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“9 Research

LoCaGas

object

Research and optimization of mathematical modeling of operational parameters and energy balance
components of cogeneration plants operating on landfill gas (CH, 35% + CO, 65%).

25

Connecting rod
length, mm

Injectororifices | 8 |
Orifice diametermm | 038 |
Start of injection, CADbTDC | -8 |
Injectionduration CAD | 7 |
Injected mass, mqg (/8) m

Scania D13 (551 kW) Dual fuel engine
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“’ Research Methodological Foundations
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A combined application of the single-zone IMPULS and multi-zone AVL FIRE M mathematical
models was employed to enable parallel simulation of the engine’s closed energy balance and the

rapidly evolving in-cylinder physical processes occurring during the combustion cycle of
low-calorific landfill gas.
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“’ Research Methodological Foundations
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= The mesh was made and the calculations were performed
on 1/8 of the entire combustion chamber.

= The total number of injector nozzle holes in the
combustion chamber is 8, therefore the number of nozzle
holes in the modeled 1/8 sector is 1.

. . . . Figure 1. Combustion chamber mesh (1/8 sector — 45° of the full
= Droplet motion is simulated using a Lagrangian approach, combustion chamber),

tracking particles through the computational mesh. |

= The gas phase is solved with partial differential equations, ,
while droplets are tracked separately. -

= Additional models include Schiller—-Naumann drag and \
Abramzon-Sirignano evaporation. i

Figure 2. Position of the diesel injector spray plume in the
combustion chamber.
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“’ Research Methodological Foundations
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Research plan
= Verification of IMPULS and AVL FIRE M models to matching results.

= Comparative analysis of combustion characteristics — comparative investigation of the energy
and environmental characteristics of the combustion cycle when the engine operates on diesel
fuel and landfill gas (90% - 35% CH,, 65% CO, and 10% diesel) under typical diesel engine
conditions: A =1.9; injection timing ®@inj = -8° CA before TDC.

= Optimization of landfill-gas combustion — optimization of the energy and environmental
characteristics of the combustion cycle when the engine operates on landfill gas (90% — 35% CH,,
65% CO, and 10% diesel): A = 1.1-1.5; injection timing ®inj = -60° to -30° CA before TDC.
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‘“ Model verification

LoCaGas
External speed operation mode  Propulsion operation mode
Operation mode 1200 1500 1900 2300 1200 1500 1900 2300
min-1 min-1 min-1 min-1 min-1 min-1 min-1 min-1
Specif. Pe, bar 21 29 26.4 22.6 8.5 11.9 17 22.6
Model. Pe, bar 21.3 29 26.5 22.7 8.4 11.7 16.7 22.8
Specif. be, g/kWh 210 201 204 220 200 202 201 215
Model. be, g/kWh 207 199 203 219 201 203 205 218
- Specif. Pe, bar 225 CeEAb = Specif. Pe, b e Specif. be, g/kWh
pecif. be, g/kWh pecif. Pe, bar
30 m Model. Pe, bar 220 = Model. be, g/kWh 20 m Model. Pe, bar 215 B Model. be, g/kWh
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“’ Results
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Fire model verification based on single-zone IMPULS model combustion cycle simulation (D10oo:
Pmi error up to 3%)

Fire research Workflow:

The FIRE M combustion model was adapted for dual-fuel operation with natural gas (pure
methane). The pilot diesel mass is 10% by energy content

Modified for dual-fuel operation with landfill gas (CH4-35%, CO2-65% by mass). The pilot diesel
mass is 10% by energy content.

Due to the low CH4 mass fraction in landfill gas, calculation were performed by increasing the
mass of landfill gas in the cylinder to achieve the same energy value as in the D1oo case.

90% of the energy supplied to the combustion process is obtained from landfill gas (35% CH, and
65% CO,), and 10% from diesel fuel, using an excess-air coefficient A = 1.90.
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= The calculations were performed under identical diesel-engine operating
parameters, i.e., without changing the pilot diesel injection timing compared
to the D1oo mode, maintaining the start of injection at -8° crank angle (CA)
before top dead center (TDC), and keeping the excess-air ratio at A = 1.9.

At this same injection timing, a significant methane ignition delay was

observed, resulting in an inefficient combustion process. The start of

combustion was detected only at 13° CA after TDC, causing the majority of
the combustion process to shift into the expansion stroke.

Due to the late combustion onset and unfavorable combustion conditions,
only 37% of the fuel mass was burned. The obtained simulation results
indicate that, in order to ensure methane ignition near TDC and to enable
efficient combustion development, the start of pilot diesel injection must be
advanced.

