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In this study, the effect of nozzle hole number on fuel injection, atomization,
mixing quality, combustion characteristics, and exhaust emissions in an RCCI
engine was investigated using three-dimensional simulations in CONVERGE
software. The results revealed that increasing the number of nozzle holes
leads to a reduction in fuel injection pressure and velocity, consequently
cumulative the Sauter mean diameter. This reduction in kinetic energy and
turbulence weakens both primary and secondary droplet breakup processes,
significantly lowering fuel evaporation rates and mixing quality. With a 3-
hole nozzle, the high kinetic energy of the spray resulted in finer droplets,
faster evaporation, and improved fuel- air mixing, leading to a shorter
ignition delay and enhanced combustion and gross indicated efficiency,
which were 17.03 degrees, 92.1%, and 39.4%, respectively. Conversely,
increasing the hole number to 6 (baseline) and 9 reduced spray kinetic
energy and enlarged droplet sizes, which increased the mixing duration and
combustion period, thereby deteriorating the atomization process. From an
emissions perspective, a higher number of nozzle holes caused an increase in
HC and CO emissions due to incomplete combustion, while NOx emissions
decreased as a result of lower peak combustion temperatures. The findings
demonstrate that nozzles with fewer holes significantly enhance combustion
performance and thermal efficiency in RCCI engines by improving
atomization, promoting efficient fuel- air mixing, and reducing ignition delay.

© 2025 Iranian Society of Engine, Tehran, Iran. This article is an open-access article distributed under
the terms and conditions of the Creative Commons Attribution Noncommercial 4.0 International (CC BY-
NC 4.0 license). (https://creativecommons.org/licenses/by-nc/4.0/).

*
Corresponding author

E-mail address: Mehran_nazemian@yahoo.com (M. Nazemian)

Received 21 December 2024; Accepted 23 March 2025
E-ISSN: 2345-4121/ISSN: 1735-5214

Cite this article: Nazemian M, Nazemian M. The effect of nozzle holes number with a focus on spray dynamics
characteristics and its role in the performance and emissions of an RCCI engine. 2025 Nov 22;72(3):1-23. doi:

10.22034/ER.2025.2048475.1072


https://www.engineresearch.ir/?lang=en
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.22034/er.2025.2048475.1072
https://doi.org/10.22034/er.2025.2048475.1072

s 90 Oladss cole 4 piis
YY-9 Wd"a)w‘\ﬂ'.\l@u\ioi }m{b

Iranian

o gt www.engineresearch.ir :a yi glod, b

i j o (g

of i 5 ol Solisd Sluoguad 1 35 o Ly ALES GLag ] guw Sland 3T
RCCI ;5540 (Faig¥l g 3 Shos 2

T belsl a1y ¢ lialsl g0

ol @l Cay iy Jlo Shjgel duge
BUSLIS PR IRI S W LW

(Sl estie 05,5 =)
(Sl otige 09,5 —Y

o A5

Al Ol

lbdasitio M) CaisS dgw 3 )Sosmesl iny Ml yp p L] cloglygw diss 3l calllas oyl 4o
@98 Sl oy samdw Gilodnd ) odlil b RCCL jgig0 o 3 (295 sloosYT 5 3l ol
Cogw Byp Copmw g lid ials 4 e wlidl glaglygw sl iuliol a8 oy L gls b awyp
W (Sl g phin @5 Sl ol e ORI CE g Gl lawgie a8 ol (g 3 5 0n
FB b 1y DWS] CudeS g g ps €5 9 03,5 chand |y Ohb a9l 5 adgl cunsid anl
Fiy s Mg 4 e (bl by VU (pier (551 Elge T L Sl )3 ams e Rl (s
g Syl ol ual3l sl 3 53 loj SaalS 4 4 05 lgn g g LB dg0 9 g ps
e aalial ¢ Jolie )3 lods ZYA,F 5 ZAY,N a3 W, ¥ Jolee Cudy a5 delosl (2IBL 51 ed3L
ol jhd b 5S)h g gl e @ipl dl B A g (al Slasl Egw dlas) £ e baglge
3 izmed 0 (9 S05al Al hndi cgo g 03l (I3l ) 3linl Glejie g LU loj g
3lyio] dlawlss CO 5 HC celoosis¥T L Ltalsél ay oo clitdl (elagygus 3las yialil o Sap¥T jlaie
83 e U s ol gl A 3] Sl (gles ol iy &) (elbageS] il ials o el
Uzl )3 bl Lials sl )lS L]y So el 4,5 39sgr ey eyaS g ol b wilizil a5

P03 9 pSeider g0 & 1) RCCL ygige 5l 03k 5 (Sl 5,Slos

ojlgals
RCCI 5590

il Flygw olass
Cigw (3,5 0l
ol s
oY1 Lol

NC 4.0 license). (https://creativecommons.org/licenses/by-nc/4.0/).

© 2025 Iranian Society of Engine, Tehran, Iran. This article is an open-access article distributed under
the terms and conditions of the Creative Commons Attribution Noncommercial 4.0 International (CC BY-

*
J}fwm LRWWEPY

(kebsl ] y40) Mehran_nazemian@yahoo.com : Sg S| Cay

VFoF 0298 ¥ (ol OFY (o0 ) cdly
WYO-OVYY : ol (obls / YYFO-FIVY : g Sl sl

Cite this article: Nazemian M, Nazemian M. The effect of nozzle holes number with a focus on spray dynamics

characteristics and its role in the performance and emissions of an RCCI engine. 2025
10.22034/ER.2025.2048475.1072

Nov 22;72(3):1-23. doi:


https://www.engineresearch.ir/
https://creativecommons.org/licenses/by-nc/4.0/‎
https://doi.org/10.22034/er.2025.2048475.1072
https://doi.org/10.22034/er.2025.2048475.1072

ObebU 215 100 9 bobU oyl sp0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

dodio —!
Gl sbygise 4 (pliwd 4 5l AL bl el Cuenl 5 (i lags)lon (B5S 4 4295 L ojg el
9 S slogydes HBULS Mg Cuwl onds el il Liuli8l & 5l ) il (wawswe MolS iy 033L b A5
ooVl oo s ol b siled dg i (Bl ojl o (oS5 Sl sloygige 4 Gl ) Gt 055
231 sl 3 ol ogdle sl oS Szl sbygise S sbogille Sl (S Tl s 5 Tz
5 S 30 glogng > Cogu Brae JalS g 1Sl g el sl o lailS o ol
1] o 01 g (S

Olojen ials Caa 4Bl pbxl sl iagh (o3lail § (oo Cunj slrabjp (3,5 A slp 9y 1l ]
a5 gk ol Lo il Bl Bty oo pal) dsogi 4 e gige gV o)l Lais g laoss Y]
g g LS 3900 s 3lyin] o walss sline y Yogano 48yt (sl punly ol sl 045 Skl Dlolus
odyely lye 4 cnlpl 9 95800 Wil 699 2 b g Lo b (oo (gl i G (20157 &y joie oS a3l e o0

My 9 68 Sl oojl plojer yob 4 oS cunl STy ol (ST ll 3yl daspaly ol (S
Sl b Cogw Waygige g9 cpl p3 3l olyen 4 1) 0390 @lyd g ol slaaST slaoru VT Swl jluw
b cogu g b0 odbiuyd 3yl daioe JSb a4 (93909 wmp Gob ) Akl by Cose 4 s
BB sk 4 U ogd e carge ol ool edioe 3)F lpel daime JBI 4 pudtes ©jge 4 Vb gk p1STy
[¥] 295 mabais @)l > (o5l 151 £ 55 g HLid ial38l &5 sl dls yo (clalasMo
Dl oy e 04 plsl Gladss jd sl s plool Cilisee CBlial b ldisce awgs Cldlas l amog cab
5 sl Jldl aile )03 (slaygise 4 o " Saykem 5 0 MenSsige SV zob baygise g5 cnl
ol 9wl glysl dhaase dwdin (g5lw digy RCCI jgige 5 paly Glaal oy 5 pre 1 (SOl (o815 el
=¥l ol o)l Jlsl ;uajli-l} Sl o35l 1y (slabasMe B 55 drows 4wl Bos &S 13,5 jasuie Clisos
O 58w (s iy ).uLv drows dwlS” Bas a5 0 LS [A] ) Ken g el (6,500 adllas > puizen [V
55 g sl S gtn 155 5 "l il (VL el SIS i) o Jls 5 o) 6Bl 5 oyl Jlas
ol > 4 pgd (19 a3l il carge drew AWl Bas (I (men sl IS ST olend (63,551 4
oot (lng2i5ly il (s 311y g3 g o3y BISD i) 3l & o > 9o ol Ji o
g Boy5 sl pite o) RCCI jgige Sau¥T 5 5,Skas 59y (sldlanMo bl 15l a8 o pie 00 5
oVl oS Laml 4 poeie 255 )L ElS el jen canlio iLidl aygly Sy Ol Sl lsie 4 ALl o0
g 35 o3 550> Mo > [+ & sgie S b o3l R 5 (28 deuSigm 5 (1S9 yen
D] conl pudass STy 45 wudais bglso 51 5l a0l yuss 31 ol cde [IY=VV] Wb iol58) &l slaas]

