Bl g g cdagh - cale 4 i

VWAS Ll o ks el o )los aas Jlo ol et oami

S48 > Jlasis] yg5 g0 S 5l il Aliixe jo crub I aleds JliS, )y y

Sl gt e 5 Ll s
J_pashagi@sut.ac.ir «j; 5 «aigus (gato ol8ails (Sile qwdige 550 (gozmiils =)
khoshbakhti@sut.ac.ir «(colbes odicus 9) 32 o5 edign (Srino o8l (Sl i o Leisls - ¥
QFIVA o pds QDN TIYE Sl o ,5T @il o ABAITY tedl,o F,b)

8l ol alaass jo aled 5,0 aig) b coniiiuns alal, (olad > Jluiil slo,gige 1o (55! Ls}LwQ‘}—' ol éw
Seolizs 5l oolaiwl b iglad,> il jsige Gy gxmb S8 sl anld giluacs b o(gaasd pl jo ol
9 alise 6Lm)50 )é ‘5>)2.> LngU}A)] w‘ 0 @R Q" )‘ )30 9 Lbo)‘%'.) s.i:éf )é 4\1:...:)[:\_9) gG)L,.MalDLA CJYLMJ
2 liel g2 slaoslo b Jow guli 5 00g diy 45 1> O a0ty (giluad (ol 0uls plodil G348, a6l s b
i Sy 5l Zle 50 med a8y 8818 L s e lis bl oy el CBo 5l AT wad
OF Soriay @olr el o5 olnd 5 Cond o S rapn sle)S Sjgoay aled (308 (28 ik
al> o cpl 50 VU (6550 slwoly] Sial ot b g oy 0,010 S ol Sld b aled o adgl 23 )
oy Yool o dalol ol Loyl 75 b pis g Sl (gt S L alads mhaws 3555 5l o =Y 555 oo
935 5 T aed Sl 0 CE g p wo 0 DO a5 il slaoglgo b aleds s 0,5 5l am aled 55l

Sjgwse Ao 1l 13 5 e 10 aed > 0wy YO

Slosle SVl Sealins o,lg00 calads ghaws o als 55 ((glad > il 550 1oy jlgauds

400

iz Slod S Sl (iliie lis 3 (A3 Gl ol sl sige sl esliiul & (5933055, 5Ls 5 50 @lsr é i b
INew! a8 5 & o SonV mlhw alS 5 Cogw Bpas (2olS 0ol (ioli8l Bas b b,gige (ol o Sles (o3lwdig
@ azgs badl aily 0ald SS Blaal 4 (olitws ;5 (g0 SeS Wi oo joig)s Slysige 31l wnls 530 adla
Oliize JL3 3550yt j9,855) Siluaed Slaghs, deailly (il pud Gl g o legtale] YL anje
Lol sld o Jlnsl glaygige 10 (b S5 il 03Kl Glacdgu jlsslinul Bk 5l 055 (o0 )13 jge Caro
VIl loygaS” )3 Syl il Cuanl 0 8 \“:’)‘P 5 G Oleyed 0dgs G 95155 Heise sbo )8

Seal lie 5l BB it Wb sl Jldl Glaygise o Gleebl LB sadgiluanct Joo sbml sl
551 @3lolyl Sapl ani yo (quilol (gl ol Sl aAlad (55 ey Sty g dlad gz gl 03y S50 (55 (5Ll
laygige ;5 GiSgm 5 RPN ol sla) el 51 (Ko laojlns b uled (19 5 a0seS 5 alad dgeer Colus (131 2wl
el (65978 6yl (6148 2 Jaidl jgige 3l il abrime o (oands SIS alads HLd) 580 e A V] ] (gl ol

53,5 sy 2 KIVABV oS alisgas |, [sige ala asl atun LS5 3 09,580 &l JUisl 36 [F] o), Som 5 520
wasie oy e Joa 5 o3 sl s GHY Glae (958 b e alnd )5 Joe S 5l ety sl o]

1. Combined Heat and Power
2. Discrete Particle Ignition Kernel (DPIK) model
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1. Laminar Flamelets

