used as en me fuel. Ho wver, reduced CO formatio nwas rep ded wh mthe n at oil was
preheated.

6 2,200 rpm, 1.1 bar BMEP 6 1,500 rpm, 4.3 bar BMEP 6 1,500 rpm, 8.7 bar BMEP
5 5 5 F
— 4 4 - 4 -
s 3 3 3t
x
2 2t 2 ¢ 2 -
0 0 0
DFO FO DFO FO DFO FO
25 2,200 rpm, 1.1 bar BMEP 3 1,500 rpm, 4.3 bar BMEP 3 1,500 rpm, 8.7 bar BMEP
20
—_ 2 2t
15 r
2
= 10 ; al
o
u 5 — .
o N , 1R o N
DFO FO DFO FO DFO FO
6 2,200 rpm, 1.1 bar BMEP 1.0 1,500 rpm, 4.3 bar BMEP 1.0 1,500 rpm, 8.7 bar BMEP
5 0.8 0.8 |
= 4 0.6 0.6 |
$ 3
2 > 0.4 - 0.4
Q
M > " ]
0 0.0 . oo R
DFO FO DFO FO DFO FO

Fig we 1 Brak sp eific emission © f 8x €O an HC fo r ® and DFO.

2,200 rpm, 1.1 bar BMEP 3 1,500 rpm, 4.3 bar BMEP 1,500 rpm, 8.7 bar BMEP

1.0

0.8
2 L
0.6 - £
0.4 ] .
0.2
0.0 0 0
DFO FO DFO FO

Fig we 1 Smok eumbers fo FO md BO.

Smoke [FSN]

DFO FO
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HC emissions also increased clearly wh 8 FO was b wad instead o fDFO,
co nrinin gh tair-fu B m ngand co th stion #h FO was inferior at th se rather low
lo ds. At 1, (0 min' at the lo wr ohd HC was 0 . 4 ¥Whsfor FO and 0 . 2Wh'
fo rDFO. At high e load ,FO emitted 0 . 2 OWh's andk DFO 0.1 T kWh'!. At
2,2 0 min!, HC was ag mhig Ho FOat5 . g2 Wh'! wh le DFO generated 1 . 2Wh.
Our # a6 dCO)resu tk corresp nd withtho 8o f dhng (2 0 L. 9oad €201 9stud ad
preheated aat aron u tb ni ddasel ngineand tected gher CO md C Haissions
co m eed o tFD. h Temso mpiven ashe nio mdte ambustio nfthe co onut b i
Satyanaray a a& Mu aleedharan (20 2) also observ d an increase in HC emissio s with
neat v getab d oils co m red to DFO. Tu v an & Niemi (200 2 exp din h g hr HC
emission sat lo wr en gido ds co m red to high elo d «d & to lean mixture areas,
where fu Bair mixture ig rtes and burns poorly. Slow fu Einjection speed may also
in rease HC emissio n. Another clear sou ee fo HC emissions in d asel eng n gis the
sac inside an injectio m w@zle. The sac sto ages fuel after in gctio nth duel evaporates
slo Wy thro uhghozzle h tes and is n oparticip ted to co th utien (Turu nne& Niemi,
2002).

Co trary to CO an dHC, smoke decreased at all loads with FO. At speed of
2,2 Omin' an d . blaBMEP, FO generated 0.7 FSN, whereas the smoke readin gor
DFO was 0 . FSN. At4 .bar BMEP at 1 , 5 (nfl, FQh smoke n mber was 1.4, an d
at h gh load 1. FSN. Th eorresp ndin gvalu & fo DFO were 2.2 FSN and 1.6 FSN.
Niemi et al. (2009) also o kerved impro vdemoke for ra d eth o licompared to DFO
in a high-speed d asel engine, conclud nig th & the mo sprobab d reaso mwas the high
oxyg = co rert of b afu bs. High y o xggnated fu b pro dcaless smo k& ute hig hre
flame temperature and olwer rad ativ e dat lo ses ni hetcylinder (Chau hn t da 010;
Sh h buddn tela 2 0.1 3

2,200 rpm, 1.1 bar BMEP

1,500 rpm, 4.3 bar BMEP
16:107 4-107

1,500 rpm, 8.7 bar BMEP

12107 f 3107 3107 S——

— =

8107 | 2-107 2:107 F

TPN [cm™3?]