——Diesel 100%

—Lanfill gas 90%, Filot diesel
10%, Injection angle -8 bTDC
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= Optimization of diesel fuel injection timing (for ALFA 1.9)

= = =Diesel (D100) Air excess ratio 1.9 = = =Diesel (D100) Air excess ratio 1.8
—— Landfill gas (CH4-90%/010%) Air excess ratio 1.9; Injection angle 50 bTDC Landfill gas (CHA-90%,/D10%) Air excess ratio 1.9; Injection angle 50 bTDC

—— Landfil gas (CHA-90%/D10%) AIr excess ratio 1.5; Injection angle -40 bTDC Landfill gas {CH4-20%/D10%) Air excess ratio 1.9; Injection angle 40 bTDC
—Landfil gas (CH4-90%/D10%) Air excess ratio 1.9; Injection angle -30 bTDC Landfill gas {CH4-00%/D10%) Air excess ratio 1.9; Injection angle 30 BTDC
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Simulation variant i ITE Consum Consump
. . 200
ptionD  tion CH4 == Consumption D
kw bar - g/kWh g/kWh O==Consumption CHy o 280
Diesel (D100) Air excess ratio 13.09 28_52 0.439 192.9 - 160
1.9 S o 140 %
Landfill gas (CH4-90%/D10%) 14.77 32.16 0.495 17.1 130.8 120 | 5
Air excess ratio 1.9; Injection 100 g‘
angle -50 bTDC go—| B
Landfill gas (CH4-90%/D10%) 14.40 31.35 0.483 17.5 134.2 60 %
Air excess ratio 1.9; Injection =
40 QO
angle -40 bTDC o\
A 7\ 20
Landfill gas (CH4-90%/D10%) 10.69 23.29 0.359 23.6 180.6 T T
Air excess ratio 1.9; Injection . 0
angle -30 bTDC 0 o R = 20

Fuel injection delay, °CA
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Simulation variant

g/kWh g/lkWh  g/kWh g/lkWh  g/kWh
Diesel (D100) Air excess ratio 1.9 - 4.83 166.73 0.97 0.20
Landfill gas (CH4-90%/D10%) Air excess ratio 1.9; Injection angle -50 bTDC 1.12 1.57 171.97 2.15 0.00026
Landfill gas (CH4-90%/D10%) Air excess ratio 1.9; Injection angle -40 bTDC 1.67 1.47 174.77 1.89 0.00025
Landfill gas (CH4-90%/D10%) Air excess ratio 1.9; Injection angle -30 bTDC 7.72 1.70 222.83 0.89 0.00047
CHg, g/kWh CO, g/kWh CO2, g/kWh NO, g/kWh
: 6 250 2,5
7 5 200 2
@ 4
5 150 1,5
4 3
3 ) 100 1
: g 50 0,5
-30 bTDC -40 bTDC -50 bTDC (D100) -30bTDC  -40bTDC  -50bTDC (D100) ’ -30bTDC  -40bTDC  -50bTDC (D100) ° 30bTDC  -40bTDC  -50 bTDC (D100) ©
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= It was determined that advancing the start of pilot fuel injection to 40° and 50° CA BTDC (crank
angle before top dead center) significantly increases the maximum in-cylinder pressure. A higher
energy utilization efficiency (thermal efficiency) of 10-15% was achieved.

= From an environmental perspective, the investigated variant is less efficient compared to D. When
the engine operated on 100% diesel, NO, emissions reached 3.5 g/kWh, while using dual fuel and
advancing the pilot fuel injection to 40° and 50° CA BTDC increased them to 4.65 and 5.33 g/kWh
respectively.

= Concurrently, CH, emissions were 1.12 and 1.67 g/kWh. Practical implementation is limited by the
excessively high Pmax compared to D —its increase reaches 30%, up to 270 bar (for comparison,
Pmax for D = 210 bar).
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Summary:

= Advancing the diesel pilot injection timing to —50° CA BTDC is justified; however, considering the
chemical kinetics of gas combustion, a reduction of excess air ratio (A) to a near-stoichiometric level
is necessary in order to achieve the maximum combustion rate. Under the conditions of 10% pilot
fuel combustion, analytical evaluation determined an optimal A = 1.28 for gaseous fuel combustion.

= Based on this, in the next stage of the study, experiments were carried out at A values of 1.1-1.5 and
injection timing ¢inj, = -60° to -40° CA.
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Variational studies of the combustion process in a dual-fuel engine, where 9o% of the energy is supplied by landfill gas
and 10% by diesel fuel, using excess air ratios of A = 1.1, 1.3, and 1.5.

