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Investigation of How Adding Different Nanoparticles to Fuel, Affects

Combustion, Fuel Spray Atomization and Emissions of the DI Diesel Engines
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Mechanical Engineering Department Imam Khomeini Marine Sciences University
(Received: 19/December /2021; Accepted: 01/July/2022)

ABSTRACT

One of the novel strategies to improve the performance and emissions of diesel engines is the use of alternative
fuels as well as suitable fuel supplements such as nanoparticles. Nanofuels play an important role in the
optimization of combustion processes, fuel consumption, and emissions. In this paper, the effect of adding different
nanoparticles (cerium, aluminum, and copper oxide nanoparticles) at a concentration of 100 particles per million
(ppm) to the diesel fuel on the combustion process and emissions of diesel engines has been investigated by using
the FIRE computational fluid dynamics code. For validation, the simulation results of the in-cylinder pressure
variations, the experimental peak pressure, and the angle of occurrence have been compared with their counterpart
numerical solution results. In addition, the experimental data of NOX, soot, power as well as brake specific fuel
consumption have been evaluated with numerical values. The results show that nanoparticles increase the amount
of heat transfer to the fuel and decrease the ignition delay. Also, better mixing of fuel and air in the cerium oxide
nanoparticles compared to other nanoparticles improves the fuel ignition mechanism, which leads to more complete
combustion and a 14.5% increase in power and also a 6% and 34% reduction in the fuel consumption and soot
respectively, compared to the diesel fuel. The only downside is the 31% increase in NOx, which can be reduced by
catalytic converters.

Keywords: Nanoparticles, Diesel Engine, Emissions, Fuel Spray, CFD

a.2are@pgs.usb.ac.ir :(655ewly oniun ) Lokl -\



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs VA

Gl s Caio ol e o debnl clles m, s
(oo g B2 Vb SV gamme 5 5 5 cdi aJgs
bl jobar S g sla 50933l 91l 09l @dly F5e
R N O A O
Gl gise jee GRIE o b SagEl bl
35 9,590 oy Rl (IS 5 jeess slaan 2
sl o I8 50l Wo 5 o (9,5 slroanY] jals
Gl Glagians 3 b gwgl 5l eolizul 5]
& jsboled sl 03gy (0l e az5id )50 o)lgen
@ e oS Sldgl pee (S5 oleS (S peloes
LMW g 9 Jlow Jlo Dld6b Solp o8 > auld)
Sl Pl @S e SEgw w4 o)l Jlil
3l 5l ilie glaog,S 5o i3s3,k 5l .calay]
Gates oy 9 ilujeels el dapeddy
S35l ple 4y Cod 6518 SI59L IS jsboay s 5 e
N7 2 6V G ol S e slge g (53l e
sl 00 0,3l 5 s mulis g arlye 4o 45 axly o
Sk oSt 5 o8 Sldgl g8l b iren
b dlio ;o J5o s 4 (o€ 5 poairagl] ST
S 5dee 3gute (S 50 Slgo g 5318 8) S0 36l e
TA V] el sl s a0 (s 520 ST

sz Lwy 120 Jlo o Jlwsil oMl )b ]l
800 ,5 zlao &yl JLasl asas o lgicds Jal
05 8Lal Basbo 5l Jleasgili coud plonil il o Bl
L Gregils Ve v sy O3 o3lasl nSle) &l dg5ls
W9 oo detd Dgliie (po> slano o

o998l S Yoy Jlw o Vo] (e 5 oloo
7 ke ]y Jims 5 of pedsel 4 i3l as]
Sy Gl Sl o] s sl S8 (100550
o 3 ST aS gl ey g Sl sl STy
—ol by e J5Use slavigy 0,5 Jad o 1) 95U
S (oo Wl (oloonds 1Sy plonl eizmen 9 S

oy ol eolatal LY+ ¥ Lo o [NV o5 4 5,65

g il CoaS g 00l 55, 2 1y Jpo SS g

99 o |) u.‘>5_....a ul.._..u Sd¢ Lﬁul R )‘)3 ‘5.»))."0)9.0

doddo -

plgs eSS g Bpae Jdo 4 ojlgen (Jno sla)gise
SR slaygise gl 4 cund gl (ls, 62 s
Alosgy HBWle axgin 90 wDyad adgi e lgrea
oeize 5 (SanYl glas bl ad Ficus b ol
Ceod Gl &kl 5 ol o vezee 31 Ol
tigy > o] olS 5 ] (6305 b pan (gln g
WS Bpae JalS jolaiear (Gl glaanlp 05
IS by s o8les vgge 5 SanYl
5 oslital wilaal ol 4 s Caz 55 oy slagsslid
Al slabogBl Sy Rl lacS s
L oo 5l Oldgl abl g Jpo S gm a4 aal> ly340
alide slasislsdyge 5 ol by JoSge b o5l lado
load a3lo (o 5 (Fig 05,5 (IS «B)seD)
3555 o 5 oolizals ygo (55 el a5 Il 3eils
osbiaS 5 Syl andl aLbl e KAS os UK 4
Sl S et b Gomibimger S5 4 &5 Jolone Sy )0
g JBal o a5 Sld ) b axgid;ge G
I @bytsle wish oo S8l (G55UsS slacsielsd)ge
Slakee 5 lalg) (glazli (glad)s (oudd b w85 (59,5
oz 5l il mlio jo S22l $b 5 )sks )l
Jhgdor Cunio 5 (cordg sty g oRaVL G i oo
3285 S5deSSgl 5l eslinul 3190 o s 51 (S0l
gl o3k odliiul bagyoes g JEgfer Cuio
30 a5 0,00 0gzg (e0b ) I e Sladad aiius oSl
ape bl dayl ol om inle 5 SlShol i
Plasl v93 4 IS 5 Slesd Gln 1, ol
S ol G 9 2D GRlB sl s
Blol gl ) alagogsdl g oo baise (1alS s
el S s, ela Sogdl 5l dagy] 5l Sy a4 oS e
Caglie (a3l alox 5l ool slacaze a5y, 5L
Sbnl Slkee los pals 5 Stacl 5 (59,95 2l2 50
5 2 Db Rl Webe Sel g e
Al Jyere sloy5ls; & s (5148 oty ke
CElw 3 ot G SGPSS g6 izen [F
S o (Vb gl 50 515,50 Slge 5 Y15

9 Ogte ;o Nl g oyle 5B g i worl g



o938l U e Jlw o V] o5 5 gl
adlllans g0 (Jpo j5ige SO 50 1) S gu 4 ol &l 34k
Ol 5 )5590 59 )-*-‘l’ g Slilejl jo laglassls 3
slod_axin g9, o |, O3 iz slac lale
Ol o] b Bllas 000503 (quy 2 5550 (59, Shes
55 (oo, VY Gl (Sl pledily po (cwgns
a0 O3 40938l b s g B o (guo,0 VY ials
Sl G

oS 390 g3 LYY Jle o [V g Jen
Gl el sloaiasin (o g & portensl]
S92 Slindon )5 (55 99 gy p |y alad [, 5 (5o
S5 o pyasl] deS| 35 85 8,5 A
sk (59,0 SLBL K § S g ca o (Sl Jols
ol g Jhal sl pael sgzg @t 4 0w S
CO ¥l (s00,0 V ialS yimen 0gd oo oylesil,
el Cawd 4

soliiwl L YV F Jlo yo VAL e 5 lo gl
s55e S 0 Slas 5 Gl leadl) (2tslesl b,
ao)lgd w5 laadglol (098l LIy (s
ol 09933 45 a8 S e Lol wisged oy Jindser
5 aol Co g Sl sledasio Sgugn o O34l
Dgs oo oan ¥l yrals

o E3n b Sl T10 Jlo s Va1
139 5l =l Cliasin ¢ iSly (g5, » lyd ojlail
gl (2iSly s gl llas ol plol pgeipes]]
oealS #enm oy Qe nm 5l ols ol sslaslas gl
28 il38l ek e

gl LU Y Y Jlo yo [ o Ken 5 Sgsl
SVl gl Shs 59, 5 yegili Tr g Ve (slaykid L
20,5 gy ailey ez jaidew g0 o

Sl gl jegils Ve L Ve s 3 ) 1ad
95 $B0,8 bawgs Jnogm S g 4y onls a8l s w5
0, Shes g boas¥T g5, 5 ¥+ VY Jlo o dVV] o)) Ko
ol Lol mlis 285 )18 aalllass 50 (J3o (sloise

2850 sla S0 Rl b Jpo g (AllS Jne S
s S g d 5550 (59938 o] s Billae s S
A0 )8 g sl dae gauo s BV ioliel el

S 50958 L5 Yoo A Jlo o VY] e 5 318
Sy ) S an T Ly oa sy porteagl] o5y
bt ks )3 (o 3590 ke S (R seise
9 039 bS] glroan ¥l rals Sily wliylss]
Sl S slade s )5 EE s By (rizren g 0590
590 YA+ 5l 5V slace pu ;0 090 daBs 10 j90 YA -
plosil sl p3¥ Gley (o5 oot 5o Jodo arcadids o
= S e il s T L pariagll (25T
20k Cagh) 0s2g o s Sl j5ige o Sles Seute
AL oy Ol Lo sapiisy S3gil ol g
bl s )8

0993 L YA Jw o DYl gl lSen 5 S
Ol JUa 5 Sy sy pyrinegll S350
B e pyse 1y ol i sl Jlezsl 5 o g
Iy yogili B0 g Ve olal jo &l)3 vy ol jo oyl Lassls
olis ol ploul Slaslesl .aio,S adlsl Jpo Cogw a
L o] Jlmsl Jlaisl 5 e g 4 &)l Uil a5 ol
oo Gl 135 o3

ol e Jw o VF] L San 5 )]
TY ol 5o oo doST l)3930 0g38l L 1 (goueis
e JUk Jspar Jo bslon 5 (a5 s & yiosls
Lol isls plosl 5o 550 5o SVl 5 o Skes 55,
099581 Ly ik J51s L iy o 0,8 aomgt
b e Rl s S g 4 S5l g e ST
~dnoer s bedie e ST 0938 (i
OGS 9® 500353 ¢S WS g ol el il
20,5 oo Al Jpo b anglie o s s

olidss o ) Ju e Dol o) Kes 5 iule
amt oy ST 0535 (09581 551 wogn alRales]
ols plis olaoles] zld oS sy p |y Jpoem Cogw
DS (g 4 mar 9enST S g6 35381 L oS

boo SRl (29,5 sloos¥T g aidl o9 9390



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs y.