4-107 1-107

0-107 - 1 0-107 0107

DFO FO DFO FIO DFO FIO

1107 -

Fig we 1 PPN emissio s with FO an DFO at lhlo d an dpsed s

Fig. 12 sh o swhe TPN emissions with FO an daseline DFO at all loads an dp eds.
Each 1b ehates he TPN mean m crro r bsaepresen th etan drd dev dtion fo HN
during th aneasu ement p god of htee minu ds. At 4 3 bar BMEP load at 1 30 Gnin’’,
FO reduced TPN, b utlt eth eloads the ord eof fuels was the op p wesComp red to
th eDFO b seline, FO emitted more p sicles at 8. har BMEP at 1,50 O in'h The
greatest d fiference was atlow lo dat2 , 2nfin0, where FO’s TPN was 3 . tithes h gh e
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th a DFO’s. The HN idn o maprove tallload con dions #hFO o m rd o DFO
although the smo k d d. A red utio nn PM emissio ncan b eexp eted if the sulp hru
co rert, dsety ,iscosity ml carbo #o h y @gan ratio of he fu kare red wed (Nabi te
al.,2 02 )

On he contrary, soot emissio may increase alo n wgith fuel visco #y b eau & ikh
viscosity anc eadl to eks abourab dfu b te nsation and dn € octh stion ayn 060 b e
co mdted (Kegletal. 2 03]1Nab etal.,2 02). High fueld & &y may in lbit fuel sp ay
fo matio nd umg fu Binjectio npo dn ially causing incomplete fuel b wming an dh gh
emission s(Hissa et al. 2 08 )In this stu d ¥Q’s suph uco tent of 21 gm “kvgas
less than DFO’s sulp h won @n © f3. thgkg'. Density at 1 5C was higher for FO
(9 2 @ “kncompared to th oo fDFO (835 g ). Mo eover, the FO had high
kinematic v scosity (28 mm? s?) than DFO (3 mh %. The carbon-to-h y @k ma ratio of
FO (0.5 » asalso ighbr han hat dFO (0. 3. With ht e xep ion of su phur, h se
differences in the den iy, v scosity and carbo #to-hy dorgneratio th awere all higher
fo FO may ex mih th éigh TPN o fFO at low load at rated sp ed an ct hig Hoad at
in @rmed dte ps ed.

Unlike ou rstud ysgv ral o i estu tbs h w esh wn imp ¢ vneen ¢ in emissio 8
perfo man e with cru db a oils. Preheating th éio-o lihas reduced exhau semissio n s
fu th eand increased th engin @ower outp ubt yo wrin gh & g lvisco Ky of neatb a -
oils to a level, comp mble with DFO (Ho a g2019 .)The hig hv scosity can also be
lo wred by b dndin @ a eil with lower viscosity fu Eo processin gh @ lithrough the
transesterificatio nmethod to p @ d e biodiesel (Chau hnaet al. 20 1 OHowev g a
manu dcturer of large engin & does n breco mend blen th gerude b a eils (Ollu s&
Juoperi, 2 0 O Fu)th ep aogress fo O sho 1d include o pntisatio no finjectors and
injectio nsettin g an dpreheatin gfuel to imp @ v fuel-air mix ng, d erease ID an d
imp @ve ambustion.

CONCLUSIONS

Cru dfesh ib(FO) at or m temperature s investig ted nia k| tsp ed, f-oodd
dieselen gnie He rem e & tu b oharged ,n drecoodd an dqu pped it aommon
rail injectio mystem and 6-ho d h gh flow rate injectors. Measuremen & were mad eat
two load atintermed ate speed and ato alo datrated speed Th eesults were comp red
to hotsof BO.

The FO as lassified as waste an douldn © afely b sedin ,or fmple, fo d
pro dcuio nt =l pdn ed ré6 molal aste ourcesat m drate cost. Generally, these
kinds of ren wab d fuels are seen as o a altern @ve for fo sil fuels wh = targ ing at
reduction fog @en h oegas missio R

Based mwthe esults, he follo wng conclu ®ns o ldbe dwn :

— Theh g lvisco #y an durface tensio n f FO nhib ted fu B psay orfation and
air-fu B ming .

— This an dhe lo wcetan enu th eo fFO, in wased ignition d ky an chn dred
ign tio nesultin gninco m dte ambustio n .

— Co neg undy, OXN, O @ HC mission snireased amp red #h FD.

— Smoke, owever, decreased wmh OF
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— Excep ttdo wo d tal, @ min-1 ,h dPNdid nmpw & #h Gco rpared
to DFO. Den #y, visco ®y, and carb n-to-h @ @gen ratio were all high efor FO, soth se
differences my xe mihtheh g h PNT #h OF

— Optimisation o fth einjectio nsy tem an dpreh atin gthe fu b are the main
aven as to wrd dmp @ mg en gd performan € an demissions with FO. Op mtio mat
very ol wlo ds ost pro bbal hould also éavoded hem sin g O.F
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