2. Fractal Dimension

3. Bunsen Burner

4. Large Eddy Simulation
5. Thin Reaction Regime
6. Computer Aided Design
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Table 1- Technical specifications of engine

Number of Cylinders 4
Bore*Stroke 100 mm*127 mm
Compression Ratio 95:1
Connecting Rod Length 219 mm
Displacement Volume 3.99 Lit.
Firing Order 1-3-4-2
Combustion Chamber Heron
Number of valves per Cylinder 2
Breathing system Natural
Fuel Type Natural Gas
Valves Timing relative to TDC of Intake Stroke IVO'=710°(-10°) , IVC?*=210° , EVO®=497°, EVC'=25°
The Max. Lift of Valves IVL®=10.71 mm, EVL®=10.84 mm
Number of Cylinders 4
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1. Inlet Valve Open

2. Inlet VValve Close

3. Exhaust Valve Open

. Exhaust Valve Close

. Inlet Valve Lift

. Exhaust Valve Lift
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Figure 1- Research test cell and in-cylinder pressure measurement equipment
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Table 2- Various engine operating conditions

Mode RPM Spark Timing Torque (N.M) Air Flow Rate (kg/hr) | Fuel Flow Rate (m®/hr)
1 1200 19BTDC 218 100 9.8
2 1200 26BTDC 225 100 9.8
3 1500 19BTDC 216 120 115
4 1500 26BTDC 220 120 11.5
5 1800 19BTDC 195 142 12.1
6 1800 26BTDC 205 142 12.1
7 2000 19BTDC 185 154 13.2
8 2000 26BTDC 200 154 13.2
9 2200 19BTDC 180 165 14.8
10 2200 26BTDC 198 165 14.8
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Table 3- The accuracy of measured parameters

Measured Parameters Accuracy
Torque +2N.M
Spark Timing + 1deg
Air Flow 2 kg/hr
Fuel Flow 0.5 m"3/hr
Crank Angle 0.1 deg
Press. of Combustion Chamber 0.001 bar
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Figure 2- 3-D model and outline of the computational mesh of the combustion chamber
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Bore: 100 mm

Figure 3- Position of the spark plug relative to cylinder centerline
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1. Port

2. Coherent Flame Model
3. Spark Caoil

4. Electronic Control Unit
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Table 4- The boundary condition and initial condition of model

T-Head wall 650°C P-IvC 0.97 bar
T-liner wall 550°C T-IVC 80°C
T-piston wall 600°C T.KE 18 m?/s’
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Table 5- Specification of combustion model, spark plug and turbulence model

Model Name Coherent Flame Model(C.F.M)
Initial Flame Surface Density 650 1/m
Stretch Factor 1.35
Initial Flame Kernel Shape Spherical
Flame kernel Radius 5mm
Turbulence Model K-e-(-f
Wall Treatment Model Two wall Treatment
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Figure 4- Mesh independency based on in-cylinder pressure history considering 3 different mesh numbers at 1500 rpm and spark
timing of 19 CA BTDC
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Figure 5- Validation of model results using in-cylinder pressure and heat release rate histories: (a) 1500rpm and spark timing of 19
CAD BTDC (b)1500rpm and spark timing of 26 CAD BTDC (c) 1200rpm and spark timing of 19 CAD BTDC (d) 1200rpm and
spark timing of 26 CAD BTDC
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Spark Location: Out of Center Spark Location: Center
Spark Timing: 19 CA°BTDC Spark Timing: 19 CA°BTDC
Crank Angle: 2 CA°’ATDC Crank Angle: 2 CA°ATDC

Figure 6- Comparison of real flame surface and assumed spherical flame growth in both center and off-center spark plug position
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Crank Angle: 18ATDC Crank Angle: 20ATDC
Spark Location: Out of Center - Spark Timing: 19BTDC- RPM: 1500
Figure 7- Development of flame front and its collision to the combustion chamber walls when spark plug is located out of center
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Crank Angle: 18ATDC Crank Angle: 20ATDC
Spark Location: Center - Spark Timing: 19BTDC- RPM: 1500