1Soot

2 NOx

3 RCCI

4CO

5HC

6 GIE

7 Top Land Height
8 UHC

¥ YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

S gsil oS e b RCCT jgise SVl 5 (3,Skee Cloogas (g o 503 oo i

L Y eloygd 5 Lo 45 RCCL ygige (gjlodinns (sly Yane 45 1ol ol cilises clilllas .l 39,5
EGR 20> Ll bl b &S b asuin gadge opl odd pbol Gldllas 51 aae )0 [V0] 244 solatwl EGR I U ol
oialS (sl ] yiwgn 989 4 S [VAVE] Wlal jalS 6350 5 &l slasnST Glid and iliEl )
ol o0 03> Lt Sl I a3 ol EGR (55l 33, 5 )l b s 4 glysl daise J51s slod
Gl (e 8 (g oAb dbml > 4 EGR wopd (al38l b ()8 S gige 5 aibgud slay)So)n o
)8 adlllae 5,50 RCCL 590 (59,50 (e bawgs 45 Canl (65503 pro yide y5i90 593 Cxiopod [V NA] Wlaidly

by oad 5 SVob smd e Ui o] mls a5 Bl oy50 Sygar 0393 g 5l lansST i laanY]
5 S uoman 33,5 0 0393 9 &)l (slasST 0aL YT EalS 0uiS pend CAgw ) dgge inS] g LIS
Whise o2 (plard s iSly £585 ln opid )3 Oloj ogge y93 LRl L &S Wl plas [YY] il e
(VY] Gilon 5 b 33,5 (o 32 S 350 5 (S 900 001 Gialjal i )3 9 Bl (31l 4y e &S
plod ) aibgus slacnSophn 9 () S gge Jod Sy ol o5 (il Cuws do (pl 4 295 adllas
slryed o b L (6,5 ldlas .l LA vz 1 6 Wb zolaw cpl e 0 Mgl jeige (sl yed
DRl 3l il B st domi ) 9 MBI Gloj (38l s 4 &l slaT oui¥T izl g Wy oy gise
daioes dwdid Cogw G5 bmite ;U wyp 4 Olllas 21 Wb caalie a5 jshailen [YV-YF] Wb o
oS ol o o)Ll Sladss a4 deldl j> a5 wl sy, RCCI H590 (Sau¥l g 5,80ae (69 2 y9ig0 493 9 By
Al oaly )3 adllas 3590 1y S5-I 5lianl (slaygige SauVT g 5,Slas (g » ailidl wlis) §lygmw sl 3

Syl ailidl gl S5e 9 by Seolod p o0l ).ub Coow wlidl b o alisdl glaglyew u""’l)i g ol
awolio b [YA] (hen g 90 (sadllae 3,5 o 5 wilidl clo Sty g Cogw (b ojmedl p oty 4 pal o
9 0k S Sy Ehgwsia laalisl a5 ol (i (Ehgw £ g Ehgw ) Elhgwiiz 5 EhawcsS I sloailadl
iy Al po (b ppaal I odlitwl b iagh cpl )l FlhawcS chailidl 4 Cuwd (Jelite igw S
2 4yl ol dreg  aglhsw Sl g (il 4 ol Gl 52,8 oo | Gl gl (Sl 5 S
ol 38,56 s claaslasl

s dsilie meiine G5 sboygige 5 alisl 1) alidl #lygwans Ll 51 [YA] oKan 5 gil5 el o
s 58 Gl Seoliss 5 wlisl (5,5 UK P psboas Lidl sy Sy o w3 5 63
i Gl ygige 3,Sles (giludinge 1y 48 25 o b Gladl sla Sy

JEsl 2 (S92 5 (shaiijod i) " oo pgl s (soawnin 13l [MV] o)lSon 5 (55908 (6,503 aalllas >
3 ookl b ol &ty alobe claailisl )3 lon oan VT (cloaisS o lynl oaimd lis yolie o L) pys> 1,35
Gladiied (jew <S> JSB L [ Ren (oo ytte dwdind & wad o olid pls 0S|y AVL-Fire o8
JS L1351y (bgye awdin a5 Jls ;5 o)l (65508 ST 5l (gl g YL (claodjl ¢)gige 3, ke oy yiao
S o g (6 a8 dpmS g0 )8 (SS9l (gledjed (yjgm

5 Jlssll sl ailadl shb )5 pae cobe 155 3 35 3yl o3jl g 3)Slas y ailisl claglygw sl il

1LTC
2 Qrifice



ObebU 215 100 9 bobU oyl sp0 e 9 3,5kos 43 o] GEES g o (Sewelsd Sluogas 1 55 505 b ALiS] g jgw laxs 5

33,8 gy jowdilBes pd yeige o 0Slas p aflygw S dlex j alidl awin b [YY] o Ko
Ao )D g 39 oo Blynl 0djl g Ch g A 0juadl Dgupe el L8l glaglygw dlaxi ioli8l oS ol Ll aasdly
Slglygos 315 g )8 > Syt 3B [1Y] oylSed 5 hangs o6y adllao 13 bion S350 il 03
a5 g bl b oS ol o ol 35,8 oy | (i et 1055 (sloysige (ST 5 3, Sles 5y el
Shly 3 Sles n e dinte slagii Sy g b Gl Lo 5 algial jUid o)l > Jisl ogige ol dagygw
e

550l L5 el S syt |y lasmocang Syl g (San YT ) 6lidl eloglyuw 3ass uis ol a5 Sllllas
a8 ol L) 9o ) elbrST il LialS Gl Jpden ssise Sy > alidl clagl g sluxs ials oS
2385 1) 3l slasnT 1gi & 39500 mie YU slod b 3blio (20l5 5 5 Jme ey slabslsie &) baghygu
Sl el sl (San g ygus S Gilial a5 Wals 55 [¥5] oSan o J e blis 55 [YO XF] aiS o
s5ilSed jeise o (SuuVl g syl alidl claglisw sl b V] oL Ken 5 Sig .95 s390 L]
S| SV ials sl ailisl claglygw Saws (2als o8 3l olis bl gl 53,5 oy |y J3d/Jsit]
ULKen 9 b oyl sgrg lisl slb ) Sladijlge wody ol A g ded e 0393 (SauYT il Lol <)
aigo Dl a8 Wby (L g 20,8 (oilogSIl 1y (Suo¥T g Cogw Cpas p alidl claglow clode b [YA]
sl (396 ST (il g 50 Gyl 4 (olitod (sl g

(Sl i @ B3 SBppga e 225 by 5 Slbie OVl Sl 3 b oy
HKen 5 ys0 03,8 @l 3] (elaan] b g wlisl sl ailisl shb 5l 5000 13 (65 Gres sl i
ly GDI ¢lyguis cailidl #lygw Sl 5 ajos (oSl sy | plKod BumdClLs (sla b, 51 oolinul L [14]
g Ll (S5 BuF gl P lB psba slidl gl (Sl a5 b (Ui g 608 Jos
23 g0yt |y Ll slo S5

ge S g b g ol Jlil ey ps ALl claglygw dlasi 15T o)l laddllas [F4] LKen ¢ 25
sials 4 e Yoere wlidl (clagligw sl Lioli3l a8 ol L lagl slaasl sl plosl Jpo— 39,
g oo Byl dhdse 3 @)l Jsl s ST

oS ol s [FV] hlKen g (syann )35 oyl 3l Senld o 5 ailisd] olaglygmw (ohi S copicmen
byl (oote (gl awyp 3yl 15U jowdilSgd (slaygige 3 ST 5 Glynl sla Sty » 6Ll claglyguw dlas
ST ials g slst oojb il donis 1 g Cd g b 0 jued] dguty Cusl yiiy (slagygw dlaxs oS ol ol
5 3 > Ol aler I ailidl iliseo (slagai) Sy o5 28l [FY] () Ken 5 dllsssS calin jsba 09 0
SIS o 5 5138 Gl slnsgige (ST 5 5,8kes s g BB sty dngl g Lo

ol Gl i) g aladl gl sl Sl & wS asT [FY] ohlSes 5 gl
sgbar LIl slaglygw ol woles )3 dSu dgue |y linl G Sy 5 035 ol |y iRl slacdge
Sl S gl 5 3l loaer sl Jelgs cal & )8 e 58T wlidl iy g 358 2P B
b psditne 52,55 L8 S Chgu (Bl la Shy (wop 4 laddllas ) [F0] oSen 5 ol [FF] sizn
N3l b loggjlodns ) oslizl L g ol poes dlaisme S5 50 laiolojl Azl (lSh g5l Co g g Elyge i