syrty D3l cdale ayl33 b baoay¥T JLassl o o Slos
oy sl Wlgh oo )39l ax sl iy clale Jg wcdly
2955 9 Sgdnne Jloizl g 9S50 59 S5 o
D5 CS g

gy ool b Yo ¥Y Lo o [YY] s 5 (5 03
Lty o sesge So (Sau¥l g9, Shee mhaw uly
A calizee glacdale (o pgegd] ST Sl 360L o458
3l ass S (glmate oo S byt
el 170 9 )V A B lacdile o psiie]]
Logl mls Bllas 0o )T ddlol wadags Cogw oS 3
SeeST 00V 5 e Ols it polie n iy
ai¥l g cogw Byas polie (5, %eS i g (595
o plimm VP cbale b oldgl sl 25 weSgise
9938 epoingdl 0 ST 36 e el Caws
Sote jslaiedny Jnogwr Jis slabslie lp (ooulee
ol iz lasise (FunYT 2alS 5l

S0 A wes e i iy Sl 9,0

S g & D055 (09381 3l th 5 000 sla g,
5o Sl sloygise Sadl s o Sles 55, 2
099l Logas 5o paite Slalllas Jg ool aid 518
5 S Gl Slrdasiic 55) p S s 4 S350
9958 U ol 5 0 1 6,18 S92g )T gl o]
oty ST 113550 Sy ke by aligen o361k
5 Gl anld sy p e dne SSse & (G 5 portens]]
S el gl ol glddazrice oadolyl (6550 )l ee
ol (Ao gl )gise (Sa¥l g o, Sles oSy
oo plogl b Yl Soliys o 51 oolictul b puios
A sy 90 OV colad jo aS el SIS ey Ll
5 Syt Slryull plo (6055 S g 50 s I
I gilwa s clls jo o polie ply g ol (goae

Sl ol a8 )3 a3 s asly

Siw o =Y

Gl (T2 jsT9e (Gl (] )3 eaBoslaiul jgige
asley ez juulw Loz AE762337B 1S 5 peiis

Sl 00 0‘3)5—‘

Sl obedsly Seme 5 ok ) b Sl,34b ojluil as sl
D)l j5ise (5305

alagleyl Yo Y Jlw o [YY] o) lSen 5 s
25 Sl 3538 b g jolatens | il
S35 = Ipogrdps S g boldue 4 iz slal s
Loyl asols sladl J5o sla,gige Sau¥l g0 Slee
o ol chale e il 8l L as a8 )8 ass
oS A (S S gige g9 0390 (sloa YT (S gu
o0 ¥T Jlacie a5 Jlo s il o 20lS FIYA /5 VA/E
2dl malsl VAIVE 7 NO,

Sliiee Lawgs a5 Ceul (6,500 el ol 3gil el
ST el 50 ol b b ol 85 18 ) 3,90
9 olsS g 098 e (5l Glealy See
Voo ppm L 0. cdale SIYA Jlo e VY] ol
L oS o y5ise SVl als jo 1 Legll cl,35i0 5|
25ols 1,8 aslass 9o 1) 0,5 oo )15 Jpogm S g

[YF] OSan 5 (s S0 (gl 50 iz
dnST 1,365 514 ppm L Y. cdale Y-VA o o
o 0 s3se SVl g 0, Slae (55, 1, 31,5
SE 0 ST sl S3g53l a8 ols les o] s s S
(FOI0F /. 2alS) UHC jLessl pals o s ls cne il
Gy e pezmen 5,05 CO VAIYA 7 2alS 5 s
Ol ol (Joinll b oo 2SNV NY T 55 CS g
2l b8 VIVY 7 g MFS . s 5 4 NOy oa¥T

el sl Y VA Jlu yo [Yo] o)) Ken 5 )]
S g sLacaS 5 an D)3k g3l 3l Logas o
sl bl (o slaygise 0, Shee » Jpos-Jips
slacaS 5 g)lub s ol Jislsgge Slo b b
W3S 990 50 SR Gliol 4 e a5 03g (SS9
D36 Sl plie d d jgige 0 Shee (izen

aalllae YoV Jow o [Y7] ol Shn g L5
0993 L dgzge Loy (o) jsbaieds slos S
99, Nhes 595 2 JRO9 9 J3md SE s 4 )35k
aS 0 5 ases Lo ooy alol baygige Syl
S5 2 stz 95 5l g D39 ol 5 clale
4S5 aiz e 3l (o2 5 sleea ¥l g j5ige o, Sles



Sk SO sl e cgaimdn (5w Jowe slateay [YA] 550 Slaseis (V) Jgoo

4o 4z gl b e 00,5 Joo 3559000l 15810 5 )0 93
a8 5 L g0 plB s o Sl ol slp &S sl !l
BRI EyP Sy KU (1 WAL GBI VR 3 IR B W)
9 olojbow b &Sl Sl jadkes g fan G jlone alold
oa oolaiwl e il s 4l 31y ginn alS 00> o
o e Sl Ojgod Jlod 4Ll 4 axg Lol
aads 5loe a0 YF) (605,9 Cligw oo iy alaxd
42,0 ) (o295 Shgmw b 5k A B (Gml Sy
(Sl aals 1) 60,5 oo ploxl (YU S yo adais 5l o
4..&4[53)&.,.1._“ w}: ‘)MM)A.AJ L aS 0992 )A..Lm J.nl.u
rimedlS (§ e Ll 8 (528, 5 5 8 50y baieay gty
L 55 golaw coud ol 4l (59, 0 gBlg 50 0900

2005 o0 Pl (5550 Ll Jlasl (6l canslio ol

e HH
il mEERE nEENEEN Ny
. EEESEERY
| I T T
0
N \
7
H
(<)
Bnd- Head
IRE! - == L HH
§Epssssmsssass S SEas
is! £SSSSSsE ] { ;
i e H ; H
2 — FLH mm =
- I aw :
u impmaunne
yull Bl I/ = mEENR .
=5 Bnd- Liner
pu | sEEe S
ammm = =amAnEN
/’ i

Bnd- Piston
()

AE762337B

ol ailey ¥

IF3e £9 9 JNe

f yaikew olass
VWY Xy .- (MM) oy58 X yla
v (mm) osls Jsbo
v (rpm) ,5550 55
°% (DTDC) b g 3L, 5,5
°Vy (CA) cigus iy oo

°rf

5993 Plhgmw (b dwy ()le

(aBDC)

°20

T 9> Phgw (b 5k ol
(@aTDC)

L o
EHHA ==ual
2 P T
1 | P ) | I ] 11

mmm g2 [RSRS

mem Wan '

t?:;-,_—k:_;r; Wa %;17

o 0 W

e '*‘ ]f.s aunsty 'X[L 177
N | 1A v
\'\ 1\;7‘1‘;\ AL ,.;)'
\'\l T - s

ST

A (g codds olog!  oddan aSill (@ Gl S ye alai )0 ygtunn (@l ol [0 oo slol ol 4 .(V) S
e bl Jlasl Yl oo alali )3 e sl €505 (5 5 sl slod 31 i sl




VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs Y

S gy Aoleo —)-Y

%+V.(pu):ps M

Ps 5 JS Iz p b Catpo U 358 alolao o a5
alhdss 2o a4y s doan il Jius S gw R e
Ive g val wab o gl
,Bgmg.o adoleo -Y-Y

el 00 03,51 (V) alasl) )0 pgiiage aloles

o(pu) +V.(puu) = —%Vp—AOV(gpkj

ot )

+V.o+F +pg

Sly a5 o0g day g S o g Jlow HLaE P ol jo a5
o ombs Flesae b slapl o o Slawle 003l Sgupn
Flr o by ol jlesliiul pae &5 )0 9 39,00 )8
oolaiwl axa il L > sla Jow aS 5,50,0 Jg w0ds
S 6@9_».».99.4 FS Og— J.b‘? u_i> ).3‘)4‘ L)—‘ )‘.\.3.4 ‘os..i)
FB Y (S Djpen aF Canl jeSns Sl iS5l

g oo 455
c=p‘Vu+(Vu)T‘+k(V.u)l )

Cmwd 4o (F) alal) 51 aS aib oo 45980y pgo oo
Ire oval Wi

2
A== 4P
3H

S5yl dolro -Y-¥
) adaly O)soa aline o o aid))Say o5, dolxe

il

@w.(pul):—pv-uﬂl*o) ®)

6:VU-V.J+Agpe+Q° +Q°

Sl S o I g ohg Al @5 T o o8

Dy s plomil S e aSl (g5l Joe san J>lre yo
(Oghmm) S e Sooand &S > g bate (ol (6l
Job odlo b Ggtny &8 > 005 (5iludd Camlioe
3y 9,55 40 09-d e il o (85 5 0P
Silwad sl cnlplo S (o0 &5 > gty gige
e Al S gl S gty CxBge Dyt
bis oz skt (ol gl 058 Gelaie <5 > cnl b il
Jobow slaes L aSid 90 (ols sllys 5o Sl coieS
Lo yxio SLedbl Lilgs ol 1o 095 0 oloul Jglase
P9 4D &y el 00l Al adgl aSil o a5 ()b >
Mol Jos ool 4 39300 Jitte gotn Slewbrs (sl
o 4t (Slajg,4 w00 (RezoNING) Sl 54
glrsel aSed &S > (e 5o lashe S8 0 Al Jdo
Lo Sl g oS b asd jloolinl 5 098 oo Sl
ol pdobolis] 60l ol oo Sl e s 8 5
WSt S az 3 Ve o Jolgd o cnlnls
Sy L5093 &jgmody 4Ll aslol )3 9 0l Sl g4
lacdls o 1, o sl ol a5 (V) S 08 o
@l 455 (@) (omby S a3 gty (AN
aSCS (9) 9 mb sles 3l o sbm! 4l (7)) 0ads sl
ol 1y o5pe daylpd Jlasl b YL S po abai ;o oad slxy]