* It was determined that as the excess air ratio decreased, the maximum in-cylinder pressure also decreased, with its
values approaching the design values established for operation in D1oo mode.
* Analysis of different pilot fuel injection timing angles showed that only the earliest investigated injection timing—

60° CA BTDC—allowed the engine to reach its nominal power, corresponding to the performance observed in D1oo
m 0 d e . = = - Diesdl (D100) Air excess ratio 19

—— Landfill gas (CH4-90%/D10%); Air excess ratio 1.3; Injection angle 60 bTDC Landfill gas (CHA-909%/D10%); Air excess ratio 1.3; Injection angle -60 bTDC
Landfill gas (CH4-90%/D10%6); Air excess ratio 1.5; Injection angle -60 bTDC Landfill gas (CHA-90%/D10%); Air excess ratio 1.5; Injection angle -60 bTDC
—— Landfill gas (CHA-50%/D10%); Air excess ratio 1.3; Injection angle -50 bTDC —— Landfill gas (CHA-50%/D10%); Air excess ratio 1.3; Injection angle -50 BTDC
e & Eg::ggxﬁg}g: Al ercess Tatio 15 ::::g::g ZRE}: Soomoc —— Landfill gas (CHa-90%/D10%); Alr excess ratio 1.5; Injection angle -50 bTDC
g g o b Landfill gas (CH4-80%/D10%); Air excess ratio 1.3; Injection angle -40 bTDC
Landfill gas (CH4-50%/D10%]; Air excess ratio 1.5; Injection angle -40 bTDC Lol gaﬁ :cHzt—su%,/fDm%g- el Injectwon angle obroe
—— Landfill gas (CH4-50%%/D10%]; Air excess ratio 1.3; Injection angle -30 bTDC —Landhit g; i 25 Injs '8!
1790 —— Landfill gas {CHA4-90%/D10%); Air excess ratio 1.3; Injection angle -30 bTDC

— = —Diesel [D100) Air excess ratio 1.9

Accumulated heat release, J
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* Delaying the start of pilot fuel injection causes an increasing portion of the combustion process to shift into the
expansion stroke. Under these conditions, pressure and temperature in the cylinder decrease rapidly, leading to
poorer fuel oxidation conditions and reduced combustion efficiency. As a result, part of the methane—air mixture

does not fully combust by the end of the working cycle, increasing the amount of unburned fuel in the exhaust
gases.

— = —Diesel (DI00] Air excess ratio 19 — — —Diesel {D100] Air excess ratio 13

—— Landfill gas (CH4-90%/D10%); Air excess ratio 1.3; Injection angle -60 bTDC Landfill gas (CHA-909/D1036); Air excess ratio 1.3; Injection angle 60 bTDC
—— Landfill gas (CH4-90%/D10%); Air excess ratio 1.5; Injection angie -60 bTDC Landfill gas (CHA-9096/D10%6); Air excess ratio 1.5; Injection angle 50 bTDC
—— Landfill gas (CH4-90%/D10%); Air excess ratio 1.3; Injection angle -50 bTDC —— Landfill gas (CH4-90%/D10%); Air excess ratio 1.3; Injection angle 50 bTDC
—— Landfill gas [CH4-50%/D10%]; Air excess ratio 1.5; Injection angle -50 bTDC Landfill gas ( CHA-90%/D10%); Air excess ratio 1.5; Injection angle -50 bTDC
Landfill gas (CH4-90%/D10%); Alr excess ratio 1.3; Injection angle -40 bTDC Landfill gas CHA-303/D10%); Air excess ratio 1.3; Injection angle 40 bTDC
Landfill gas CH4-50%/D10%); Air excess ratio 1.5; Injection angle -40 bTDC Landfill gas (CHA-5056/D105); Air excess ratia 1.5; Injection angle -40 bTDC
——Landfill gas (€H4-50%/D10%); Air excess ratio 1.3; Injection angle -30 bTBC 1790 —— Landiill gas {CH4-909/D103%); Air excess ratio 1.3; Injection angle -30 bTDC
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Simulation variant i ConsumptionD Consumption

CHg4

kw bar - g/kWh g/kWh

Diesel (D100) Air excess ratio 1.9 13.09 28.52 0.439 192.9 -
Landfill gas (CH4-90%/D10%) Air excess ratio 1.3; 13.09 28.52 0.439 19.3 147.5
Injection angle -60 bTDC
Landfill gas (CH4-90%/D10%) Air excess ratio 1.5; 13.50 29.41 0.453 187 143.1
Injection angle -60 bTDC
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Simulation variant Total unburnt fuel
mass

g/kWh g/kWh  g/kWh g/kWh g/kWh g/kWh
Diesel (D100) Air excess ratio 1.9 - 4.83 166.73 0.97 0.20 -
Landfill gas (CH4-90%/D10%) Air excess ratio 1.3; 0.07 2.63 186.52 1.82 0.00002 0.100
Injection angle -60 bTDC
Landfill gas (CH4-90%/D10%) Air excess ratio 1.5; 1.53 2.17 203.08 0.72 0.00025 1.584
Injection angle -60 bTDC
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“’ Conclusions
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= Based on comprehensive parametric studies, optimal operating conditions for the combustion
cycle of a diesel engine fuelled with low-calorific landfill gas (containing 35-90% CH, and 65-10%
CO,) and a pilot dose of 10% diesel fuel have been identified.

= The results demonstrate that stable engine operation can be achieved while maintaining a specific
energy output comparable to that of a conventional diesel cycle. Furthermore, the overall
efficiency remains close to that of standard diesel operation, even when utilizing landfill gas.
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