1 BTE
2 Stoicumetric
3CFD
4 Synchrotron

0 YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

b 5 il o (93908 jomo b opylie o 4 il drwgs a5 3l L adlllas opl gl .l 00333 pll 2, 05l8
Szl yaw dlaxi & o)y doni cpl 4 dalllae opl o LD:OT Al o iliél O] drwgl C o cdbaione HLid  lals
S o lig) bogln (g3lusodlel g Ll Olomsguas 3 ogee ik 4L

ol onzmy slaaby » Sl Glaglgw @2l Sl s )3 3o cpl ol pgly coles
5 eels ©,Sug) b adllas ol sl RCCI (cloygige 15 3yl 5,8kas o lsh 5 cgus bS] (50,5 poos]
S Jb > ojbyie il il plesd 5 (S slopite p S8l Glagligw 2 b s 4 i3
$yein Cogm by Slfe oSk p ool Sl 5 balisl posn Sl 56 Baee iy ol
Sy30 S5 psba Jlidl 3 53l 5 "Old b Sile Sl o ok b piagh ol o e,
oYl W &5 sl ol abias jobds Olpass ol 4 Cuol oad ool Ui g 4S8 )y
sy Phb Sl Wl Gaiod ol laasdl S e 8 G551 035k g ()5 MSgige 9 ()9
(s3lotinge 9 oa YT il clisly o gyl ald (L sgue 5 ey slaygige ) CEsw 5P ool
5y9] o2l RCCI slaygige 5,Sdos

Ly 99190 —Y
loodly jl eolazwl b oSN dul )5 il odds oolaiwl joige (gilwdnd (gly (gamaw oSl Sl adllas pl jo
5 @yl il wlidl ool wladl slaglygw sl 136 b)) polateds (g 35 (Priwone (228
o agly bl cpl g3 b oo pui A g A D F X 4 ey e sl RCCI jgige slaos¥T oo
logyg o drly g L g A D F X glacdls > oS (iS008 bt o] ol b canlite 55 g g0
P Coogw mje &S Bab sl glaiSa claely Gledal pl b Ol as s Feog ¥O MY & Y iy

23)5 6 pS sl 3lyel daie (claolpd b chgw (b2 3)98 0 5l 9 298 ploml ISy g0y il dladoce
GuF &5 JS8 der 135 sl (olod dagligw dlas Cually 4 S35 5 pall S AL Gl
o Anbly oS5 ol SVl (ole > wladl (slaglygw Jad Gwizman g B2)5 loj Cde (B g9rd Oloj (g
P ey cpl 8L Gl cuslite jobody nglygw (29,5 alalle gaw ggecme daglgw 2l ialj3l L cul
o e ghw SR 4 ST cul 01d plosl lagligw 25 8L 558 5 el Jibs Baa L (b
03,5 ol Wnglygw 25 3L 558> gy sl |y it bl 3,809 ol Lol )8 g )L 2ol g

Cw|

S g g0 Dlain —1—Y

Clados jSye 53 dgr9e TDL () VA (g (wSgd Suw j9i9e Su pol adlllae )3 odlital 3)50 55590
@ e Jpd dlgiwl ¥ ogige S VWTDI gise .ol Ydli,,:;f,a S59eSS ol Ruisly jo wa Oy sladilolu
5 algial 305 a4y 30 chgw il cas wcal oas 6l Y Joas 55 o] Glasuie a5l it dwsin lyed
2 oad &l slaosly wluly ccuol suds sdlawl dilgiol jo lp ¥ Joio mllas oy <8 pi cilw CRDI wlizdl
A3 o s zyels 58l e 0 1y wlgiwl 51y clad dwdin g i cdiow dwlS e V S

1 SMD
2 Advanced Power Systems
3 Michigan Technological University



Obebl 215 00 9 ol oyl o0 w958 33 o] Wi g o (Kol Oluoguad 35 pod b alid] BT g dlaxi ”.:lS

[A] 990 Slaseio ) Jgua

Volks Wagon TDI P90
S o wlgl s S Sis ailobu] gzl Slass
oo Y40 Wl Hlad
e WSy Caus
ok 0.0 Gislos Jsbo
s Ve u‘l—"-’l> >
\#4° BTDC 959 olBly A Ay (yloj
\£Y° ATDC 9> ol s b ol
[3] e it 68l clasite ¥ Jgin
CRDI aladl g
2 by alidl go
N wlizsl &l;
SRS olly ;lis
s SLadl oluay
5.° laslidl oy &5
3
&l ga! 051990
Ao
Ao 3 99

il s ) o odlazul 3l il dladore dwin Y SO

o g 3L g B oS3 —Y—Y
o3litl 2,518 (sam duo (siltind I3 5 ) STy a5 oS5 Jldl Gl (s jlotns g adlnn ol 3
($39)9 A O Al p )Y Cawl 00D (Gluodid dluy By Ojgod jige (©3,Nles &l 0ld
2 it S gl 3 (gl iz )3 I b (Sen ©jg0h (b J5) b wnboisly b césw
Db BF @l dhie 4 Gl )b 1 (J33) Vb b STy b Cogw (pimen sl odd aid)S LS

1 Converge

\' Y-y WG(‘Z’Z }gﬂb)“lb)wcv" 0)356)9356&&;’6964{”53



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

Owmen .l 00 03l ioles ¥ Jod 53 e g oyl sl o Seas] collad cunSis Jud 1 osid ookl (sla gl
Syl dbsse S g9y Ay S (gilwdads Cunl i ookl yiewdio O a8 by ojll b oy 358 4l )
Syl daase (al aS Cuwl Gl dbiste dgus dwlS g S4e 5l 2B el (ol cle &S sl 48,S &g
G a5 sl yeite g 455 I AMR (560 3 ool 48 S & pg | bl sl sty 4S5 5l odlizl b
25 by B s 1> 5 30 o odlaiil dSd (gl o0y 03l 1y i385 Tl 5 g e oolaiiel (5l yis] dladse
e 5l con 3yge pusie LS A8 Wl e debdl ola B Wy cpl g o yiSaeS 4l il o Lol )3 0g YL
- o Gl Sloj plS diday ol oads oolatwl Y),;‘:A Sloj oy jl Sl pB e (gl e S Sl
Noigr Ciyguay 0 (yend Sloj Pl ]38l ladisS o b g jLid dod Olyss 75 4SSl Ll S ee 4345
o )3 Caleg > ol o815 13 o 3 Sloj P ) S8 il Al plonl e 53 e P oo ialS
Cbsl yades +,0 4l ol J8las L o8 Sl as o ¥ glod oS glie a8l Mol (gl AMR cadllas

ol Slaslre aSi V0 v e v ply Slasbxe sl Jolo pSTas 1V .05

ol odlaiwl L;Ltz,}i” )’l L;ld..o)’i& Y Jg.\?

5~ NEGIRCHIC

KH-RT b S

Seiss 55 50 s s

NTC ko palss
O’Rourke aasl olhs a1,
ol ok 0)lg23 b wljlad 3,95

RNG K-¢ sl
Han & Reitz Oyl Jlas!

adllas ) [FF] Cusl o oslatul ¢ STy FFF § 4565 V& Jolds aidly drwgy St p30l80 1 (gjlodunds oyl 4
b8 15 g by 1y a5 (o515 JWidl ssise (SaVT g (53, Skos (Il oo b
4 chemical kinetics 4 turbulence energy Navier-Stokes «continuity &Yslee cplpls b )y
o b Jsbo 5 a5 5 g dod b sl 00 o (glo aloye 3 Slaslone Joho 1 (el clajen S50
L¥V] 550 0 duolro 398 Ydlro

1 4B, a5 0 F Jgs Gillas gige Colite 63,55 bulyd 53 esiltend]] Jols ol ()5 u0no sl
by S BGR jlaio g cdgus il 3, ¢ i yign Lawsin Lib 19390 193 395 o0 oa0lie oS jolailen ol
Bl e HS0ISe I glite S yg5ge (63,58 Sl 93l 5

278 ol b dulio )3 1) )98 ey bawgi )l 8 A1 253 g alstl o JLi i (e ¥ USS
E xS0l gl 30> jlis polie b ogd 38l 0 &S dad o Lis ¥ Jgdo pd e &l (00,8, Laylyds (ol
@dlas cpl jd amd o Ui 1) 058 polie b o] dulie g oVl coin 0 Jodo copmismed .Cuwl o
Sloads plosl ¥ Jodx jla cdls wlal o b gjlwdeds olos

