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! Pre-chamber combustion system
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Figure 1- Comparison of combustion chambers of gas engine; a: with pre- chamber and b: without pre-chmaber.
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Figure 2- The combustion process in the engine with prechamber (Flame transfer from pre-chamber to main chamber)

@l gl iz oy (3l Glapianas Sl ool o sl blio 2 talojl paiz Bo)b 5l plaime 5l g )kas
oolitul il 3 Slas a1 cows [AA] WIALiIE amo Jiig o cpmoman 5 YU &,03 b Sl boolSy 5 4o ooliiul
) dp ] Wy, g 00l (CCV) ' Sos a5 o & 45 2 Sy 5 Slsd e 20l el il iy sloalaisns |
500 (ol 3l 3l oailesdl slajls Jandl o3 5| (86 4,0 5 8L Sl (20lS Sl ol nl [V o] S o e
i (2l 30Dl 5 0Ll Ll oy de [NV aiS o 0ol 1) g0 )l 203k 5 0515 e Gl IS
e Byl ol sloacs fog aislial 4 Gl oo Bl ol 51T 00 093y 5 cmlae b o Lil byl a4y a5 Jlail
S35 20l s 393 a4 a5 0ad ol glaakiioe g5 cnl ol siluaigr glo a5 555 o L0l kil cor
D] calons L 5o o7 39i g baygige ol
©30e Syt | Lol alaie o bl 3l p abise i S gw §pdyiiSTly O3 DY ol Kes 5 Kl
ol s, adllas |y alaie oy j 29,5 alad » H/ CO Gl slaces Ol ols jsbay ool 08,5 o
by a5 500 Gios S )3 3580 3k HYCO Cos A0l BIL lalamdle LB jsboay 3lyiol 36 loj o5 ol (Lis
» Lits aliime i slagl e ks a5 ol oles G, sloowds 3IUT ol il abul DVF] ohKan 5 oygmad]
8 Sl s ik S5 5550 S0 (55 (225 anllln o VO] ) S 5 552 0138 o 3T ol3T (sla IS0 shass
oy & goas dalllas SO 5l oolainl b cpzren oyl assls plxil 04 ol pen alidzs i J&lo 5 CNG Co g 33,5 b

' Cycle to-cycle variation

a



e zlo s s (il dese (loid g Laallyl

Geiod G50 S ES g 4 Ige Cund 9 (09) By (o ey ezl i Sllee Ll ph o sg9e 0 See
il o (s8> slosise Jyans w5 3yl abiime (i et 3 Skes dunlin b V] (liSen 5 Gzl 500
Luly 5o 1y @b @limt eojl g 00,8 conti 1) Gl oad joige LS SRl el aliioe iy lio! s oS
1y g bl —p815 able jo 00 dnss abiizme iy (ilotecd VY] () Se2 5 Yo a8 o alom] (5 togeS s
55 Jeboisa sz DAL o jinn sl py g CBlE Grizman 5 ni¥sny58 (sloossdy (gma 4 5 2505 (it
9 OF Jol5 5 (G52 slasl )3 a5 b azgia g ol plonil 1) )l albione oo peliians B0y S22 590 Su )3 55T
I8 e, 0 DAl il Ses g gurie 09800 b pe ol 3l abaize J31s Gl 4 g phbicas , JS 5V
ails Solare Gliol saliize i p 3ol sabize S5 3l o0 s n g3dse @ 1) 053 Dliins 5
Sl yiite paiane Gl J20 $la)sise 3l abize siluatge olyie b1y camgn [Ve] il Ko 5 (oo
Wiloon @3 1) iluaige anmg GGl a5 wload (g o)sl S5 elol p siledne Slagty, Gaios
Slosls e o slaygge oShee 3ol abhaise awain 56 gedge p 1) 095 Sl [V ailSen 5 b
CEge B3 L sloslr e (Jno sleygige ohigar (Jns Glaysise o Slas )0 3l 2ol galrime gawais aiils Bglass
5 A guw axl g0 Gl Gl T e a8 o S @l o [YY] 50,5 5 ey 0iiS oo Wl |y oo L5 0l HLid
loodls alowgty (g0 (ESgw £ g ond a3l 50 SHU Colide Joe onl 50 alad dgez ad( oo S AL g
sl S sl Joo L IVY] jy 5 ey ot a3 S s 0 55 > Sl 5 005 (s ey lad 025
50 Joe o Ivol (uillSen 5 gt 5 [YF] (uillSen 5 (gt win)S el jise (S Dlpis 1) il
o)Ll g Lages laae cnl 09 55 allis 5 (S Jald o5 wisls dnugi (slad > JLidl jgige slp alie sl
Cawd &y al)] aled S b oo ool BL3,1 ol 5 1 e ol et aleds Ll S o peed ool 4y sonitions
i Olse (Fa 50 9 p5ige 0,8les rasS 12 pad S IS (g3luannd 398 o8l Lo o iyl sle Jore il
£95 95 o g 8,5 oolitul Cigu il F i ools lis slp caly ab G IYP] Sga ol o plowil ) NOX (slaoass YT
i ploil ' gimie (50,5 5l gty 3l ooy Se g Jlaidl o3l 8 plotiel ) slasl g3 5 slasl S5 Jo
Jyore sl g 5l oolitul L slady> 32> j5is0 o 55) so0e 5 225 )5 o [YAl g lea 1 5 [YV] gl
SHap T aisls plil S aenSTiss 5 O3grmd aiile WwoaiiS 33, 5 lign «oigssed ol aiile pliglabglin 5 38
Sde g Jledl b alwg i U ais S colatwl glaxlss g slasbch gla Jow jo loj—,Lid ool (g S ojlasl ol s
90 Jow 0 8lee ol o8 amo sy s kemn ]l sloosls 5l laaws [YA] 45l § 00,5 atsS avule 1) Gt oboj
OB 5 ln e Bl G gl S eolatl Lt g b (1a8 2 JLidl jgige 3 Sles (St ln 355 SlaU
Wy oS A g g A g il o ) Sl slos g ,Lad Sl Wlsh abiwy ol 4 B 5,5 Gl o>
g8 5 o sm ilg lacdlo (sl i sloygise (slp aliize iy 3251 et 0Shae [Y] e ooljile
oy sl abtize (g 3l e S (SauYT 5 Glol Gla S yn 4 oLl wols 15 ) 055
LSS e 9 Ses ane (Hhb et jolaiedr (Slowlre VL Selins leslial b (S
Sy50 Gyl 5 o sloy o3b o ol abaiza 5 altime g 45 3] Alivs il abxl slacglls 5 Sldlas
bylbe iz Joe las )5 0 ol @z bl oog Glyiml anl b Conle o] 35 50 5 sl €85 418 )
slagle; 5 65l po Solite Slacens il ot 2 Cund o dlaione A g (ol iz (950 Sl g SS9
535 55y » Sl S gy nl ) andl (San¥TLanl i 5 s Glid 50 Sk c2ge S cilise