.Mosc

S o¥ol -Y

2B Slalbe OYLw Sl l8le 5 5l ol 8 0
00 ool sl o] Sgams wz b3, 4y » a5 (FIRE)
AVL SLaS Laug 45 caul pommm s asl g Sy 6 .o
A0S Joe oS K0 asle g cowl oalds aliel iy il
SYolre (5w aiwcd 4 pladl wgame pz> b,
il sl (o ol e 4 655 5 pyiioge o Shwgey
S¥olns Jo 4 o8l 5155 0 )55 s b s 5 093
SIMPLE 0,651 5l pol> )15 0 alad oo Jol> (5
e s Sl sl 0 ool E¥oles > (ol
5 S sl aVolas gjlwaiwns - Upwind pgo
g 5 55,5 SYole (sl Smart @ Sl 5 (S
5 pyiioge oy sl 45 WSl S¥olee el o oslital

el 00 0351 dalol j3 S o Lo | (55,5



My S0 =F, 48, +F, +F, %
dt
WS, slog,s faemme iy 4 Yb doles pgs B,b
9 Fior adlbioe ()15 5 )lad spsld 9 (1S

Fidr :Dp'uirel (A)

1
D=2 PeAsCo |u @)

rel |

odﬁ.ctv &5)») w)..@ ).3.0 CD 9 oW &5)») {::l) Dp
Shkd g, sae Sl ol (B Djged oS 0d o0
gy skl 5l sl opdad salen, sae 5l b aS S o

Ff—‘l(u 0.15Re,**")  Re, <10°

=1 Re,

0.44 Re, >10°

Py aS ool oals lis 3 aloles jo o dad jalan ) sac
s of 458

:pg |ureI|Dd Ay
Hg

Re,

LS g syl Sl el aS el o955 Fig

2y Sopgets & Swl )La8 98 5 Fip g WSl

- \Y
ig _Vp (pp _pg)gi an
Fip=VVp ov)

(SElly 2SI glag s Jolts (21> slag s Fip
O aen (Sip analie jo alilioe 0yef g (cunbline
Sl L ln 500 o WS S0 o g
30 gy ol 50,5 8)ls bl Gl avule g S gu
Sl ((Mg) o ,lad o, @y adal) 18, ouds 5 (V) abail,
Dl oo s 4y 0,ad
Py i|uig"~Jid|(uig'uiu|)"‘

Py Dy 0%

J= kVTpDthV[ppmj )
m

9 M &g5 oy AT M (Jbow slos T YL alal, yo
sheaiolil 5,0 Q° ol po b (58 354 e yo D

g ailzdl Plae &l 3151 sasolyl 6551 Q° g CSgm
Ire g val wab o

wg.w 6)‘-‘:‘""‘ UW‘J""”‘ J«.\.n -f-Y

Gz ol emyy Jold CE g gl (iluand
Slp ool @Yol oo o winjls ol plo 5 cul
wdige 0 b plejen jsba 55 b 5l o
SG bl g mbe 5B sl 6yl Slaslw dan (539 50l
55 ilbge ODM) Tome olilad g, i s lel s,
e JUl g Loy JEnl piiage e S¥0lae (g
b Sy Sl 058 Ky pae 45 e Sl s
Jo s Ol ain olee cov el ST,
Blod 5l a9y Dlylad 5 oanles oylad o 0isd o
Olyhd o aSl 4 4z g baib e ojlail 5 sy oo
ey POl peikes 09,0 o SLLLE 5 mle cope
JisS oo a6 g o Yol 300 3529 (655l 5 e
Sy § OS5 s Sl Jedlyans OY0las aigd 0

[¥NV] el onds ools musgs 3 0 @y slaai,

needle droplet collision and  evaporation
coalescence

wall impingement
)

\

1
sac hale AT . spray cone

angle @

break-up __secondary break-up

spray penetration S

nozzle flow | “ spray

cavitation turbulence

Break-up of a full-cone diesel spray

Jib ailes 5l g (sl 29,5 0)lg b (V) S5
[¥V] abogs o sloassl b g ,5u87sl

[PV 53 00n oot 25 4l b il

! Discrete Droplet Method



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs vE

L _3.726Byr
AQ

Y

5 s 0 e e |y S daiiie e By ool
ghv 4 g WS i R0 LeSHl 4 LeSHl S
ol ol il atily mle 4y anlid jo adgl Sl
e b D o o] eogiome 45 Cal ead o8 VY il
Ogeliadl oy Al eS ol (ol 03 4z 52 5 WAl
el SF30LLE 09b oo FobsS il Jsb g S g S
Geb o5 098 o0 Jol> (225 Ojgos Pl Sl lude oS
559) (S J50 sloygise slp e plowil olislej]
el ot olgiiog VY Jaie ((yols IS 40 ead solizd
O 5 ) arosi Geb p Po Gln endacog lade
stlign ol shne ol 4 iy 45wl e 151
vyl

0,190 A S g (6 gl 085 0 Joo —0-Y

Jos 0 lgs a0 Co g i Slylad 895 o oRi sl
B Joe ol by sl o axs S L o e g
g Slhd B Y S i )1 Lalpd o 058 o
SRS yy Zeely ophal g a4y Al 5 0al JoSLAS 0,50

(F JSC8) 958 0 0l (59, ik sl b

impinging parcel
reflected parcel

wall cell

4 CS g S DB 3,55 5 0 )laz b (F) S5
[¥¥] o,les0

Av (Sl g dae o255 99 =l e JLEST Slne
Sloldad crns 5 oanay W ol 5l Sy adl e
t?lﬁ PR P u_iL) G stLo.o 4.°J§A as f”‘i)“} |) o)‘%b

D92 dr g (kS Se Sz )3 S (S350 Al

L walljet

9 sk 59,0 SLbI G S s i 5 4 g g Uig
(B9 ekl 5l 6 S Sl L aiis (g el 0,kd sy
0,lad oy alall) 5l dazme (5505 IR L g 0kl e s
a8 Cal S30LLE oo Cawd @ 0yhad (glabizd Codge
Sl s g LS JEsl c¥ole YU doles LUS o
5555 5 CEgw Gl atasl SaSly osge
Dy ge 4id)S S5 0 5 ol b Sl
S ESsm cor ol iy 5 e lede @l
2P Joe ol jo el eals eolaul Hels- by Jow
3 &g 090 &5 Gl (Saadl o 4 a5 ol
Sllagi b (pwgiom slagse 3l (el )l> 2929 ;5355
D5y Ay LS g S hw ;0 S>eS Colde By
Sy 5l p &S (Sealidgpl lagys o 4 anloe
4 ok (59,0 SLbIE 5 mle C g o o (o
WS oo Ay 0l bl v lazge wyl oo 95>
oyl glad gl o cnnlin ¥ SS o a5 G5 len
slozse Job b canlite i g c 3l oad lax o

Db s CS g L sy e

L @B

rel

27, —

O

[¥Y] 5 g (6 el (g ja| oo 0,15 o () St

oo = BoA )
oo a5 el 0 agF 0,08 glach Mgy ey] 4 45
ghw podiSal) oo nimee sln A zse b b
oyad gl uals Kal S ad e ol e Jlw
Bl gy O)gods

gz_(r_rnew) )

dt T

o) 5l 5e CEgm S b (e (o) eizeen
.AJLSA Cewd 4 (VY)



: Cr - (o Yox CorYer
r = min 2 = AR
p fu TR P [yfu S 1+S ( )

uazmuo ;»JW L "min" ).il.a.c J5| u)Lo.C 9o
o Q..,Sls S9>g JLo.b‘ (Pow u)l.& 9 u))‘«) S99
spax pde 50 Al a5 weo e loebl aS (g gk
ol STy aanl bYs Jley elde Tr g dxiws
sleosls b gllas g 0l oo YO UY 5o Cry <ol o0guse
el Sl ol 5o el 9 weli sl sige (g
Bls Cpr colh g oo atas] 2uSTy Sl Cods Cughs
6‘)‘. C)T [ .)L@‘M...: )|J.5.c YW 03l S o‘sédo )9.194\.3
L¥F] adboe S0 2ln o laygige
Seiw (Sl Coln )0 milo oo a5 b len
9 M e )0 oo M edliiulyge olier
Syl wal Jiwly 4 daxgi b o) baiss B, ae
Al o pliand i 4 Jpd S g g O,l340
2 et St b (Sl Sw ol g5l Jae
S e gloord Seitow Jlog! Lol ogd aid 3 Las
GrSaiz 5y ]y ol Slabre oy (Gliml Jo
Pl )3 39290 48 ya il 4 1) w0 38
4 b e Jedhias dobe SO ol S
Shge 50 e Bkl gl e wdlsl WSl Yol
Slasles gloy 58 Buds SBlyml oo 51 eolatul
oolarwl aS el 60‘5 ‘5)@‘)‘ g,wSL: .\.Q‘}? wJ‘)S‘
o3Il b hate gliond Siew £330 SOl lojen
) Slewlre ploy @b (Sl oo o9 Syl
S Soe 3l 55lodnds 45 3 0 YU (SlaigSay
ple oill palS Ogpe culple YOl ses
ol zeogt 3l 5388 lead slp (ple
Loty o olass b s 5 oy Sloabra ol 003
ceslie Sl Sp slappilSe @ Jleel olp 17
TS VOWRCPSURNY I PR | oA ¢ IERVCONS
stelio i a5 baieS (= b ol jo ol 0og Glallae
5 Weber oSS WS sib JWRSl ped o
6Lmuw.~5|5 ..\.».«SLSA )Ld) »‘9 £y «_is [EPYV-LY)

9 99 5 SV oS (e i 0y had g due 5l (il
4S s peply S 1) ojlgns Sz BSAT 03 o Sl
s 5 ol Hlade pogs el o, 8 L e QUL ce
F U o ang banlge cons @ ulSail 4l s
35 0<B <180 05900 ;0 f=(90- o0 ) LwlSail sl
L 59, 2 oddpnSaie Olilad (pulow Cg 05 (o
WS oo s ~180<y <+180 ovgaswe jo aS Y 4yl
WJltl @555 @b S bawgs 525 gl (nl 09d oo s

Dy et

w:—gln[l—p(l—ef")] OA)

5038 o s Vg wpb_éatasa.\s«b.ﬂ)&l)o
5gm dmbn 3 alafy 5K sl

ek+r1 1

sina=(———)—— 09

Lo g oae 10 i 0,05 5l ey Ol dad o5la]