1 Adaptive Mesh Refinement
2 Variable Time Step Algorithm
3 BMEP



ObebU 215 100 9 bobU oyl sp0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:ab"

ialojl )5 (93, Sdes Lulys € Jgoa

b el a clis Lo o
\d. - Yoo (RPM) )¢50 592
A ¥ (bar) BMEP
-V = (8r/s) Jp> cégw ol &5
- 05 <D (8r/s) Lk 35 coom by 25
53,20 Fo XY (kg/h) s39)5 slsp b > &5
DO-Y- v p9> Uil Jol GRSk £9x% Olej
YYA YEA IVC (K)slos
£ £ (bar) Jjs» sl jlid
AD A% () o & ook 5 s
v : () o2 Gys35b j8
100 ]
E e Present Work
80 1 ® o o o Experimental [8]
% 60
3 ]
> .
é 4
= 40 ]
20 1
0 S —— A
-40 -30 -20 -10 0 10 20 30 40
CAD
120 4
] e Present Work
100 .
] e e o o Experimental [8]
7 %] /
'% . b el
2 60
S ]
&40 7
20 1
0-llllllllllllllllllllllllllllllllllllllll
-40 -30 -20 -10 0 10 20 30 40

CAD

b gacdls (25 slaodls b (silodnd @ls @l (g5lodlj] £ 9 Lid (ot el ¥ S5

4 YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

e C.:Lubo,\w L;)L.udw L;J.u\f’l @L“J 5%15.9 ] Je.\?

b < a b Syl
ey Silodnd = il
SY- YA AS- yyY NOx (ppm)
BY- - YTAY VA- - F150 HC (ppm)
Ve A5Y WWA- YV CO (ppm)
ol vy =Y

aoles) continuity asles .S o odlitwl WSl SYoleo > (gl 39a5e w3 5, 5| CFD Converge o5
ssb 4 (¥ abolee) chemical kinetics dblze ¢ (Y asleo) energy ables (¥ aslee) momentum absles )

Kb o J> olojen

dp Odpu;
- = M)
ot "o, °
dpu;  0puu; _ _a_p N doyj s, o
dat ax] axi ax]
aY,, ape du;pe ou; du; 0 aT d
Dz = p i, —+—|K—|+— )
<p o ) ot ox ax; %Uax T\ o) T ox
aYm 0 auj 0
—_m = (¢)
(pD 5 xj) +Sm o, (mp) + 5 5%, (Ymp) 5%,

Al e Ld T g 5yl iy (JLST him cculin

oy g b —¥
daione (19,3 0B 55 oy 9 Lo g Ll (Lol 4 oo SLISI slag g slasi Gioljl &S a3 e Ui ¥ IS5
GuF e > Caaglie g 0dd a6yt aghigw (m CEgw by dingligw dlas (RPN L g3 e 3l
ez S5l g S Bl cage Jlid el b (alS 3P LS S 3 oS b RPN CEgw
S oy by SS90 3909 sl Gy Co s (il ) S (oo Fiund 1) (0 ojsegil au])3 oS 0l S g
GUF P Ol ezman 93 e Bl Wl B Al U8 g dgn g C g DISI &5 (ials (gl daioes 4,
gy dus (a3l s 53 33,5 yaie Jlzidl los 5 ;b b adl gyl 4 conl (Sew loj a5l o 5
adl il cud p ke i g 3980 o o 5Lid g Lo g lpel daise d (glpl ke LialS cel alidl
25 o Cogw

Lo o Ui @m A3 o i 1y lylad el Sle ¢ 3las gy o 1y Gl Flygw Slaw s pSUF S80S
Olylad slasd o a8 @ & Wb o (I8l Cogw bl slabys sl @wlidl glaglygw dlass il b oas
S NS (e Jb.v..‘ 255 Slp Gyt oS aw (ogw Glihad sl )3 Gl cpl ed e e S My
S 1l & OB Sl 5o Sloj 1 e 4 ul Jlo ol b S e |y iy e Wi
WHgd pSes Casp & Wlgy B AL o) 9 SosS

Y-y W&(\i i,.ab)\"a)LM:NY o”:‘,yyul.w:u dd).w.’ AR



Obebl 215 00 9 ol oyl o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.ylS

~
o O

A e}
o o

Injection Velocity (m/s)

-20 -19.5 -19 -18.5 -18 -17.5 -17
CAD

e N0ZZl€ Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

Injection Pressure (bar)

e N0ZZle Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

0.8
0.7

e o
[S2 B

Injection Mass (mg)
o O
W

e <
-

e N0ZZl€ Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

P e 9 S lib ()0 ALl Sl g uss i ,3b ¥ JSWS

1 YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:alS

e N0z Zl€ Holes = 3 e====Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

300

250

200

150

100

w1
[}

Number of drops (x 1000 #)

e N0z Zl€ Holes = 3 e=====Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

g b (5 Sle b g 3l0s5 (59, L8] (gl ¢lygus o5 s 3l € JSCud

L oS wod o lis zuls ccul ol awyp clylad jlad (. Sbe j alidl glaglygw dlaxi juss 5l cdeldl )
el (i3l ol @GRl Gl cul b (Rl Chgw BBl (b (51 ladl glaglgw Sl (A5
1S L & oy () g 155 (655,50 b b Sl a5 B35 52y IS o]l & SIS o 3540
Bl 5 5 S IS S i el |y Sl adg] a5 (sl SIS (5551 o8 ol 3y M8 5 it
Py oD 4 ol (S (ol p3Y S (slagys g 29 Gl Suadl SialS Case izmen L
Sllad oy 6518 slopolas 4y oo by (il (Il gl Cunsld Al jo 13 (ol by o iR
Do oo Clylad (s Sl yinli8l douis )3 g byl pled] Coge wnllad Cunsll s &S Do o
23 o yioles |y Alidl Fligw A g & & Y 0 ) dbbdse ) Chgw lyad Jad ol x5e8 duslie & S
Wl g Cgw Ohlad miei 3 (e JB Ol (ogw (3)Sopel Wl )3 > Aladl clagl g slus l38 L
Ciow By5 pYL Cogw g lid o 4 Flhgw VL wlidl clls jd b o odalin 3lps] dbise o 5l

Py ISl g Smpw s el yol ol g 5l loa b gt oled gaw &5 398 0 M5 (55, ol b

YY) aomiio (V£ € b)Y 0)lows VY 5,93 ¢ p93 g0 Colinioes &y puid Y



Obebl 215 00 9 ol oyl o0 e 9 3,5kos 43 o] GEES g o (Sewelsd Sluogas 1 55 505 b ALiS] g jgw laxs 5

2ls g cal sl dhise 4 3959 slinl > cSgw V0 ATDC wile adgl Jolyo 13 g o0 o 5 Cogw
D ATDC abjo ;3 woldl )3 Ngdioo 55 e sobots i3y Sk oloj (ol 3 9 S93ie &1 3 Sojeed
Co g LWST oL (il col o5 B9 o Faslyio 9 5005 o & wladl Clilad 5 odd y5ed jily g
PP pie (Pudly sobdy Gl @jg g b e pSe3p Jlrdl 4 Lulyd ) aTDC dlsje 53 2950 g2
ol 1y Jlasl 3 535 g 038 s |y Jlidl AT s VL g > 4 i) Sk ol 238 e
Gyl 41,8 g o s ol jobay il ylad aS) > 4 V0 aTDC 9 6 aTDC olpe o coles p> ims oo

25 o bl (g 35 5k

3 NozzleHoles 6 Nozzle Holes 9 Nozzle Holes
: % ) B,

-15aTDC yg.. { « @’- § y 7 ’ ¢ N
' ) o ) ) | ) )y ) | :\\\1\@ ) )

A A

20 B | M 140
DP_radius (um)

RS;‘Y’ sladl C‘)}u dl)Jﬂda.QDbo).) u>9.w Ql)]aB).la.Bo)L\JlséJ)y L\g“.ﬁn 0 J&Q

Mg e ol b Gl cdgw G5 5l 5 Bl Gl baglge M glige £ L aladl cdls
FSe s Ehgw A alidl 4 Cons g Olilb Glimen Ll g o0 Elygw ¥ el 4 s 55,50 a8 L ol
PS5 oS Elow ¥ alidl & Cans Chgw Sllad &S 35 0 cel Slpuss cpl V0 aTDC dls yo )d Laiud
Ao 3 b bl (6550 jobdy Chgw s 3 oo sl &S Wilo o BL Cunlio (glojlul o ylismen Lol oa
dgue & ke 45 390 ploxl dlaime )3 SESINS, joba C g @8 daglgw daxi Gl L> 4 —0 aTDC
PS5 Elaw ¥ alidl & cud @lylad V @aTDC abs o 3 g 0 Glas! o) Lilidl g lan g coguw LIS
s Judl ] )b (0 Salre g Chgw te youd Cel pol ol g Cusl Cuslio gl b lizen Jg clitn
SaS g g Cogw iy bWE] g Cogw Y wid & plawgie yad b @lyld A0 aTDC 40 aTDC sy
g 3yl W G Jlisl 5 il ials & e 45 15 o