Syl o2 S (i > '_MJ».)L’ Q) Gt cpl 50 9y nl 5l ogd s a8 )T onyol Gldllas ling jo a5 CllAS aialys

'curve fitting

41



oo ¥T jLesl oliee 5 55550 ol Olg oo jLed  Jls alaie iy 65550 G 0 Shee (53482 ool

g g0 &S 5

Sl OYolw g 55w o

o yally b s eien 5 )T (60 ,Shee slaaasie JolS ololis jolanats 51 3152 slaygige (slutnnts
@ ‘) H¥ 90 (5>|).|c sloas ;o u‘ﬁ-’s‘ Solwas )| solatwl b ool ‘5|o‘}.3‘5 Cot| 6‘)“5 990 QLM.H) g 0,5bes p iz
G o 5l a5 050 so el A5 £lgil 4 395 (g5ludad Sgai (b a0, Slee b olo,gige 5 oole el Calh
oolaiwl dwdin .Wgd oo mF (GAaSl Siwelind 5 Gl ol s 4 uman o Joe U g ool £g,0 (Solinoge i ool
Slasin . Zuwl oals ools ol YError! Reference source not found. ;o ;540 3l ool alhame o5luand (gl oo
e )l gy élo 6L‘°}l§ 9 odl )L‘:T PUETES9N Oy yo 48> bl b é|f.‘>| R PR J..S».J GLo‘ alrds 9 alrdeo
QS oo bl 1) ol ahios jo 5l calaions

8 ©
- o0
_ ) []
LN
(R SOPEDPTT [T WS ARNPEI RN —— W S p—— b s
~ N
]
~

9P 90 Byl adazo (g jlwaand (gl p ouud soliiwl awasd slul 1 & g oylgz b il =Y STl

Figure 3- a: schematic and b: dimension of the geometry used to simulate the combustion chamber of the engin
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Table 1- Geometrical and operational specifications of the engine

Bore (mm) 156
Stroke (mm) 182
A _at Full load 2.0
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Figure 2- Meshing in the top dead center (TDC) in different views, A:. Top isometric view, b: section cut in the middle of the room, c:
bottom isometric view
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Table 2- Initial and Boundary values of engine

Variable

Value

Initial Pressure

2.67 bar

Initial Temperature

3104 K

Bore Temperature

620 K

Cyliner Wall Temperature

370K

Piston wallTmeperature

590 K

Pre-chamber Temperature

600 K
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Figure 5- Comparison of present results with Ref. [35]
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Figure 6- Pressure versus crank angle degree
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Figure 7- Temperature versus crank angle degree
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Figure 8- Fuel mass fraction versus crank angle degree



e zlo s s (il dese (loid g Laallyl

Sl S i1
5 izt (53] @8 S b 98 o0 oy i 53 00V g 5ise 3 Shos S g 4 l9n (55 @b s 3l
&) o2 @lizre slacans ;5 (BDO) adgl Lyl i 1o 55590 (699,9 sl el by cewl oals (g 3lwancds (F Jgaz) YIY B V/F
slrosls (wlwl 5 BDC ;o ¥ Joles Cod )0 j5ig0 Ml (slod g adsl jLid .ol ool ool L ¥ Joaz jo Cogullga
&lp) Co g pyz plpls sl 0als plail 29,5 Glg 0 Cudgase b (65, pp Cnnd ialS 5 o33l .l GT Power
2 S Lyl 55 (o795 45 295 00 drlone 140554 0515 el JLad 5 Las 09 o i 5 YIVY (59, (paclems VY