WS (o0 et ) D ygody il
We <50 then d, =d,
if 150 <We <300 then d; = dy.f (Wemin ) )
We > 300 then d, =0.2d,

Sblogs g &l po! Jowo -#-Y

sl Jas il S s ead solitul 3l Jue
00 Loy puiSe lawgs 45 Sl atad] LW J S
sloaleds 15 45 3gbe o oo ol s [PF] e
(o5eS] 5 Cogw) oS STy ol iy atad]
aS ool 5l e g WS sop 0 1) pliv ool
o STy s WipSep o |y g oY s
boawlie o a5 wijls Sl owbde Ygoms olard
Aiten obgS L5 amas] Jlinl sloanlp claie
Er bwg gliol £5 45 09 (58 Gl nlnle
Jols a5 plagsl Js¥Use obie o (Sisl
bug Koo )beay s gl DYsaxs 5 b Kasly
o Al (g 0ed o et ool cnl Plredl 25
saiss Glluyg cwmiim lp &5 cwl ol Jos
Oeibe r ol PRI oolawl  conims STy

IYF] el o5 &gt S Joo Gillas 1) 2515



T o lsazls sl

B—2 »2R v
T gl al> e ansls 2STs

R_® | A
Lags al> o ansls 25Ty

2R—©t 5 ARV

Fu o)l Jol, cssmsylas R 598 oVolas o

b B ple bl 0 Q s sateoglis
Py Jline ol cloaiss oammoplis | o loasls
STy &5 do @ oo o Lis 1) oadionnST OY gaxe
5oy ead el Sdaaxie 25 culye ol

DS ee 0wl ml) e
&y JUl Joo ~Y—¥

2 asdllaes oo bazee (VL sloo 1 St (IS psba
Dbl e Loyl (551> ()lan bl ool 36ils 5, Slas
3 ke S5 50 (625,18 L dlge mailo ge oS jsbosles
Slacie 0uS aadl o (g5, asilys e e o (Lo S ]
ol Jg el s o1 50 45 sl KexXT Ll (65,0 ol
5 Sl (s S m Jop) WAV T ok U o
YU s Lo 551l (005" ) Lo 5 pgo sl
Pl s Lo sl 1,3 &8 (85, ol ool bl
Jeds 45 S3gil el Lol el 3ozl Wi oo e S
Sy 0gbn az g LB 5551 nl o] SasS jlnn o>
ol (B0 ety 350 1) 6550 cnl STl
3 el b Wlgs oo 0,350 (S Joaud 0,345l las )|
095 Az B s 4y o leay 135, Vb e o3l
SNkl S o jlgen (235 (sl laeee 1> 55
Ol3gl aS g e el g 50 3939 byl jo Sl >
oo Gl 51 50 (S jebay aill o8 > b j0 0)lgen
O3 YL odle oS 098 oyt oSl (L35l 65 ]
3 9 059 D)l g A jeSmg et 4 (Sl Sulia
Gl o 10T 5 00 5 o0 i (Solp SIS > il
3o Jlanl 0,5 o o ol as e cond
¥ branching

# linear termination
® quadratic termination

dm)y},o ) @L..o...w s.i..u...w UL"& walo C) ‘Svl...o...w
Foels a5 sl gz g)basls wul s S o
&yloasls oy el o el s da STy atws
Judl (Al £9,8 5l G dlios e 4l g 52
Jsb yo a0 &) Jidl )3 220 Gloj 0y90 (b 5l am
ool a1 B 09 o s Cdga o Jlidl 4o 3G o0
<Y CEgw d s s b sl b bl ddlaie
lhoords lo iaSTy ool 5 ogdle g JSAS ¢/ <A
ailyd e, jolaiedy I sl JSGol, Wb adlats ol o
S ol cnl umi; 5T 1Sl oS odgs Gl
chale aSolilas aiS o ade sl o gw sl JsSse
g el sl piSTly i, satie Haie 4 JKGo,
AuS e oadg 1) Blal gl JSool, iy g leasll
e ) bS], canb e el sl iiSTs
Sg Jeols Lol slaws )0 (5 ,ss Al g0y axes o
My 2Kl ey Jlasl slapSly Sl an
03,5 &S bz (g leasli (_gLasQ'Z._’Sb 40 aS .\.;.;Su.o
Sl b STy 4 g ools molidl 1) b JISGal,) slaws as
Sl g5y 4 e il o Laled o5 wimse syt
3 sl el bes @b Gaday Jbxsl e 5 5b g
Awle lawgi a5 Jow opl aws co oS 1) ley ol Les
S e pl WS oe s |y (RS g slacsge
(5 sl als plSe) axily alS (St o3l
B oS oo )0 ) cnl o0y ,5 adlal oyl slaJISGol, o

WS Gilwand 1) Jtilogs g 5l ol

sl sy
Fu+Ox—2% 2R o
YLl ST
R—2 >R+P QY
R—% sR+B A
R—2 R+Q (YO)
R+Q—2 >R+P (%)

Linitiation
2 propagation



[ JAW W FEA N IR P U R

Dga g0 AL 1§ D )guody

ddﬂz(gf_ﬁ rY)
t s

Dgd oo Gy Oygeds s ey (o5 5l aloles 4

T f
mdcpddd—td:Q(1+ L,sz (YY)
S

39 yedd adolio a5 wiin SVYolee iy 4y b oyl
) o, lad slos 5 - had jpad adolae cnl il g o,kad o2

f, . _
‘)q—s M?‘Q @Jﬁw‘;u;)usoo;w

S
ol L an e ey Hle G 0SS 0 adiiee
D9dse Glo g O)peh (aw

f _pB(_ 1 \Vsp, ()
ds kK \1-py ) VsT
Vole it 55 L YL aloles jo oy
GOYY Cdlouk S S
SR RS Y YT
Sire bl Geizmen g Ol g p 2 JUK] il i
Dedien Ol ) D)ok
E:B{@_hw +th} (¥0)
VST Cy| Hys —Hy

sl aly U ol Lewis sae oSl 25,8 L 4o L

P9 s
T _ By \£2)
qS hoo_hs_(hVS_th)(l"LVm_uVS)
B = My —Hys (VV)

Y 1-pg

L oil oo pym JLil sae b ol By o] jo a8
L (V) adoles jo obul> ol JLasl oo anges

w0 25 Dopgeds plmlr Gyl s dugi sae
Q=DymANu(T, -T,) (¥A)

J ol ) Q Gl ,le g5 lkd sy
sas 0yl Caws @ &yl S col o fule (Siaen

5005 0, Shae 1 jail s slmolgus 4y Jsle Jlw
Jols slal5 slos jo Slnis o)l ,3b 550 (SanY]
onlp o sasad b el JEsl asmas s gl )
Ol 4S5 5bas ol jarlew S5 o leean VT [LSas
5 Osr SloaeST odss Gl il eel o> Jlal
19590 S S e )0 55590 (sem> 033k LalS
sk 0)l5m 5 sl Jlmw (o &)l JUSH 095 0
23055 o0 Dyg0 lmla 5 (rtatS Opo g5 4 Boee
5 St Bl anlp 45 e 4 s slayise
00,5 o JalS cilonds ass 0598 aly 5 a5 glal o
T s s nli g ol JES) el oS
oS il il U5 0 &yl JlEml S asys F-
ISt e cmalin a5 Sl eslial L1 T Ygane
Sl LS )0 a0 S e Sl s plule o)l > ik
Joe ol il 0als eolainl jus5 g0 &yl > Jlal Jowe
ISy slas sy 85 8,5 LS 8 lsie ol
Jolss aolas Lasgs oolos ol s wophad b i ol
cdlae ol Sl ;Ko leas sl co cass 4 Sbo)S
ez ga 0,dad a4l JLaul ola S (65,51 45wl
Sy o] sl 3 3 0,8 sbes Ll

dT, dmy . ¥

myCy——=L———+
aed gt a

6L&)§ L sO)_laé GLA») Td sO)_laé ID).> md GL’)‘ )o) 45
skl ohg ole)S Cud b Cpg (g 0yl s s
b 5 55 5l ol ole S Le Q 5ol jlus
lioe Cess 4y 5 el 51 oS a3l ge o b
Q=082aA, (T, -T,) V)

035555 y0 ok 5l ol &l il g o 0 S

Sled To wo,lad mhaws slod Ts ey JUl oLt )3 0 )las
5548 o biylen a5 wib o 0,kd colue Ag g Lo
aluly colib 50 (tads Ol JUE g w35
U BRI PP Y T < S RO IR L L. IRV RSN
5355 (s e piql J&s 51 e ;5 0,kad a5
S eldas s)ls sg g 552 g0 58 <l o calnbe
b Gl )L (B bl (oo )b g nAL B
bl oy g LU L s (Fug) Sl o L 5 (G5)



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs YA

WSS Gz o dn st Ll &S leard- (S5 508
s VT il o il o ygmlannST g (Glaio o,
dmST o2 g JoSid o (Gl aaases 1o 50 0090
Oy WS & jgody (S 0090 oSty Saal 1) 00,5 o

g on Jdo bS] 0090 g ool JSiT 0090
dM

dM dM

soot __ form oxide (£Y)
dt dt dt
:)’1 Sl U)L.c 0390 J...Kw “56)5-]94%
dM E
form — AMfV P0.5 eXp __f (\CA)
dt RT

Syl 5 JSG Slalllas Babs s 5 0050 (ypmalnsS]
Loyl st s

dMoxide — 6MWc Msrtot (£9)

dt pD

S

0393 (IS Ps e 5 (J3Sge 059 MW (] )0 a5
OiiSly Soal b g 0990 p > My 0090 (1Kils a8 D

‘;-».a.u”" W Jowo —1e-¥
oas solawl o lailiwl kg  Suasl Jow 5l pol> 5 50
sla L > ol Joas ol goae J= bl 5l e
P .>|)'T b (3=l e ,S Jlasl o 5l el
u_>| a Sl 0939 b .l 00l u,wl.,o)" «53Bgo o oL >
A o S el o gl olea s Joas
5 Sl Plaws i o Jod BB (8ly sl i
u_‘>9_..u bl sl Son 10)434_99‘]0)10‘5 ,,oL.u 3.19).@
sboa Sy o8 5l (S b Loy 5 glacdl>
Joaelyo,mf 5 (58 ar S em i (Gl lands
5 aS olSin LEV] el oo aog Jow cpl sS o
Sl Blol Jl dloles g0 05 oo oolawl o &) Jowe
J_> &€ Q—l J)Le(._w |9k FUrang| L)l_>):> NSE 63)—3‘