WY YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:ab"

Srba it & 305 G5 el Sl bghgw sl GLIE1Ehge A L sladl b aly
b b wllad opl ogd o 55, jhB b wllad Wi g Chgw BB G g JLES el coge & 90 00
Coow xje V0 aTDC al> o 0 . 05)b 5L Cowlio Jlsl byl s & duwy g puoed sl (sytin loj 53,5
aadee ) Chgw JCSeSs mjeh 0 aTDC dl> o )3 023 0 &) (65U puoud 5 29d 0 Plund (4050 3ol
)5 JemS ge g (25 9yken oY1 A (I3l 5 (el 3lyl & Wlg e b cpl Wgdie Jidl 3 3L
bMa| g s .LJ)B P NS @ e JS )5 Jhi b olhd ] A0 aTDC 4 0 aTDC ol > 0gd e
ol o (2)S S g0 9 32y 9y ile Waons VT a3l Jloisl o Jlail 5 iy pdl a4y &5 L8 0

sobailed aad o sl |) alidl Fligw @ o5 & YL o 1) dbadse 3 > Glasl clod e yeulS & S
el &S Caol JYL 50,5 Copw g )lid (Flyaw ¥ alle) eSS Flygw ol b slaaslidl (5 54 o odalie oS
Foo G e 5VL ol (551 pl 9 3lyel dbie 2y (gpie (i (TP L Cogw 290
loo 5 Cogu byl «3lyl daims | ol (g ) D 3 ddie gl S g g Cgw kb
5l ) blie 50 g o cpalS YO+ 5l i 4 Lod sl Gl a8 amd o Fy (o pnd Byl g ol g
C g e g Oljhad Cusld lp g yteS (plain (55l g Mo SRR 3y F s 5 )L Ll Eygw A
Sy olimen Lol g plosl (64168 Gab b g 5 50,05 Oygo a3l a0l 39 o el pol ol )l 3939
A GBI (nd30 o 4 o> S (Kanl i o 4 oo

3 Nozzle Holes 6 Nozzle Holes 9 Nozzle Holes

{ ) A b F ==
-15aTDC ?\"\w \\ }\\\‘
-53TDC}\1\'\ ”\:\“ "\\‘{
: 4 = {\ "\ ‘ 4 W
1aTDC | ] h\ | £ & = - “\. |
- Wy g v
[\\, " = Y P\ . - ! » 1 V )
5aTDC [ &= = | [ & x | £ & ' *

15aTDC | ) B ==

L~ (g |

Temp (K)
A g5 o Ll #ligu (sly abaiome 305 ) il slod @iy HenlS N SIS

YY) aomiio (V£ € b)Y 0)lows VY 5,93 ¢ p93 g0 Colinioes &y puid ¥



ObebU 215 100 9 bobU oyl sp0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:ab"

Sl Lisliel aad o ioles 1y slis] ey loy 9 Jlsl o ),>b 2 balidl Hyaw sliss )»L v s

5] SlS g g kb Jlab (b 5S35 dedie Bl £9,5 ol g Jidl 3 8T (I3l el lagl g

ol dgdie e Jlisl 3 3L 4 a5 WS e 5)ledd |y In g Clgw LIS 5 ulyd (Sl s
D) o 3l 3l Aaisee 53 Lo g Lid walail 1 45 39800 31l 0 £958 g bydl

== e« ]gnition Delay

S
[}
1

= 4= Start Of Combustion I. ' 8

Ignition Delay (deg)
N
€2}
\\
[
\
[\
Strat Of Combustion (deg)

Nozzle Holes Number

3yl Egpd oo 5 Juidl 13 36 (59 Sl (Slaglygw a5 s 5T ¥ JSud

St oloj g 0ad S Igp g Cd g LUBT ALT8 ()55 copr 5 JLib (il g laglyge Sl L33 L
EelS g 55y chlad il s 4 LW cuds Jials wede piY (Blinl cuslie cuS 5 4 ol Gl
@ FS )5 ol @bly > b e Jidl bulpd @ sy Gl ot Olj g gl i 55
Ol (pizmen g e Juidl 3 b el & )l Sl s sl sy oloj dga b a8 eled e >
Coly 255 o8 398 o e LUS! 5 (551 JUinl (ialS g s (ST A0l 5 Chgus )5 i 5550
el 5> land sloiiSly s o)l 3l g9, Gloj p oosiiions 586 yal ) b Sl o 30
9 lgm g o i bS] > & Juidl 2 88 (nlply 2985 s JolS jgbty Cog g Ko
D9 e Byl g9y (o (B PR3 4 poxie (B y5iS g5 hals
Tyl g Sl siboslil 55 dod )lid LinlS 4y wlidl loglygu sl Gialial 48 aay o lis A S
bgrye gyl daiors )3 Cogu SISy @igh & Baes oyl dpdiee i 3y daioes )37 e o0
ay L8] eloglygm 2l Ltalsdl 3o e Bl sla STy woad LinlS 5 Cigw iy SAS]y coge 4 Cud
PSSy ypon Gyl 18 4 30 00 el ol b sl g ol edd5)F Co g ik [ialS (cline
o8 | g o dlaise > Led 5 Hlid (Bli8l Cegw ialS Gl a0 &S wad Fy oS Gub b
29l )b 3 g B il cage oyl silasl]l 25 2alS g 3linl sk > el (5l ialS ( Saaluzge s
ot L] claglygw a5 Ltls3l dlawly & g SESIgSs mig il 52 ogMe g5 oo 3lyin] dlaies clod 5
&5 losiitno 2iSly (ol Cnd ol Dgde o sl iiSly olej oa8 Vsb g g alS o

T HRR
2CHR

Vo YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

x50 o Sl lys el 4 e oyl gilesljl F galS uiomen o S ] @)l s (5Ll
(Jo ol b oe pald 55l ilealil g o iiSTy sl el syt ploj Cogw st mig ) @gdise
LM il ansly sl dhie ) lgn g Cgw bS] 5 ke p3l Llyy o ailidl claglyow dlass Liuls8l
ildljl & g3 i gals g Bl edjl LialS 4 e aS 5 Jlis 4 |y olewd el sla STy ¢ 3L
GSeoltpd )5y 1 age 3B Wbl (glaglygw 2l Sl (S gy 98 oo pmezs b Al e 5 @yl
AL alidl > 5lysl odg pae wlelcuwndds gl 4 ag b ol )3 .00 dbsie  Seolidge s (slopusie ¢ 3l
e 3P Gl g Chgw b g jlad (Ll doni )3 5 B2y G g g L8 LalS L 4 2l
D9 oo bS] cuas L gals el yol oyl .ol 039 Suaisl

s 4 yum pl e 0 \ Saas] dws o5y LielS coge bailisl sl ialbl a5 ams e plis A s
il psals s gls] daise > Suasl Wg Lol e oSl cigw alidl clacb s 3,00 LialS
2 siie U yol cpl 48 ol alaizmo 5 (Llsn slagl 50 (559 )Seo (5551 1ol (slino 4y (Saidl i
sials 4 e ol Sen (Siadl uis (50 Lials (B Gl claygige )3 0yl sl g bMS] cuas
Glisa 53 |y P et s el ol G e 235 s YT (Il 5 gl SIS,
ieS ey (5551 b (Brgw sln ailidl eloul o aailidl 4 Sonp Sy o (Saasl jialS 4 g 1S e yis
e Blgi o glims bWE! 558 o iie 1l Ign 5 Cdgw LIS SIS 5 a8 S o Mg (5508 Suad]
Saasl gals cols o 20,5 o (adl Glsl el a8 295 oleaeS (Sl b coow I & Sly JSis &
ui‘i‘}él h geLt é‘)‘b‘ Jleinl &8 D9 0 ‘9’“ 9 Cogw slaay o= dj)jl 9P Jus! zs L)“"“K cel cpien
WS 1y bS] solyd a8 395 0 iy Sl ae g clilad cusls Fp el Coge misen yol pl md o
S e