Figure 8- Development of flame front and its collision to the combustion chamber walls when spark plug is located
at center of cylinder
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Figure 9- Comparison of variation of flame surface area versus crank angle degrees for both centered
and off-centered spark locations
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Figure 10- Comparison of variations of heat release rate and in-cylinder pressure versus crank angle degrees for both centered and
off-centered spark locations
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Table 6- Analysis of mass fraction burned and development of flame front at 1500rpm and spark timing of 19BTDC

spark plug location: out of center spark plug location: center
Crank Angle | Burned mass (%) The Position of the Flame Surface Crank Angle Burned mass (%)
-13 0 Starting of the Flame Front -13 0
-35 5% (SOC) Increasing of the flame surface with high rate -3.5 5% (SOC)
3 16 Collision of the Flame surface with piston 3 16
6.5 28 Increasing of flame surface with low rate 6.5 28
7 30 " 7 30
10.5 47 " 10.5 47
11 50 " 11 50
12 55 Collision of the flame surface with the close side wall 12 55
135 65 Decreasing of the flame surface with low rate 13.5 65
14 67 Gradual collision of the flame front with side walls and 14 67
decreasing of flame surface
15 70 " 15 70
16 78 " 16 78
18 87 " 18 87
19 90 " 19 90
20 94 Increasing of the flame surface _due to reaching flame 20 94
surface to the space between the piston crown and cylinder
21 95% (EOC) " 21 95% (EOC)

Crank Angle: 9ATDC
Spark Location: Out of Center - Spark Timing:19BTDC-RPM: 1200

Crank Angle: 15ATDC

Figure 12- Development of flame front and its collision to the combustion chamber walls when spark plug is off-centered
in the cylinder at 1200 rpm
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Figure 13- Comparison of variations of heat release rate and in-cylinder pressure versus crank angle degrees for off-centered spark
at 1200 rpm
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Figure 14- Normalized slope of H.R.R and fuel mass fraction versus crank angle degrees for off-centered spark at 1500 rpm and
spark timing of 19BTDC
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Figure 15- Normalized slope of H.R.R and fuel mass fraction versus crank angle degrees for off-centered spark at 1200rpm and
spark timing of 19BTDC
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Figure 16- Normalized slope of H.R.R and fuel mass fraction versus crank angle degrees for off-centered spark at 1500 rpm and
spark timing of 26BTDC
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Figurel7- Normalized slope of H.R.R and fuel mass fraction versus crank angle degrees for centered spark at 1500rpm and spark
timing of 19BTDC
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English Abstract

Investigating the Behavior of Natural Gas Flame in a Spark Ignition Engine

JafarPashaei and Rahim Khoshbakhti Saray
Department of Mechanical Engineering, Sahand University of Technology, Sahand New Town, Tabriz, Iran
(Received: 2016.12.12, Received in revised form: 2017.03.16, Accepted: 2017.04.29)

Heat release rate process in SI Engines is directly related to the flame propagation in the combustion
chamber. In this study, by simulating natural gas combustion in SI Engines using CFD software, flame
behavior is investigated near the wall. Experimental tests were performed for various engine speeds and spark
timings. The engine simulation was done and the results were validated with experimental data at various
engine operating conditions. The results were in good agreement with the corresponding experimental data.
Results show that by keeping the spark plug out of the geometric center of the cylinder, the concentric
spherical propagation assumption of flame is not true. The walls near the flame prevent its propagation and its
shape deviates from the spherical shape. Finally, it can be concluded that, natural gas turbulent flame
propagation occurred in three stages: 1- The initial propagation of flame with high acceleration, in which 15%
of the fuel is burned with a high rate of H.R.R. 2- Colliding of the flame with the floor of the piston, H.R.R
continues with almost constant rate, in which 30% and 50% of the fuel is burned for the off-centered and
centered spark plug location, respectively. 3- Deceleration of flame propagation after colliding with the side
walls, in which 55% and 35% of the fuel is burned for off-centered and centered spark plug location,
respectively.

Keywords: Spark Ignition Engine, Natural Gas, Flame Surface, Wall, Computational Fluids Dynamic
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