[¥¥] o) g 50, bwg ond sloidu alal, 5l ey
.JiTLSA Cawd ds 0 yii0 OIS (gl
1 1

Nu =2+0.6(Rey)2 (Pr)3 AR
Lwgy «(Pr) Jily g «(Re) judgn,y soe adolews cpl )0
&= sl AT oo Cawd 4 lbsgs Jglaie sl le
w‘u\_b sc)_us L_SLA; Jsle JLQ...;‘ uLHo}.aD \))51).3 le).:
gh bed 5 Jbw 5eSle sled b plp 0 5 (551>
ML:GQ oJJaé

(f+)

(NO) (39 i (sLmuasST 00 ¥T Joko —A-Y

@99 3 1 Gyl 039,08 sleasT Sbj )l sl
50l S a5l ol el 00l onliiul il dngs
Sls b bl 1 gl anis gl d Soles

Al o Sledde sl iSly Sy Joles

N, +O <> NO+N (fH
N+0, «<>NO+0O (v
N-+OH «<>NO+H ()

YU aYolso ez g el lold,b o 5 s gl
ilge Coss @y 5 IS 28Ty
N, + O, <> 2NO (9
s ay o ) b NO St Sal ol ol
2y oo

M:Zkf[Nz][oz] (fo)

Wl oo Cawd @y 5 abal) 5l s ke LiaSTy Sl

Ke = iexp (—EJ (t#)

JT RT
O3ilgaiST 6551 Ea g oo jeSBA G o a8
0390 ygumw oS g JuSUS Juo -4-Y

oas ool wl g wbg up Joae 31009 (g3le Jow jelaioa
Sl b S 5 wlul o Jase ol [EV] el



o 5 A glwan b Egy alazd (Lo g Leo pioren
oo JBulislS VA Lad 5 opls TV E

g bl -F
a8y 31 sl gy 9 V-

SVl Sl (gjlwd i 1 pge Slegdga )l e
A slass jleasd 4§ ol aS el QT (Slbwlo
S gz 0 dg b g bate ol gl ol e e
FIVAY) Solaie slo Jolow dlass b alies Slowlxe
A S HLid b anglae 5 (AFYPY 4 VY- VO £YYYA
Jelw olasy Llod 5lasie s o s Sanlio « X Juo assl5
& slawda @L..) CBd g Slawbre ley GualsS glaiea
Sgs oo oddl i B JS& j0 a4 jebjlen .y 5 Sl
IN S S g VY leaSl bl e oo sl

0,5 Ol gam Slallas

8
. e Grid 4
7 A ——Grid3
" ---- Glid2
6 — - Grid1
T
S5
S
£
=3
3
£
32
£
1
0

250 300 350 400 450
Crank Angle (degree)

Sl S a5l s jlid e () SO
e 2 Gslf“”lm ‘5& S. &

2 ol iwddn s Sim o OWS & axg L

o= Gl (S e az 0 Y 5 /D 5 2 /YD Sy slaplS
boolyon S s 423 ) (Gloj o5 closlos Loy 3,5
Olsmean (ol Sy adaii o Jolw FYTYY oSl olaws
g Ve JBlas e el oul Gl sl Jus

L] ail oo 105 & 500

k k
pk +pu, & =P+G-e+
ot X, A
8 [[ utjak} ©*)
+— | Ut— |
X o, )X
028l poc, src, gro, kM |2y
Dt 1 2 3 4 Xk (a\)
L0 | M O
X\ o, X,
C)T 0 as
2
P= 2ptS:S—§[ut (trS)+k [(trS) oY)
G=-"ttvp @Y%)
POy
2
B =C,p— @9
e

L] sl oael ¥ Jgua jo Sxasl Jaw slacol

[fy] ke  Soasl Joo glocyl (V) Joaz

Joe <l Slode
C, /-4
C. \ITE
Co \/AY
Ce 1A
o JARE
Ok \
o, \IY
op /4

S T OlP ST 590 5 JelS L o Slewle
J=do 059> .l ool plsil 5550 (g1 Yoo o TPM



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs ¥

S g Gy E9r0 b5 ool ¥ KL 4 4y L
Spdyee okl aseelin Gl Sl as g ead L
P-0 jlogei o Jol So low ¢jelaie ‘wiw &le=h
b o JUSl Sy sla STy 5l (U a5 b e 68
Bl abamoe 2 4 0 CSsw Co aidew JFlo @
WS o £l oS T slan b LM 4y £4,8 g 00,5 dga
E5 5 oo ralimnd slo STy sy 2 pladl 5| g
S Ege a4 i &5 Wb RlBl Sy AST
Jsl o 13U Al e Job 10 aS lsa 5 G g bl
g Ol leolil g wal el 4 eie o sole]
5 Sl by S &5 GligTa opdige jailew lid
5, Sles 55, 3 Syl G (dp/dO) Wi jLid oLolF
plos ‘wiw EJCES N =9 GLBOJL?.YT 9
Bran |y 6l A2l ddlaie Bl Iga § Co g bgle
S9ii FSem bl & gyl S 5l &5 (S5 559
el ol S5 s paaSly adhis Sy wuS e
= @l g8 ol Wjgmiee Sl BLEL jo (6394
5 WS 0 ATl Iy, Blyml gon olojlé (gd9a yid g
aBuel s §lpl 4 Cad (g 58 [iaSTly 4 e a5
g blasl joys5 j0 58 sles pals b culys jo 090 o0
g 0dd FauS gleend s STy oy 5unST Gal ol
QS o Jas 0aiiSdgame ,giS B lgiedy

" phase, 1 phase 2 phase 3

et Peyt

- premixed cor

premixed peak

ignition
delay

injected fuel mass rate (my,q)
rate of heat release (q)
cylinder pressure (pey)

H
0 iniection 20 crank angle ATDC [deg]

[FF 1 S 3l calize slajls (V) JSCis

ool 43§ b o Sy plE o ol JISG Ve sSTas

o
o (53 Ltars gl & (o ks -1

polie £ S 50 wedelcassds bt uiw,lael jslateds
S angly e paiks B3I LaS o2 g goue
P PR RPN EPUNH | 7Y IRCH VPN [ FORCIE P o
@S 5 275 slaosls o (295 Bl 2580 sualin
A4S 50,5 o onnlin .cwl ouls Jol> (gous (gilwans
Sl ay w4 S Joe 423 TOA 51 o0k JLad Lol S
o W0 0929 4 Jpo S g atSal i 3l
355 JSeblSe #13Y ly ojla s 5l ol L
alad lamas oA o S e ax )0 YA Cosdge
L amlie o 1) (295 33155 S wd e ) Y S e

s o s (JSwlKe FIAY) s [Lad iy

74 —— Predicted

*  Measured

In-cylinder Pressure (MPa)

240 290 340 390 440
Crank Angle (degree)

e (§396 5 (275 LS goie anlie (F) S5
[YAl Lalls Jjs sl S asls

A S g (Ao Heige Sy A sl S LLS
Gy ol mm] athamo 9,0 élo oS —e Glga 2o
@S5 Jodo o 5L azdl ol sles bl 4y 098 0
as 8,b jlog i e lel Jlusl o5 b Gl st asl )
o)‘ﬁ_o.m c,]oj_l?bc J.o_iw.u Ls‘)" u.u).uw.) o ala; QLQ) cde
ROWR KX SV EWREI SR N



Casgimme gyl LT 5l ooliul aST > wily jasie
i3l 1 s gl e oglin ol 3eils ol e
45 b o Gl Sl 4558y (al b g 00l
&l il 25l L5 jeTse 5, Slas (s,
Gl sy il e i Sy ) Sl g
4S5 ool g F5 )5 Slilad LS5 el 4t jeSns
0093 g Lavoa VT olydl aoes o g ,d 5l >l el
PPN SO R S PVIPS SN L S IR O &  IRVV. S8
2l (639,9 S g )3 i 5l o 4 gy 350 DY
2 0l pobie il g ol qgoas 5 (Susd sl el
5 el 0ol a8 s o b o gileand S
0a 0351 CS g (6l i liBe Slaseine ¥ Jgo
L alio ;o Jlwsill (Ssedge s (olsm izren ol
& 3 el 0asl (1) sz 5o 0,858 o (sl aly Jlow
by Plys (Kiwls 3l e sl cul S5
a5 [F7] 1San 5 aing ol (12 b 5l oo &y Jlmssil
i35Sy (Sl Calad oo gl ) o
ooliiwl w03 0500 Jlow U JB 5 025 ()l <o)l

w‘ W)
K¢ = (3.9x107°T —0.0305)¢? +

+(0.86-1.6x107*T)0+3.1x10* T+  (40)
+0.129-5.77x10°k,, —40x10~*

Hos = e (L15+1.061¢ —0.54422 + ©#)
+0.1181¢°%)

Pnt = 0pp + (1 d)ps @0

(pcp)nf = ¢(PCp)p + (1_¢)(pCp)f @0

Jesil (5> calas o po Kor Yl Laly) )5 a5

ol Salar o s ki o)dgl Sl culae o ro K
B e Jlmwgil 4555 Hnf (S g) 4y Jlw
Pp «Jbwgil (LS pur (S5 9) anly Jlw 4598
(Codar ((e39—) a2l oo JLS pr 0y IS

o529 Gl S b (Coly Jlwsil ois (5> cudsb

Bras 020 polie (09 39290 4 429 b (o5 Ll
(39 dmST 5 0390 (slroan¥T 5 (5305 (g5 (S g
35 sl polio bl Lad e sla el )b e oo
Laoa YT =275 polie ¥ Jeaz o0l 1,8 b3l
3edelimsan i b 505 Ol g oy g Bypan
oM 45 sl lon el o dglin 5306 (6 jlodnr
=S b oo)d (sdae 5 oy polie (r 05l o
G )0 az 3990 lallaz 0929 4 axgi b o)lo 092
s Silwdnd slp oS SLd P 0 ax g 2 mls

ablge Joud BB glbs aoys i 5 05

[YA] goue s g oy sbaosls aunslio (V) Jguo

Performance Experimental Numerical | Error
and emissions value value (%)
NO, (gr/kW-hr) YIAN AR \Wid
Soot (gr/kw-hr) ARA! AN Y-
Bsfc (gr/kW-hr) RN Yo¥t/r Y0
Py, (kW) 7 FPIv A\