A3 e s |y ol Jsl g sl loy @t bS] floj p ailidl clagligw slaw jus b Ve S
ol g Saasl iis o5yl Lials ) ogs e bS] flos il coge ailisl (claglyge dlas yiljl
by dlass isl38) ¢ piron Do o lob 5 Cogw bWE] 5 pond cusyu oS 4 e ljlad Jlad Sl
g o bW ey JialS 5 5l daisee (3 Ign g Cd g JCBl6Ss mje el

e oo Byl oy Gae ad SYsb 4 e gl ew i il &8 das b lis ISKE pl cioren
ooy b SV a3 g e oy ptaldl el (Suadl otix (651 (el Cogw bl ub 155
Do (Sl @ albond (G5 s 2 p3 U g ol oIS el 4 oxie ol pl 9 00 3l

sials cpl b e Lials @)l sl wlidl slaglygw sl (il b asm sad o ol Ve S wwolys
Ol g 551 PSSy @i wage o Cul (Sl bix 5551 Sl 5 Gl slod g 5L tals L 4
Pedie Sl sbSsd

sdnlie 4 jobolan a3 oo i |y LalBL 51 035L o 5yl 035l p Lidl (slag]yow dlass 43l VY s
Jid g bod ials s 4 Gl cpl g 0 03jb 90 o ialS cely alidl claglyow sl i8] gd o
2 b Gialidl el bW i loj ded o @bl il 4 i a5 ol bS]l ilssl g 5l
carge ol ol Db STy linl g esile (Bl s 0ml slod Laulpd )3 CE g & (gysb & g oo Jlutid
2 ogMe g o Glunt edil als coled o g @lysl lod g jLid ialS ( olewds b yiiSTy Co o il
cge yol cpl g 0ald (S ]y Cogu p3u g Chilad skl sl pfY (S5l B F JUS  co e Rl

1 TKE

YY) aomiio (V£ € b)Y 0)lows VY 5,93 ¢ p93 g0 Colinioes &y puid "



ObebU 215 100 9 bobU oyl sp0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:ab"

4 Jol5 yobar ()l 35l aled 3 298 0 (Blynl ooy BN Ak 3 5 (oleend sla STy Cas s iR
o8l g Ch g JSless @i Lz ym (ol pls Wb e pialS LalBL 31 033l 5 05d 08 s (SSIS I8
a Sy e jLid o Lod ials 5 Jlzdl o b Ll S (K8 lgn g gy bS] 4y Wlgy o LIS lj

Deas e gl ool ials

O 1) O3l st 5 o0y S gge (n)Soptn slaorn¥T p wladl laglgw sl b VY IS

Dyder Ol sanST By (08 MwSsise 9 2Serda GRIEl cage aglhgw 2l (I e e
25 JolS jbods g & loj g e (3L aBl Gl 5l ity 00 semSsige 9 1S9y sleay Yl
5 025 90 Soa Yl e 5 5 umd o IS 1) (31l 5 e Sy &S 29 00 (6555 kB Mg ey
g5 31,5 il a3 YD+ + (VU (slales 3 Baae &l slassT 0V eizrad sl o G331 (58 30 gige
oo 3 68 &3l slaanST LS5 slayiiSly 5 aibl, LialS gyl JLid o La dnglyge lass Lial3al b 2395 oo
g Fignd LIS] > @ gl shis (il 33l (IS jobdy b o (fal8 a2y JB joba cind o0 ) YL
Jests ) glo jlid g Los fals oS Jl 3 0gd o0 ()5 2S5 (S 9de Wl cage (aBl s

VY

2000
1800 £
1600 £
1400 £
200 £
000 £
800 +
600
400 +
200 £

=

Temperature (k)

Pressure (bar)
w oA
o O

Dad oo Vb glod bylyi (o &l slaaus]

CAD

Nozzle Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

Nozzle Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:alS

700
600
500

5400
< 300
200
100

0 T L T T T
-200 -150 -100 -50

e NozZl€ Holes = 3 e====Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9
80
70
60
¥ 50
Z
= 40
a9
~ 30
jan
20
10
0 T T T
-40 -30 -20
e Nozzle Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5
e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9
CHR 4 HRR o> Lid (g9, 6Lid] (slaglygm slasi puis 13l A JSK0
3
2.5
o2
~
[a\]
g 1.5
S 1
F
0.5
0 ———
-200 -150 -100 -50 0 50 100 150 200

CAD
e Nozzle Holes = 3 === Nozzle Holes = 4 === Nozzle Holes = 5

e Nozzle Holes = 6 Nozzle Holes = 8 === Nozzle Holes = 9

TKE (59,5 L8l glg] g dasi juis 56 4 S

YY) aomiio (V£ € b)Y 0)lows VY 5,93 ¢ p93 g0 Colinioes &y puid A



Obebl 215 00 9 ol oyl o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:alS

40 1 210
S ] 200
k7 35 ]
2 ] . . 190
E a ] —A—Combustlon Duration _
S 8 30 ] =@=Mixing Time 180 S
E _E =@ Heat Transfer 170 &
o w 25 1 g
E 5 ] 160 &
EA 1 -
2 20 150 2
= ]
s ] 140
15 7
] 130
10 120
2 3 4 5 6 7 8 9 10

Nozzle Holes Number

Syl JE] g gl oy e bS] loj yy lidl gl gus Sty il Vo JSUS

100 46
.95 44
§ [ | u | |
> 90 - 42
b=
L 85 | 40
9 ~
2 X
= 80 38
5 T
5 75 36
1%}
=
£ 70 34
g B Combustion Effciency
© 65 v G]E 32

60 ———— e e i 3)

2 3 4 5 6 7 8 9 10
Nozzle Holes Number
oA 315 033l 5 3yl 035h g9y Ll (claglygm daw puis u5b VY JSWS
35 - 10
] 9
30 A
] 8
= 25 ] 7
O =
<20 3 ° g
28 . 5 =
S ] 2
S 15 A 4 =
3 ] %
£ 10 ] 3
] 2
5 -
] 1
0 - 0
2 3 4 5 6 7 8 9 10

Nozzle Holes Number

Ol ST 5 558 LS $ig0 ¢y gyhed saodn VT (co)p wilidl claglyow dlas yuss 5B VY JSWS

14 YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid



OBl 215y 9 ol oy o0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.yb"

S5 4 —0
3 8bas 5 (g Syl o S 3,505l Al 8 1 L (slagl g s s SIS gy 4 il ol
ol b sl aily oS5 el eVl polos 3 bl glaglysw Jad 5 50)55 loj ©e (Bo)F E9d loj B
sy a8 ob i s b Elew (295 IS abte pdaw culie il Coge bFlygw dlass iolidl ¢l
9 @35k coles 13 g lon g g LIS 45115 g L8] cla Shg 1 (slodisS oy i a5Lidl clag])gu
2, y5ge SVl

s ol il oSy dendy (gpSenda jebdy |y 3 S05uell CurS ¥ 4 £l Slidl laglyew dlas el
g WS A1,3 39,00 9 C g0 i Sy Gl3El 4 45 A5 S lSe g iy (B Sl a4y e
S gise g 5 930 Soa V] drgs BB (el Cange (950500l 3 dgute ol o 3 S oo S g
03j &S Woly s ol b jeige (Il 003l iul38l g ¢,V gr/Kw.h o+ ¥Y gr/Kw.h jlade &y sy op)S
odd YA g ZAYN b Jolee iy odgr dae ¥ ailidl Flygw dlaw &S Al > LalBl 8D o3jl g !
@ ol oS b sl wolp s g Jladl 3t il cel 6Ll laglyow sl ials (piscen Cal
23,5 e adl slsl 1 b ele ST jials g 8last 5 Sles dgug

il 5 )5 chlad a4 orie Elsw A 5 A 4 ailidl Slaghgw olass il undy ol b analis
e é yobo A g 13,5 0 ,Sosedl AT E ke )f.ﬂ’" el yol cpl il 0l g g Cogw bS] cuas
S 9y 0an YT Fligw A L wlizdl el > a8 Wby ol gubs cawl o3l B ,5b cou 1y Blsl 5 Sles
B ool g slisl ool pzmen g 0 1,00 gr/Kw.h o Yo VY gr/Kw.h b ol cuiyn ()8 uSsige
oyl yials Ly 4 (oYl pl )0 wedle 4 loads Juols ao > YYXY 5 2o )0 MDY L olee s yy alBL
ol 4Bl ]33] b SauYT g abl jials Sl o35b dgn g cgw bS] g psus 5> 00t gy

Slgs o RCCI (slaygige 1> yiaS slaglyow sl b alidl shb &S w0 lis Buins (pl ( JS job
0h94 w090 Slygise > Gl g (o Sejall slaan] b giluaiay 9 ailidl (Sl diej 1> (gl Cuenl

WA oy

m/s ¢ Jbuw cs
N/m? ¢ SluisS oo
kg/m3 . J&s

S o)

H‘Qn-]<

m/s «s yw
Pa s
m3 oo

K o>

J o)l
Kg 2>

S QO 3 < w =

YY) aomiio (V£ € b)Y 0)lows VY 5,93 ¢ p93 g0 Colinioes &y puid Y.