Blos s @ 350 den

310K adgl lod 50 g &3 gullgn (65,1 po alis Glacamnd 15 59990 (59959 Lokl —F Jgu
Table 3- Engine input parameters at different air/fuel equivalence ratios and at an initial temperature of 310 K

A |Stoi air/fuel ratio|actual air/fuel ratio| CH4 mass fraction|O2 mass fraction|Initial Pre (bar)
1.6 7.616 12.1856 0.04333 0.2219 1.755

1.8 8.568 15.4224 0.03455 0.2240 2.191

1.9 9.044 17.1836 0.03112 0.2248 2.4210
1.95 9.282 18.0999 0.02959 0.2251 2.5430

2 9.52 19.04 0.02817 0.2255 2.670
22 10.472 23.0384 0.02340 0.2266 3.210
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Figure 9- Pressure versus crank angle in different equivalence ratios
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Figure 10- Temperature versus crank angle in different equivalence ratios
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Figure 11- Fuel mass fraction versus crank angle in different equivalence ratios
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Table 4- Engine output characteristics at different air/fuel equivalence ratios

A Max Pre (bar) | Max Temp (K) | Power (kW) | BSFC (g/kWh) | Nox (ppm)
1.6 135.5 2351.6 993.30 168.546 12554
1.8 139.9 2030.9 1015.9 166.30 6011
1.9 1423 1900.0 1003.5 167.02 1219

1.95 1442 1842.0 1006.9 166.45 501.7

2 1459 1787.4 1010.0 166.08 204.2

22 155.6 1601.4 1017.0 165.86 5.8
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Figure 12- Pressure versus crank angle at different rotation ratios
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Figure 13- Mass fraction versus crank angle at different rotation ratios
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Figure 14- Temperature versus crank angle at different rotation ratios
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Table 5- Engine output characteristics in different rotation ratios

Swirl ratio | Max Pre (bar) | Max Temp (K) | Power (kW) | BSFC (g/kWh) | Nox (ppm)
0 145.9 1787.4 1007.9 166.08 204.2
0.5 147.8 1798.7 1010.1 165.72 231.4
1.0 158.4 1838.0 1021.5 163.87 3233
1.5 169.8 1874.3 1029.9 162.5 431.9
2.0 178.7 1903.4 1032.8 162.1 524.9
2.5 197.8 1948.4 1030.4 162.5 786.1
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Figure 15- Pressure versus crank angle at different ignition timings
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Figure 16- Mass fraction versus crank angle at different ignition timings
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Figure 17- Temperature versus crank angle at different ignition timings
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Table 6- Maximum pressure and its position at different ignition times

Spark ignition timing BTDC | Maximum pressure (bar) | Maximum pressure location ATDC
9 123.1 11.8
12 133.6 11.8
15 145.9 12.4
18 162.4 11.8
21 196.0 7.6
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Table 7- Engine output characteristics at different ignition times

timing BTDC Power (kW) BSFC (g/kWh) Nox (ppm) NOx (g/kWh)
9 993.7 168.61 40.05 0.02125
12 1012.7 165.44 90.8 0.04727
15 1010 165.89 204.2 0.10660
18 1038.4 161.35 460.9 0.23397
21 1046.5 160.10 1993.6 1.00422
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The pre-chamber ignition system is a key technology to enable spark ignition engines to operate under lean
burn conditions and stable combustion. Therefore, in the current research, the effect of rotation ratio,
equivalence ratio and ignition time on pressure, temperature, engine output power and pollutant emissions of
a pre-chambered gas engine was investigated using computational fluid dynamics. This research generally
consists of three parts; in the first part, the combustion chamber geometry of an engine equipped with pre-
chamber technology is drawn and gridded. In the second step, dynamic motion is given to the combustion
chamber and the chamber is simulated in motoring mode (without combustion). In the third step, the
combustion process inside the chamber was analyzed using Fluent software. This analysis, which included
methods for solving the problem of computational network dynamics and the transfer of components due to
combustion, provides the profiles of temperature and pressure, fuel consumption, output work, and other
functional characteristics of the engine. Analysis of the effect of air fuel ratio showed that the best operating
equivalence ratio at full load is 2, which is the equivalence ratio of the base engine. Also, the results showed
that the ignition time of 12 and 15 degrees before the top dead point shows acceptable operating conditions.
Ignition timing 12 showed lower NOx production and higher exhaust gas temperature compared to ignition
timing 15.

Keywords: Gas engine, pre-chambered, computational fluid dynamics, ignition, fuel mass fraction