A Oly3eil0 40938l | J—ol> goue gl -Y-¥
JRS cS g

H s @l glwand ag bgye mls Gide cnl o
BB e g poeiesl] oy SlooeST S350 (0938
(Jimd g dan (Voo ppm ) LSS cdalé 9 £+ nm
M a8 Gl s a5 ol 53 4y 03Y el ous &l
P> ) 4SS Ojgo (i Olddllae 4 gy L P
aS Col Jims CS g 4 $3938 Dl o5lasl g le
A e M S slal U s 6l as ol sls ol
YL &)l adgi aiile Cgllas Gl sla S
aalf YL 5 eadolil (5l 6531 Gl 3l o
oizren [FO] cils aalss ol jan i 1) 0,08 ¢ 3l ]
lito izl bl (Ve e ppm ) clale bl
el lgiae |y cale gl wilanals by a8 o sl
SVl 0, Slos 05y jolateany S5m0 g Ly
s$ 90 )l Eleses ol AigSmn (o 5 (Jo Slaygige
Cozibr bl ol D38 og a8 4 LS




VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs Y

AenST Coguel jlid aniny s 90,5 cnalic
w2 55 o g porimagdl anST B gl ) i oy
oSS Al oo e 3T ES gl A
el g 03,5 Joo 0siady5] bl S (e
Sygo pae Sl il gla sl a5 05
258 ey (g 3 b e ST &Bly 53 50l
loo 5 Jlis ulidl caw g odls oS 1, Jlail o
o (5 3V Lad oy ;She aally 5 00y0,5 jadds S5l

clly salyx Ko sl 4

Copper oxide
g  ---- Aluminum oxide A  — — Cerium oxide

In-cylinder Pressure (MPa)
(4]

240 290 340 390 440
Crank Angle (degree)

S )y e jocdew Sl jlad Sl s (A) S8l

aS 00,8 o cdaline A S5 4 dxg b yuioren

Do e S S susil S eaolil g5
e e s Ol s el 98T CS sl
ibee palls Jns ESsm g e wnST S gugil
Ol dgty el a5 > @ mhaw Cad og YL
GiAl Slgme 5 0sdee CEge DLaS S gl
ol hel B¥s 5l Wlgiee oy aST ly39506 (VL
O5eeST lgime s 4 (5518 slavnsT 2,360 ol
A5 Iy Cogw 4 o adlal s a4 wijle a5 oYL
5 Gl @l Gt sgnte o el (5T 236
@54 Glyme s S Jal s 3 ojgs rals
o e B g a4y Cond D393 5l 09,5 Gl (oY
O Jlidl el 53 5 Cogus bgloee pliw sae o33l
Il s EEse @bl SRl o Bl 5 005 o
JE (oo 98T S350 (35381 00,5 0 O] (51~

() anly Jhw 0529 &1 <ad B (Ci 50,350

g (§ o] o Dlaseivo (V) Jguo
Jlade bl
cdale b ol 36t
e N L g oS )5
Voo ppm
ol e \YA (kg/S) u}}w LSEO
Y (°C) ES g sloo
YAQ (bary g ,Lid
(\ « % —\) L_S)-‘-’*" “ . "9.,0
Ve pm ply U glhgw sl .
° 6)7:-“‘ ;"5
VWO 7 (sl gl

Al Jlow 5 Jlwsl (Sopdge s ols> (F)Jgur

S gwsil | CH gl | C gyl ‘ |
ol RV sl | S| el
1 ‘o .o oa .
o poeeesll | e Jno | Serbser
(kg/m3)
A¥A AS- AYY v

I

KIlkg)

FYOOA | FYEY. | FYVAY | fra.. N
(S 5Y}

;s")')’
WImK)

<AYY VY JVE VY .
—lds

ol

Sldglk o938l S8 (il ilwely]l Kol g il
0l 03yg] (Lalld Jpo Cigw b ] awslie pien

Slos S e gyt 1y jailes Bl las

i P A o 3l jlad polie (pieS g o i
A Jpo CEgw g me weST CE gl slp




Gl by S angly cm 0390 5 (59,5 slosens]

AR 0
0.0009
00008 {
0.0007 A o
2
2 0.0006 -
000051 4/ ieeeeeceesmnii
%] .-‘.
§ 0.0004 1 )
oA L/ Pure diesel
O 0.0003 A .
z —— Copper oxide
0.0002 -=== Aluminum oxide
0.0001 1 — — Cerium oxide
0 T T T
360 390 420 450 480
Crank Angle (degree)

> 3 (35950 sawnST oa¥1 Sl pss (V) S5

00006 1 et e Pure diesel
—— Copper oxide
00005 4  ENONC ., mmees Aluminum oxide|
5 ‘..., — — Cerium oxide
5 000044 N0 N e,
[ Y N e
PEUUVIV I S S
s L Y
g ol  F TSI
@ 0.0002 4 ==
0.0001 A
0 T T T
360 390 420 450

Crank Angle (degree)

8l K gy o 0398 san V] &l sy (V) S

SeeS1 ESggil s o2 ST ES 9 gil
5 oo demeST S gasgil Sl i o (] 5 pots]
Glad acin Sl w asg b Wil oo Al e Cogw
31 AYL e 98T B gugils )0 jaidew J2Is sles
3o G aST lacie cadally il o el 4y
0393 yiddn o ;503 VL Sl itoy 5 sudg
Toazes cblacsl als o aslsl )5 (Gl il oyle) 4o oadotes
350 Sl 0995 glinnST ail 8095 0 305
Gl Cclh a5 aly b 392y Sl G S5 anl)8
LY s, 1) 08 5l ] aliase 10 05 > g0 oy

Sldgl as o 1) o] Jls! Sl g Co g a0 &)l >
oylss oo yigs S sl ¥V A oo iulidl (Ko
(V) Ko 0 ‘Q)|)_*> Jl&u‘ u\...>|)3 o dlfpl alrass
@gl) o p Gl abize olps (Sl Lo loges
Sl oad 0,g] gilwands anld Jsb e 4 S
Sty Jelod 055> (57 d9bige odalie aS 9bles
G (IVC) lso Olgw ool aiwy aax) 5 anns JSw
085 0 wiboe (BVO) 090 Clgw b 5l abad
Sl L 1 g e0g 5L )8 aidew 5 sl d (oS15
anld lusl ge,d b Ll il oo ot il o)lg0
wyles Gl Sl adall g eog 3le,S ailew J2ls
OlFse 35 ol L e, 3l &ly e g Wil ke

3590 Cawsd a1 35 1 0,lg90 (gladasd gleo

180 50
I‘I — — Cerium oxide
] . I 45
160 —— Copper oxide
w! n Aluminum oxide I 40
------ Pure diesel L35
< 120 N @
> Fuel injection rate ES
< F30 g
¥ 100 1 &
I
% F 25 ,5
] =1
§ 80 8
° 202
"4 _
w60 1 <
g L 15 @
40 L 10
20 4.23 (gris) L5
0 ! : : : 0
350 370 390 410 430 450

Crank Angle (degree)

‘_g\).g 3 4-3_5‘)’ o> G}L‘*")‘}T 6))-" Sl Q) J&w
A S g 5 e glai sl

2000 Crank Angle (degree)
[ W W W W WY *s
]

o a0 290 3fos, 390 YLD
£ : U
2 . o
= °
x 8000 o o
o ° °
g o o
2 13000 o e
3 e °

o °
> -18000 o0

o0

[

-23000

el 4.:9‘) o> g3 o)‘%b lel.c)f )Lw u_)|)~.:u (\‘) J&w

A Jps s sy



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs vE

78

76

74

72

70

68

Brake Power (kW)

66

64

62

60

Pure diesel Copper oxide  Aluminum oxide  Cerium oxide

Slp ST aly o G305 (g polie (VYY) SIS

355
350 4
345 1
°
kS
= 340 1
X
=
)
e 33%1
&
330 1
325 1
320 - .

Pure diesel Copper oxide  Aluminum oxide ~ Cerium oxide

o ) (S50 05y S ga Bpan polie .(VF) &

Al

6‘)_3 (_g)?_w| oS =g ub.la.é ey AT JSM: o
alads o Al Jpo Co g fizes 5 calize L340
S SPWRR s u‘)byLJ ] 00 00)51 YL ujfo

Cnd S g Gyl Dl yla8 iy S s g B> Sl
WS palls s ES g rimen 5 Sl3gil plo &
5152 5 Cgw yige LS| o oy o 0nST 3450
e BB 05,5 o o] Gl 013 50 a0 s
g g S Sl 090 cnl Silo lga b S gu
Hlad Sy g Al g Sy 4 e a5 A5 090
Ay g odnd jaikew Sl YL sles 35 9 SYL
slod 4 ol ‘QT g p5l8e 4S5 5 slas]

Wb oo alS 5 el Gl el g e LMl bl

(oml Sogm @ lop Cons L 0,58 Ll a5 cenlials
aaog basd aales sa ¥l opl jlasl il el
Ol (reS g 2yt o5 005 (o0 omline WY SO
5 0AlS S5m0 Co g (sl 5 050 0o Y]
(o ST O35 Sl g0 o e ST S5l
G590 Dlp3eil plaw i |y co g Jli il sl
lyo 5 S g by le jg LIS 2l 5 ouidn Sgute
0393 0d ¥ jmalS o (g LWL I 00 5 o
S lyredn e ST D30l aizmen 035 o
6l |y iS5 03,5 Jas o0t yiaST CandblS
0395 odi ¥l l5e 1 tayles oo o2l)8 00350 (jgumlannS]
A, 0 Ja o googe LS s el S bl s a

oo SRl (GgemilinnS]