ObebU 215 100 9 bobU oyl sp0 w9 3 y8dos 33 o] il g o (Saoliad Cluoguad w35 4o U aLid) GF ] jguw Sluad ,.:ab"

w ]
GIE @Bl 81y a3l
HRR J/deg )l (oilodll &5
CAD S dx > 4l;
LTC ol b gl
HCcl Sed oS5 ksl 5yl
RCCI iSly a5 o815 Jldl 3l
IVC (62909 42 (phb Ay el
EVO o Amyd (b L dlaxd
LHV MJ/kg (ol 5ol 085
RPM A4dd 2 )9
CHR | IS RO PN W
SMD MM (b gt jlad
References

[1] William ]. The Federal Government's Role in Reducing Heavy Duty Diesel Emissions. SAE
Technical Paper. 2004 Oct 26. doi: 10.4271/2004-01-2708
[2] Kamimoto T, Yokota H, Kobayashi H. Effect of high pressure injection on s, formation processes

in a rapid compression machine to simulate diesel flames. SAE transactions. 1987 Jan 1:783-
91.doi: 10.4271/871610

[3] Li ], Yang W, Zhou D. Review on the management of RCCI engines. Renewable and Sustainable
Energy Reviews. 2017 Mar 1;69:65-79. doi: 10.1016/j.rser.2016.11.159

[4] Splitter D, Wissink M, Kokjohn S, Reitz RD. Effect of compression ratio and piston geometry on
RCCI load limits and efficiency. SAE Technical Paper. 2012 Apr 16. doi: 10.4271/2012-01-0383

[5] Dempsey AB, Walker NR, Reitz R. Effect of piston bowl geometry on dual fuel reactivity
controlled compression ignition (RCCI) in a light-duty engine operated with gasoline/diesel
and methanol/diesel. SAE International Journal of Engines. 2013 May 1;6(1):78-100. doi:
10.4271/2013-01-0264

[6] Kakaee AH, Nasiri-Toosi A, Partovi B, Paykani A. Effects of piston bowl geometry on combustion
and emissions characteristics of a natural gas/diesel RCCI engine. Applied Thermal
Engineering. 2016 Jun 5;102:1462-72. doi: 10.1016/j.applthermaleng.2016.03.162

[7] Nazemian M, Neshat E, Saray RK, Poorghasemi K. Investigation of the effect of piston
geometrical parameters on RCCI engine performance based on second law of thermodynamic.
The Journal of Engine Research. 2022 Nov 27;51(51):21-34. [In Persian]

[8] Nazemian M, Neshat E, Saray RK. Effects of piston geometry and injection strategy on the
capacity improvement of waste heat recovery from RCCI engines utilizing DOE method. applied
thermal engineering. 2019 Apr 1;152:52-66. doi: 10.1016/j.applthermaleng.2019.02.055

[9] Poorghasemi K, Saray RK, Ansari E, Irdmousa BK, Shahbakhti M, Naber ]JD. Effect of diesel
injection strategies on natural gas/diesel RCCI combustion characteristics in a light duty diesel
engine. Applied energy. 2017 Aug 1;199:430-46. doi: 10.1016/j.apenergy.2017.05.011

[10] Nazemi M, Shahbakhti M]. Modeling and analysis of fuel injection parameters for combustion
and performance of an RCCI engine. Applied Energy. 2016 Mar 1;165:135-50. doi:
10.1016/j.apenergy.2015.11.093

[11] Benajes ], Molina S, Garcia A, Belarte E, Vanvolsem M. An investigation on RCCI combustion in a
heavy duty diesel engine using in-cylinder blending of diesel and gasoline fuels. Applied
Thermal Engineering. 2014 Feb 5;63(1):66-76. doi: 10.1016/j.applthermaleng.2013.10.052

[12] LiY, Jia M, Liu Y, Xie M. Numerical study on the combustion and emission characteristics of a
methanol/diesel reactivity controlled compression ignition (RCCI) engine. Applied energy.

Y YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid


https://doi.org/10.4271/2004-01-2708
https://doi.org/10.4271/871610
https://doi.org/10.1016/j.rser.2016.11.159
https://doi.org/10.4271/2012-01-0383
https://doi.org/10.4271/2013-01-0264
https://doi.org/10.4271/2013-01-0264
https://doi.org/10.1016/j.applthermaleng.2016.03.162
https://doi.org/10.1016/j.applthermaleng.2019.02.055
https://doi.org/10.1016/j.apenergy.2017.05.011
https://doi.org/10.1016/j.apenergy.2015.11.093
https://doi.org/10.1016/j.apenergy.2015.11.093
https://doi.org/10.1016/j.applthermaleng.2013.10.052

Obebl 3100 5 Lol olpte 9 3,8hos 3 o A 5 ol (Solisd Sleoguad 35 505 b ST G ygms sl 13T

2013 Jun 1;106:184-97. doi: 10.1016/j.apenergy.2013.01.058

[13] Nieman DE, Dempsey AB, Reitz RD. Heavy-duty RCCI operation using natural gas and diesel.
SAE International Journal of Engines. 2012 May 1;5(2):270-85. doi: 10.4271/2012-01-0379

[14] Li Y, Jia M, Chang Y, Liu Y, Xie M, Wang T, Zhou L. Parametric study and optimization of a RCCI
(reactivity controlled compression ignition) engine fueled with methanol and diesel. Energy.
2014 Feb 1;65:319-32. doi: 10.1016/j.energy.2013.11.059

[15] Li ], Yang W, Zhou D. Review on the management of RCCI engines. Renewable and Sustainable
Energy Reviews. 2017 Mar 1;69:65-79. doi: 10.1016/j.rser.2016.11.159

[16] Liu H, Wang X, Zheng Z, Gu ], Wang H, Yao M. Experimental and simulation investigation of the
combustion characteristics and emissions using n-butanol/biodiesel dual-fuel injection on a
diesel engine. Energy. 2014 Sep 1;74:741-52. doi: 10.1016/j.energy.2014.07.041

[17] Yu C, Wang ], Yu W, Liu ], Gao D. Research on low temperature combustion of homogeneous
charge induced ignition (HCII) in a light-duty diesel engine. InProceedings of the FISITA 2012
World Automotive Congress: Volume 1: Advanced Internal Combustion Engines (I) 2012 Nov 2
(pp- 195-204). Berlin, Heidelberg: Springer Berlin Heidelberg. doi: 10.1007/978-3-642-33841-
0_15

[18] Ma S, Zheng Z, Liu H, Zhang Q, Yao M. Experimental investigation of the effects of diesel
injection strategy on gasoline/diesel dual-fuel combustion. Applied energy. 2013 Sep
1;109:202-12. doi: 10.1016/j.apenergy.2013.04.012

[19] Wu Y, Reitz RD. Effects of exhaust gas recirculation and boost pressure on reactivity controlled
compression ignition engine at high load operating conditions. Journal of Energy Resources
Technology. 2015 May 1;137(3):032210. doi: 10.1115/1.4029866

[20] Liu H, Wang X, Zheng Z, Gu ], Wang H, Yao M. Experimental and simulation investigation of the
combustion characteristics and emissions using n-butanol/biodiesel dual-fuel injection on a
diesel engine. Energy. 2014 Sep 1;74:741-52. doi: 10.1016/j.energy.2014.07.041

[21] Asad U, Divekar P, Zheng M, Tjong ]J. Low temperature combustion strategies for compression
ignition engines: operability limits and challenges. SAE Technical Paper. 2013 Apr 8. doi:
10.4271/2013-01-0283

[22] Paykani A, Kakaee AH, Rahnama P, Reitz RD. Effects of diesel injection strategy on natural
gas/diesel reactivity controlled compression ignition combustion. Energy. 2015 Oct 1;90:814-
26.doi: 10.1016/j.energy.2015.07.112

[23] Benajes ], Garcia A, Monsalve-Serrano ], Boronat V. Particulates size distribution of reactivity
controlled compression ignition (RCCI) on a medium-duty engine fueled with diesel and
gasoline at different engine speeds. SAE International Journal of Engines. 2017 Dec
1;10(5):2382-91. doi: 10.4271/2017-24-0085

[24] Dahodwala M, Joshi S, Koehler E, Franke M, Tomazic D. Experimental and computational
analysis of diesel-natural gas RCCI combustion in heavy-duty engines. SAE Technical Paper.
2015 Apr 14. doi: 10.4271/2015-01-0849

[25] Hanson R, Ickes A, Wallner T. Comparison of RCCI operation with and without EGR over the
full operating map of a heavy-duty diesel engine. SAE Technical Paper. 2016 Apr 5. doi:
10.4271/2016-01-0794

[26] Wang Y, Zhu Z, Yao M, Li T, Zhang W, Zheng Z. An investigation into the RCCI engine operation
under low load and its achievable operational range at different engine speeds. Energy
conversion and management. 2016 Sep 15;124:399-413. doi:
10.1016/j.enconman.2016.07.026

[27] Splitter D, Wissink M, Kokjohn S, Reitz RD. Effect of compression ratio and piston geometry on
RCCI load limits and efficiency. SAE Technical Paper. 2012 Apr 16. doi: 10.4271/2012-01-0383

[28] Moon S, Gao Y, Park S, Wang ], Kurimoto N, Nishijima Y. Effect of the number and position of
nozzle holes on in-and near-nozzle dynamic characteristics of diesel injection. Fuel. 2015 Jun
15;150:112-22. doi: 10.1016/j.fuel.2015.01.097

