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1. Reactivity Controlled Compression Ignition (RCCI)
2. Re-entrant

3. Toroidal re-entrant

4. Hemispherical

5. Light-duty
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1. Homogeneous Charge Compression Ignition (HCCI)
2. Premixed Charge Compression Ignition (PCCI)

3. CONVERGE

4. Adaptive Mesh Refinement (AMR)

5. Settings
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. Intake Valves Closing (IVC)

. Exhaust Valves Opening (EVO)

. Poly-Aromatic Hydrocarbons (PAH)
. Multi-zone Chemistry model
C14H30 (Tetradecane)

. Kelvin-Helmholtz (KH)

. Rayleigh-Taylor (RT)

. No-Time-Counter (NTC)
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Table 1- Engine and diesel fuel injection system specifications [35]

Bore (mm) 137.2
Stroke (mm) 165.1
Engine displacement (L) 2.44
Compression ratio (-) 16.1:1
Number of valves per cylinder 4
Connecting rod length (mm) 261.6
Swirl ratio (-) 0.7
Piston bowl type Stock
IVC (CA BTDC) 143
EVO (CA BTDC) -130
Type of diesel fuel delivery system Common rail direct injection
Number of nozzle holes 7
Hole diameters (mm) 0.141
Spray angle (degree) 148
Injection pressure (MPa) 50

(¥ Blois S (iiSTy (o515 Jlidl y9i90 arly 63,5505 bulpd =¥ Jgur
Table 2- Operating conditions of RCCI engine[35]

Operating conditions Pure dieigl I:g:ggnbustion Diesel-syng(aDs ch?ol;ustion 20% Diesel-syng(aDs Sf:g%l;ustion 40%
Syngas substitution ratio (% energy) 0 20 40
CO to H, vol. ratio in syngas (%) - 50-50 50-50
IMEP (bar) ~9
Engine speed (RPM) 1300
IMAP (bar) 1.7
IMAT (K) 350
EGR (%) 0
DIT (CA BTDC) 10
Equivalence ratio (-) 0.43
Fuel energy per cycle (J) ~5100

1. Frossling correlation model
2 Re-Normalization Group
3. Caterpillar
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Table 3- Fuels specifications [20, 35]

Fuels Chevron Diesel Hydrogen gas Carbon Monoxide gas
Chemical Formula CHugs H, CO
Cetane number 53 - -
Octane number - 140 106
Density (g/L) 830.9 0.09 1.14
Minimum ignition energy (MJ) 20 0.02 <0.3
Flame velocity (m/s) ~1.26 2.7 0.19
Lower heating value (MJ/Kg) 43.193 119.96 10.11
Specific heat capacity (kJ/kg. K) 2.24 14.31 @ 300 K 1.04 @ 300 K
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Figure 2- Comparison between experimental and numerical mean pressure and heat release rate for three different baseline

engine operating conditions (a) pure diesel combustion, (b) diesel-syngas combustion 20%, and (c) diesel-syngas combustion
40% [35]
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Table 4- Comparison between experimental and numerical achievements of maximum in-cylinder pressure and emissions at three
baseline engine operating conditions [35]

Operating NOx PM CO HC Maximum in-cylinder pressure

conditions (g/kg. fuel) (g/kg. fuel) (g/kg. fuel) (g/kg. fuel) (MPa)
- 0.3 6.3 - 7.35

PDC 45.26 0.43 5.6 0.51 7.43
Experimental - 43% 11.11% - 1.1%

Numerical 51.35 0.1 - - 7.49

DSC20 Relative error 47.19 0.16 19.5 0.35 751
8.1% 60% - - 0.27%

43.05 0.04 - - 7.62

DSC40 39.9 0.05 31.35 0.09 7.95
7.3% 25% - - 4.33%
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Table 5- Piston bowls geometry specifications [36]
Stock (baseline) Cylindrical Wide-shallow

] -
Bowls shape Iy 7
‘\\ - J e

Bowl diameter

Piston Bowls

94 96 130
(mm)
Bowl depth
o 18 15.3 13
Bore to bowl(_d)lameter ratio 1.46 1.43 1.05
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Heavy-Doty Off-road 3401 I

Operating Conditions

Simulated by using]
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2D & 3D
Results
1
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Characteristics

Figure 3- Strategy of the current numerical study [37]
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Table 6- Considered constants for mass fraction calculations [20, 35]
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Figure 4- Assessment and comparison of the combustion characteristics, emission, and performance at three engine operating
conditions of PDC, DSC20, and DSC40
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Figure 6- The in-cylinder flow velocity for stock, cylindrical, and wide-shallow combustion chambers and DDITs of 6 and 16 CA
BTDC at PDC, DSC20, and DSC40 operating conditions
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Figure 9- Effects of DDIT and piston bowl geometry on in-cylinder mean pressure and HRR under (a) PDC, (b) DSC20, and (c)
DSC40 operating conditions
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Figure 11- Effects of DDIT and piston bowl geometry on heat transfer loss at PDC, DSC20, and DSC40 operating conditions
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Figure 12- Effects of DDIT, piston bowl geometry, and diesel-syngas energy ratio on syngas combustion efficiency
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Figure 13- Effects of DDIT, piston bowl geometry, and diesel-syngas energy ratio on NOx and PM emissions
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Figure 14- HC and CO emissions versus DDIT, piston bowl geometry, and diesel-syngas energy ratio
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Figure 15- Effects of DDIT, piston bowl geometry, and diesel-syngas energy ratio on (a) exhaust loss, (b) combustion loss, and (c)
gross indicated efficiency
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This numerical research conducted using CONVERGE Computational Fluid Dynamic (CFD) code and
devoted to assessing the simultaneous and separate impacts of Diesel Direct Injection Timing (DDIT) (16 to 6
Crank Angle (CA) Before Top Dead Center (BTDC) with 2 CA steps), combustion chamber geometry (re-
entrant (baseline), cylindrical, and wide-shallow chamber), and applying syngas (20 and 40% of total energy
per cycle) in a heavy-duty off-road RCCI engine. In the case of combustion simulation, the SAGE
combustion model was used coupled with a detailed chemical kinetic mechanism consist of 72 species and
360 reactions. Results showed that under baseline operating conditions (DDIT of 10 CA BTDC and using re-
entrant piston bowl) increasing the syngas to diesel ratio up to 40% caused a 3.4% rise in heat transfer loss
and simultaneous reduction in Nitrogen Oxides (NOx) about 12%, Particulate Matter (PM) up to 88%, and
Hydro-Carbons (HCs) nearly 82% compared to Pure Diesel Combustion (PDC) conditions. Besides, utilizing
the wide-shallow combustion chamber along with diesel injection at 16 CA BTDC at diesel- 40% syngas
combustion operating conditions led to the increment of heat transfer loss (7%), combustion loss (2.5%), and
also, simultaneous reduction of NOx (3%), PM (37%), HC (62%), and gross indicated efficiency (4.7%)
compared to baseline PDC case.

Keywords: RCCI combustion, Syngas, Combustion chamber, Diesel injection timing, Emission, Gross
indicated efficiency
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