Gyan 5 o polde iy 4 d(IF 51Y) lo S

g ilie loacss sl hil anl) g5y ohs LS gm
e oo lis alls Jpe S e b o aslas

9 (i 45 30,5 o odalive IV JSs 4 4z L
S ggil Sl i 5 an (i Ol polie o ykeS
AL (AL 5o co g L aglin )0 Gl oo
AS ooy SemnST O1, 365U )0 po 4y rbas S (09
ol J2¥o 5l ailgice (T Vb (655 lgime (pizean
C g A ol S | Dl3g50 0 09581 b oyl ol
LeA] st

ohmg S g B Ol IF JSD 3 (pimren
AL Jns S g 5 it slocdsugl Slp 505
1390 0gis o odmlive aS ek lan .l 00l 004
o S | S g Bpan Gliae (05565 iy S
daST S35 40938l aS gldigS ey o)ls g plu
CS g Bpac a3 F JalS 4 e (g 4 e
2 Gl o lb og g a0 5 alls i 4 cod
50938 0,5 ALl L g L lse gy LIS asess
g Sran ol Jo Wl oo oy ST S350
[0+ 5 fa] sl s50,5 035



SprayDropletVelocityrm/s]
178.56

FlovweVelocityrms]

52893
47604 18159
42315 14364
37.025 12568
73 107.73
26.447 88775
21157 ez
15,868 53865
10579 5.
5.2693 i A
s 0

Flowyelacitylmis)

40157
44241
30325
34.41

20.494
24578
18.663

59 g s 0dalioe y5anST g 0050 (sl 5ilS jo o
D950 S | sl A g 0090 A Jgy aS b o
L0 yS Ohgmo JolS 5l b ol sos (B8 ojlasley
S5 s 0daline o535l S g Lod sloj5ulS &y 4z
VL ply olee Soms b 3blie ;o ylin 0090 adgi oS
oIS Az o VY e Ve Slososgame g VO
e A G o358 sla,gls jo B0 L ogd e eSS
O 4SSl golate L8, o] 5 09 oo oamline 15 00
D950 03 159 5 SrarST g 0090 [T (slafxe
ik 3l oYL Lo blas opd )b jo san¥T g0 oyl
JERC PRI HER P N (RO K2
S5 YU Lo 4l ié dilaie )0 0398 3 Y Los 4ol
5 Gl prlSe 4y az i b aS Canl S5 @ p3Y 09 e
2 W JS8) (B g (6l SO0 oo YT LSis
A Sy G oS (2t 5 o) b alad 4o

! Lean Flame Region

FlowYelocity[rmis] . SprayDropletVelocityim/s)

5592 170,53
50328 161.58
44736 14363
39.144 12567
13552 107.72
795 80.767
22.368 .“!:": 71814
16.776 |1 53.86
11154 35,007
5592 | 1‘ 17.953
0 Y 0

SprayDropletVelocitym/s]
179.56
1616

Flowelocity[mis]
53.322
47.088

42857 14386
37325 125.69
31,993 107.73
26 881 89773
2320 71a3
15395 53.867
maaai 35.812
53322

@
A 529 (0 5 e 25T (@ epsiiony]]

blowlaseS (I YU jo oad o)Ll mlas ag asg b
9 LW 750 (o ST Ol 395 a S 00, 5 o
93 Ses (izren g lgp g S ;e HerslonnS]
AL 5o 505 Sdgil b 4 G gy Syl
ey I S 0 gadse ol s Sy Gl ole ]
50093 ¢y eS| g0y S Lo (5, lep S o5l
Vo3 e 38T S gl sl (e sladens]
=y Sl 0000 5 Sb3 T YL 5 e adads 5l as a0
o ST oo ¥ 5 (65, ot Cuai Lwd Lo, glS
2lr plee Somi b bl y0 45 aiad oo liS (39
Yoo Y gbln slas 5 (S oS sl bgline) 55 L
il oo Hlade cp s 59y GlBanST (palS a0
g 00T cpl ade il i (e bl sbes 4> ,a
d‘s;b — ‘r..c d‘)‘“}‘ ‘5‘>‘94 99 0090 ] preven
FURSORVSWITCU PSR | [CES PUCS HPVRR UM § RV <7
L g oo oSl alily soi (B oS5 yingaS gl Lol 5



VE) bl 5l ) o)leds V) ale o Salyag g ¥l SilSe ale acliladgo Ys

oSl ooVl a b ool o 0,5 e plssl JlS

S g adei (g0l (lre a4 g (e Dy (5950
gl liae Lod y0gs b Judo 4 (o8 sl by adl oS

g2 sl 65 5 o

Flow Temperature(K]

3000 | B

[ —
a0 &* l
2100

1800
1500

1200

900 w
600 3 P
300 .

0

(<)

Comb:Soot_Mass_Fraction[-]

Comb:NOx_Mass_Fraction[-]
9e-005
8.11e-005
H 7.22e-005
[ 6.33e-005
L 5. 44e-005
L 4 s5e-008
366e-005
[ 277¢-005
L 1.88e-005
9.90-006
1e-006

(359 (sanST 0o VT il o 0925 4 Al (ol jo
Sg—d g ddogi LY ojlaslay g e Ojgma
3 5 a8 gl ) CBgan S U ol 0 S0 Leay

Dot ol s 3ol g ailioe (6 g gl bylie

Comb:Equivalence_Ratio[-]

ST C.':béj.?lj 6‘)—.’ 059 s oSt (o 9 0395 (o ‘L))""‘S‘ (z s (o 4‘5})“»§.® S (I 6Ltb)9.’;.§l5 (%) J&w
YU S yo adais jlam a0 Voo j0 4

S S Az -0

e st SB3enST S35k (0538l 3l ol IS o
S5y 3t J3 g 4 Oy e b pginagll

S oy spedine (i3l (s 6laygige (SanY]

51l e sdelcasods guls o pdiwe
oy sloos¥l 1l 5 5550 (g9 Shos slayslly
5o oadolee) Ol i 4 S il ax gy b adl oo 5 o

2l se 590 ) Ll pd 4 azgi b Sau¥l g0 Slee

Air swirl

¢ > 1, rich

e T T
= ',
>

= A

¢ =0

Leading edge

Lean flame ot region Lean flame region

Gl 5o oo VT LS5 5 3l p3lSo LNV S
[FF] 5l alaioms 4y 00 oapdly Cigs



Yy

SIS ol5igs ) ol r S0V g CS g (6 gl mlieail (Bl 55y 2 S 4 cilizee S35 3538 ()

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ranjbar, M. A., and Pourmoayed, A.
“Simulation of the Effect of Fuel Nano Catalysts
on the Combustion Performance of a Liquid
Propellant Engine using Computational Fluid
Dynamics,” Vol. 9, pp. 151-165, 2021. (In
Persian)

Khond, V. W., and Kriplani, V. M. “Effect of
Nanofluid Additives on Performances and
Emissions of Emulsified Diesel and Biodiesel
Fueled Stationary Cl Engine: A Comprehensive
Review”, Renew. Sust. Energ. Rev. Vol. 59, pp.
1338-1348, 2016.

Wen, D. “Nanofuel as a Potential Secondary
Energy Carrier”, Energy Environ. Sci. Vol. 3,
pp. 591-600, 2010.

Choi, S. U. S., and Eastman, J. A. “Enhancing
Thermal  Conductivity of  Fluids  with
Nanoparticles in Developments and
Applications of Non-newtonian Flows”, ASME
Int. Mech. Eng. Congress Expos. NewYork,
1995.

Mimani, T., and Patil, K. C. “Solution
Combustion Syntheses of Nanoscale Oxide and
Their Composites”, Mater. Phys. Mech. Vol. 4,
pp. 134-137, 2001.

Guru, M., Karakaya, U., Altiparmak, D., and
Alicilar, A. “Improvement of Diesel Fuel
Properties by using Additives”, Energy Convers.
Manag. Vol. 43, pp. 1021-1025, 2002.

Kao, M. J., Ting, C. C., and Tsung, T. T.
“Aqueous Aluminum Nanofluid Combustion in
Diesel Fuel”, J. Test. Eval. Vol. 36, pp. 186-190,
2008.

Tyagi, H., Phelan, P., Parsher, R., Peck, R., Lee,
T., Pacheco, J., and Arentzen, P. “Increased Hot-
plate Ignition Probability for Nanoparticle
Diesel Fuel”, Nano Lett. Vol. 8, pp. 1410-1416,
2008.

Arul Mozhi Selvan, V., Anand, R. B., and
Udayakumar, M. “Effects of Cerium Oxide
Nanoparticle in Diesel and Diesel-biodiesel
Ethanol Blends on the Performance and
Emission Characteristics of a CI Engine”, ARPN
J. Eng. Appl. Sci. Vol. 4, pp. 1-6, 20009.

Sajish, V., Sobhan, C. B., and Peterson, G. P.,
“Experimental Investigation on the Effects of
Cerium Oxide Nanoparticle Fuel Additives on
Biodiesel”, Adv. Mech. Eng. Vol. 47, pp.61-69,
2010.

Daneshvar, F., and Shafii, M. B. “Performance
Investigation of a Four Stroke Diesel using
Water-based Ferrofluid as an Additive”,
IMECE2011, USA, 2011.

Solero, G. “Experimental Analysis of the
Influence of Inert Nano-additives Upon
Combustion of Diesel Sprays”, Nanosci.
Nanotechnol. Vol. 2, pp. 129-133, 2012.

Banapurmath, N. R., Sankaran. R, Tumbal, A.

Jsl (gl gl adadse (o &340 092 (IS by ¥
Obe) (5B gm @y b g o0ls (Rl S g 4 ) >

A o S 1) sl o J.,.>b
L oS oo S Cdgus s ¢yl oS &l j3g5L Y

g 030,58 s 00, i8 Sl a0 g Ol Ce
s o Gil8l ] 1ga b g LIS Sal

3Gl jo lsp 5 Ly by e ;g LIS -Y

u,-l 'y SIS ‘bej_;[_; )_,LM,A_,CMQJ)M -\¢-~5|

“ - uowgw‘)&wéﬂb—‘aﬁww

4 S Hgige i (SanYT g 0 Shee g 5l 3l x>
235 A s S g 5 ot gl L

a8l s e oy ST B35k IS ol -
Um0 Ci g L auslie 10 0398 sa VT sauo,0 YF

Go—o,m VY il ‘Q] i 4S5 Lgs .0 S Ll
L, QT Ola s 45 Al oo (g8 saS] xen|

ol 28l 0,0 5 EGR «(g 5515 sla Jome

&=l -V

1. Hemmat Esfe, M., Abbasian Arani, A., and

Esfandeh, S. “Improving Engine Oil Lubrication

in Light-duty Vehicles by using of Dispersing

MWCNT and ZnO Nanoparticles in 5W50 as

Viscosity Index Improvers (VII)”, Appl. Therm.
Eng. Vol. 143, pp. 493-506, 2018.