[29] Zhao Y, Liu X, Kook S. Effect of three-hole nozzle orientations on sprays and combustion in
methanol-diesel dual direct injection engines. Applied Thermal Engineering. 2024 Oct
1;254:123953. doi: 10.1016/j.applthermaleng.2024.123953

[30] Rojas-Reinoso EV, Morales-Chauca K, Lara-Lara ], Soriano JA, Garcia-Contreras R. Adaptation
and Validation of Injection Rate Predictive Model for Solenoid Type Injectors with Different
Nozzle Geometry. Applied Sciences. 2024 Apr 17;14(8):3394. doi: 10.3390/app14083394

[31] Firuzi R, Bagherpoor F, Farajollahi A. Engine Injector Multiphase Flow with Indicated

AR W¢(\io£ » )Yt D)lbws ¥y 0,99 ¢yg g0 AR 3 Ay guiid vy


https://doi.org/10.1016/j.apenergy.2013.01.058
https://doi.org/10.4271/2012-01-0379
https://doi.org/10.1016/j.energy.2013.11.059
https://doi.org/10.1016/j.rser.2016.11.159
https://doi.org/10.1016/j.energy.2014.07.041
https://doi.org/10.1007/978-3-642-33841-0_15
https://doi.org/10.1007/978-3-642-33841-0_15
https://doi.org/10.1016/j.apenergy.2013.04.012
https://doi.org/10.1115/1.4029866
https://doi.org/10.1016/j.energy.2014.07.041
https://doi.org/10.4271/2013-01-0283
https://doi.org/10.4271/2013-01-0283
https://doi.org/10.1016/j.energy.2015.07.112
https://doi.org/10.4271/2017-24-0085
https://doi.org/10.4271/2015-01-0849
https://doi.org/10.4271/2016-01-0794
https://doi.org/10.4271/2016-01-0794
https://doi.org/10.1016/j.enconman.2016.07.026
https://doi.org/10.1016/j.enconman.2016.07.026
https://doi.org/10.4271/2012-01-0383
https://doi.org/10.1016/j.fuel.2015.01.097
https://doi.org/10.1016/j.applthermaleng.2024.123953
https://doi.org/10.3390/app14083394

ObebU 215 100 9 bobU oyl sp0 e 9 3,5kos 43 o] GEES g o (Sewelsd Sluogas 1 55 505 b ALiS] g jgw laxs 5

Quantities Simulation for Different Orifice Geometries and Needle Movements. The Journal of
Engine Research. 2022 Feb 20;65(65):21-41. doi: 10.22034/er.2022.697904

[32] Yaliwal VS, Banapurmath NR, Gireesh NM, Hosmath RS, Donateo T, Tewari PG. Effect of nozzle
and combustion chamber geometry on the performance of a diesel engine operated on dual
fuel mode using renewable fuels. Renewable Energy. 2016 Aug 1;93:483-501. doi:
10.1016/j.renene.2016.03.020

[33] Yousef O, Mashkour M. Effects of Nozzle Diameter and Holes Number on the Performance and
Emissions of a Gasoline Direct Injection Engine. International Journal of Thermodynamics.
2024 Jan 3;27(1):1-2. doi: 10.5541/ijot.1272871

[34] Nadimi E, Przybyta G, Lgvas T, Adamczyk W. Effects of biodiesel injector configuration and its
injection timing on performance, combustion and emissions characteristics of liquid ammonia
dual direct injection engine. Journal of the Energy Institute. 2024 Jun 1;114:101605. doi:
10.1016/j.joei.2024.101605

[35] Kumaran SS, Raghu P. Effect of Nozzle Hole Number on Diesel Engine Using Diesel and
Biodiesel Blends. InIOP Conference Series: Materials Science and Engineering 2020 Aug 1 (Vol.
912, No. 4, p. 042007). IOP Publishing. doi: 10.1088/1757-899X/912/4/042007

[36] Li Z, Zhang Q, Zhang F, Liang H, Zhang Y. Investigation of Effect of Nozzle Numbers on Diesel
Engine Performance Operated at Plateau Environment. Sustainability. 2023 May
25;15(11):8561. doi: 10.3390/su15118561

[37] Dong S, Yang C, Ou B, Lu H, Cheng X. Experimental investigation on the effects of nozzle-hole
number on combustion and emission characteristics of ethanol/diesel dual-fuel engine. Fuel.
2018 Apr 1;217:1-0. doi: 10.1016/j.fuel.2017.12.024

[38] Park SW, Reitz RD. Modeling the effect of injector nozzle-hole layout on diesel engine fuel
consumption and emissions. InASME/IEEE Joint Rail Conference 2007 Jan 1 (Vol. 4787, pp.
375-389). doi: 10.1115/JRC/ICE2007-40022

[39] Moon S, Komada K, Sato K, Yokohata H, Wada Y, Yasuda N. Ultrafast X-ray study of multi-hole
GDI injector sprays: Effects of nozzle hole length and number on initial spray formation.
Experimental =~ Thermal and  Fluid Science. 2015 Nov  1;68:68-81. doi:
10.1016/j.expthermflusci.2015.03.027

[40] Zareei ], Alvarez JR. Analysis of the effect of the number of injector nozzles on the pressure and
heat transfer coefficient in a hydrogen-diesel mixture diesel engine. International Journal of
Hydrogen Energy. 2024 May 20;67:1148-56. doi: 10.1016/j.ijhydene.2023.11.175

[41] Jafari B, DOMIRI GD. Numerical investigation in the effect of number of nozzle hole on
performance and emission in dual fuel engine. International Journal of Automotive
Engineering. 2013 Jun; 412-423.

[42] Kothiwale GR, Akkoli KM, Doddamani BM, Kattimani SS, Agbulut U, Afzal A, Kaladgi AR, Said Z.
Impact of injector nozzle diameter and hole number on performance and emission
characteristics of CI engine powered by nanoparticles. International journal of Environmental
Science and Technology. 2023 May;20(5):5013-34. doi: 10.1007/s13762-022-04397-0

[43] Parravicini M, Barro C, Boulouchos K. Compensation for the differences in LHV of diesel-OME
blends by using injector nozzles with different number of holes: Emissions and combustion.
Fuel. 2020 Jan 1;259:116166. doi: 10.1016/j.fuel.2019.116166

[44] Som S, Ramirez Al, Longman DE, Aggarwal SK. Effect of nozzle orifice geometry on spray,
combustion, and emission characteristics under diesel engine conditions. Fuel. 2011 Mar
1;90(3):1267-76.doi: 10.1016/j.fuel.2010.10.048

[45] Asef A, Mohammadi A, Khorramirad V, Ajami N, Parivar AH, Maghsoudi Mehraban K. Study of
GDI injector in constant volume chamber by optical measurements and CFD-Simulation. The
Journal of Engine Research. 2022 Dec 22;69(69):39-48. doi: 10.22034/er.2022.697928

[46] Rahimi A, Fatehifar E, Saray RK. Development of an optimized chemical kinetic mechanism for
homogeneous charge compression ignition combustion of a fuel blend of n-heptane and
natural gas using a genetic algorithm. Proceedings of the institution of mechanical engineers,
Part D: Journal of Automobile Engineering. 2010 Sep 1;224(9):1141-59. doi:
10.1243/09544070JAUT01343

[47] Wang H, Yao M, Reitz RD. Development of a reduced primary reference fuel mechanism for
internal combustion engine combustion simulations. Energy & Fuels. 2013 Dec
19;27(12):7843-53. doi: 10.1021/ef401992e

vy YY) doiio (V€0 € ) ¥ 0)lows VY 593 ¢ 9 g0 Colinines dy puid


https://doi.org/10.22034/er.2022.697904
https://doi.org/10.1016/j.renene.2016.03.020
https://doi.org/10.1016/j.renene.2016.03.020
https://doi.org/10.5541/ijot.1272871
https://doi.org/10.1016/j.joei.2024.101605
https://doi.org/10.1016/j.joei.2024.101605
https://doi.org/10.1088/1757-899X/912/4/042007
https://doi.org/10.3390/su15118561
https://doi.org/10.1016/j.fuel.2017.12.024
https://doi.org/10.1115/JRC/ICE2007-40022
https://doi.org/10.1016/j.expthermflusci.2015.03.027
https://doi.org/10.1016/j.expthermflusci.2015.03.027
https://doi.org/10.1016/j.ijhydene.2023.11.175
https://doi.org/10.1007/s13762-022-04397-0
https://doi.org/10.1016/j.fuel.2019.116166
https://doi.org/10.1016/j.fuel.2010.10.048
https://doi.org/10.22034/er.2022.697928
https://doi.org/10.1243/09544070JAUTO1343
https://doi.org/10.1243/09544070JAUTO1343
https://doi.org/10.1021/ef401992e