2. Hemmat Esfe, M., Esfandeh, S., and
Hosseinizadeh, E. “Nanofluid Flooding in a
Randomized Heterogeneous Porous Media and
Investigating the Effect of Capillary Pressure
and Diffusion on Oil Recovery Factorx”, J. Mol.
Lig. Vol. 320, 113646, 2020.

3. Hemmat Esfe, M., Esfandeh, S., and
Hosseinizadeh, E. “Nanofluid Flooding for
Enhanced Oil Recovery in a Heterogeneous
Two-dimensional Anticline Geometry”, Int.
Commun. Heat Mass Transf. Vol. 118, 104810,
2020.

4. Hemmat Esfe, M., Hosseinizadeh, E., and
Esfandeh, S. “Flooding Numerical Simulation of
Heterogeneous Oil Reservoir using Different
Nanoscale Colloidal Solutions”, J. Fluid. Mech.
Aerodyn. Vol. 302, 111972, 2020.

5. Bazdidi Tehrani, F., Sharifi Sedeh, E., and
Abedinejad, M. S. “Analysis of the Influence of
Alumina Nanoparticles Addition on Diesel Fuel
Droplets Evaporation in the Gas Turbine
Model’s Combustion Chamber”, Vol. 9, pp.
101-111, 2021. (In Persian)



VE) bl gl o) o)lod ) als «Saliyng 5 SVl SilSe ole aclibadgs YA

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Characteristic of a Six-cylinder Diesel Engine
using Response Surface Methodology”, Energy
Convers. Manag. X11: 100091, 2021.

Shi, J. P., Harrison, R. M., and Brear, F.
“Particle Size Distribution From a Modern
Heavy Duty Diesel Engine”, Sci. Total Environ.
Vol. 235, pp. 305-317, 1999.

Mewes, D., and Mayinger, F. “Heat and Mass
Transfer, part: Mixture Formation in Internal
Combustion Engines”, Springer-Verlag, Berlin
Heidelberg GmbH: Germany, 2008.

ICE Physics and Chemistry. “AVL FIRE CFD
Solver v.2009. 17, 2009.

Part: Spray. “AVL FIRE CFD Solver v.2009. 17,
2009.

Patterson, M. A., and Reitz, R. D. “Increased
Hot-plate Ignition Probability for Nanoparticle
Diesel Fuel”, Nano Lett. Vol. 8, pp. 1410-1416,
2008.

Naber, J. D., and Reitz, R. D. “Modeling Engine
Spray/wall Impingement”, SAE, Paper NO.
880107, 1988.

Magnussen, B. F., and Hjertager, B. H. “On
Mathematical Modeling of  Turbulent
Combustion with Special Emphasis on Soot
Formation and Combustion”, Sixteenth Int.
Symp. Combust. Pittsburgh: The Combustion
Institute, 1977.

Huang, H., and Su, W. “A New Reduced
Chemical Kinetic Model for Autoignition and
Oxidation of Lean N-heptane/air Mixtures in
HCCI Engines”, SAE, Paper 2005-01-0118,
2005.

Lu, T., and Law, C. “Linear Time Reduction of
Large Kinetic Mechanism with Directed
Relation Graph: N-heptane and Iso-octane”,
Combust. Flame, Vol. 144, pp. 24-36, 2006.

Lu, T., and Law, C. “Strategies for Mechanism
Reduction for Large Hydrocarbons: N-heptane”,
Combust. Flame, Vol. 154, pp. 153-163, 2008.

Halstead, M., Kirsch, L., and Quinn, C. “The
Auto Ignition of Hydrocarbon Fueled at High
Temperatures and  Pressures-fitting of a
Mathematical Model”, Combust. Flame. Vol.
30, pp. 45-60, 1977.

Dukowicz, J. K. “A Particle-fluid Numerical
Model for Liquid Sprays”, J. Comput. Phys.
Vol. 1, pp.313-326, 1970.

Lavoie, G. A., Heywood, J. B., and Keck, J. C.
“Experimental and Theoretical Study of Nitric
Oxide Formation in Internal Combustion
Engines”, Combust. Sci. Technol. Vol. 47, pp.
61-69, 2010.

Hiroyasu, H., and Nishida, K. “Simplified
Three-dimensional  Modeling of  Mixture

Formation and Combustion in a DI Diesel
Engine”, SAE Paper: 890269, 1989.

19.

20.

21.

22.

23.

24,

25.

26.

27.

A. V., Hunashyal, A. M., and Ayachit, N. H.
“Experimental Investigation on Direct Injection
Diesel Engine Fuelled with Graphene, Silver and
Multiwalled  Carbon Nanotubes-biodiesel
Blended Fuels”, Automot. Eng. Technol. Vol. 3,
pp. 129-138, 2014.

Zha, M. “Effect of Particle Size on Reactivity
and Combustion Characteristics of Aluminum
Nanoparticles”, Combust. Sci. Technol. Vol.
187, pp. 1036-1043, 2015.

Ashok, B., Nanthagopal, K., Mohan, A., Johny,
A., and Tamilarasu, A. “Comparative Analysis
on the Effect of Zinc Oxide and Ethanox as

Additives with Biodiesel in CI Engine”, Energy.
Vol. 140, pp. 352-364, 2017.

Gharehghani, A., Mirsalim, M., and Hosseini, R.
“Effects of Waste Fish Oil Biodiesel on Diesel
Engine  Combustion  Characteristics and
Emission”, Renew. Energy. Vol. 101, pp. 930-
936, 2017.

Hosseini, S. H., Taghizadeh-Alisaraei, A.,
Ghobadian, B., and Abbaszadeh-Mayvan, A.
“Performance and Emission Characteristics of a
Cl Engine Fuelled with Carbon Nanotubes and
Diesel-biodiesel Blends”, Renew. Energy Vol.
111, pp. 201-213, 2017.

Sivakumar, M., Sundaram, N. S., and
Thasthagir, M. H. S. “Effect of Aluminium
Oxide Nanoparticles Blended Pongamia Methyl
Ester on Performance, Combustion and
Emission Characteristics of Diesel Engine”,
Renew. Energy. Vol. 116, pp. 518-526, 2018.

Hoseini, S. S., Najafi, G., Ghobadian, B.,
Mamat, R., Ebadi, M. T., and Yusaf, T. “Novel
Environmentally Friendly Fuel: The Effects of
Nanographene  Oxide Additives on the
Performance and Emission Characteristics of
Diesel Engines Fuelled with Ailanthus Altissima
Biodiesel”, Renew. Energy. Vol. 125, pp. 283-
294, 2018.

Elahi, M., Soudagar, M., Nik-Nazri NikGhazali,
N. N., Abul Kalam, M., Badruddin, I. A,
Banapurmath, N. R., and Akram, N. “The Effect
of Nano-additives in Diesel-biodiesel Fuel
Blends: A Comprehensive Review on Stability,
Engine Performance and Emission
Characteristics”, Energy Convers. Manag. Vol.
178, pp. 146-177, 2018.

Khan, S., Dewang, Y., Raghuwanshi, J.,
Shrivastava, A., and Sharma, V. “Nanoparticles
as Fuel Additive for Improving Performance and
Reducing Exhaust Emissions of Internal
Combustion Engines”, Int. J. Environ. Anal.
Chem. doi: 10.1080/03067319.2020.1722810,
2020.

Ghanbari, M., Mozafari-Vanani, L., Dehghani-
Soufi, M., and Jahanbakhshi, A. “Effect of
Alumina Nanoparticles as Additive with Diesel—
biodiesel Blends on Performance and Emission



YA

SIS ol5igs ) ol r S0V g CS g (6 gl mlieail (Bl 55y 2 S 4 cilizee S35 3538 ()

47.

48.

49.

50.

Nano Science and Technology Consortium
A105, Level-Ill, Sector 63. Noida UP. INDIA
201301, 2010.

Senthil kumar, J., Ramesh Bapu, B. R., and
Gugan, R. “Emission Examination on
Nanoparticle Blended Diesel in Constant Speed
Diesel Engine”, Pet. Sci.
Technol.doi.org/10.1080/10916466.2019.16835
79, 2019.

Saxena, V., Kumar, N., and Saxena, V. K. “A
Comprehensive Review on Combustion and
Stability Aspects of Metal Nanoparticles and Its
Additive Effect on Diesel and Biodiesel Fuelled
CI Engine”, Renew. Sust. Energ. Rev. Vol. 70,
pp. 563-588, 2017.

D'Silva, R., Binu, K. G., and Bhat, T.
“Performance and Emission Characteristics of a
Cl  Engine Fuelled with Diesel and
Nanoparticles as Fuel Additive”, Mater. Today:
Proc. Vol. 2, pp. 3728-3725, 2015.

42,

43.

44,

45.

46.

Nagle, J. and Strickland Constable, R. F.
“Oxidation of Carbon Between 1000-2000 C”,
Proceedings of the Fifth Conference on Carbon,
New York: Pergamon, 1962.

Barbouchi, Z., and Bessrour, J. “Turbulence
Study in the Internal Combustion Engine”, J.
Eng. Technol. Vol. 9, pp. 194-202, 2009.

Heywood, J. B. “Internal Combustion Engine
Fundamentals”, McGraw-Hill, New York, 1988.

Kuo, K., Risha, G. A., Evans, B. J., and Boyer,
E. “Potential Usage of Energetic Nano-sized
Powders for Combustion and  Rocket
propulsion”, Material Res. Society Symp.
Published online by Cambridge University
Press, 2003.

Aberoumand, S., Jafarimoghaddam, A.,
Moravej, M., Aberoumand, H., and Javaherdeh,
K. “Experimental Study on the Rheological
Behavior of Silver-heat Transfer Oil Nanofluid
and Suggesting Two Empirical Based
Correlations for Thermal Conductivity and
Viscosity of Oil Based Nanofluids”, Appl.
Therm. Eng. Vol. 101, pp. 372-362, 2016.






	Blank Page

