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Micro Combined Heat and Power (mCHP) powered with biomass is nowadays a technology attracting
increasing interest to develop a local supply chain to produce, process and valorise the available material in
territorial areas as much as possible circumscribed, with a considerable reduction also of the CO; related to
transportation. Application for biomass powered mCHP produces environmental benefits by reducing primary
energy consumption and associated greenhouse gas emissions and complies with the need for increased
decentralization of energy supply. Of particular relevance is mCHP based on biomass gasification due to the
negligible particulate matter release with respect to combustion.

The present work describes a 3D CFD model of the spark ignition (Sl) internal combustion engine (ICE)
fuelled with syngas installed in the mCHP pilot system ECO20 manufactured by the Italian company
Costruzioni Motori Diesel S.p.A. (CMD). The considered system is made of a gasifier combined with proper
syngas cleaning devices, an ICE and a generator to deliver a maximum electrical and thermal power of 20 kW
and 40 kW, respectively. For the proper initialisation of the 3D CFD model, the syngas composition is
experimentally characterised using a gas-chromatograph on samples collected under real operation. The
calculated pressure cycle is verified by comparison with the one calculated through a properly developed 1D
ICE model. Main goals of the performed numerical analysis are to study into detail the combustion process
and to assess the engine performance characteristics related to the use of syngas.

1. Introduction

The process of thermochemical conversion of biomasses through gasification is known since a long time, but
it is currently receiving renewed interest as a valuable alternative to incineration, especially for its lower
environmental impact. A unique composition of syngas does not exist but its quality in terms of lower calorific
value (LHV) and presence of undesirable compounds as TAR and particulate matter strongly depends upon
the treated biomass, the gasification equivalence ratio, as well as on a number of design features of the
reactor, such as the locations of air inlets and the volume of the gasification zone.

According to Banapurmath et al. (2009), the power reduction of an engine operated with syngas is mainly
attributed to the lower LHV of the used fuel. The volume of gas/air mixture that enters the engine cylinders
limits the power output because it reduces the volumetric efficiency (Lapuerta et al., 2013). Another important
parameter is the energy density of the producer gas/air mixture that mainly depends upon the concentration of
the combustible components in the gas. The stoichiometric ratio of the air/producer gas mixture is between 1.0
and 1.3, compared to 17 for methane. The LHV of the producer gas obtained from biomass gasification in a
downdraft gasifier using air as an oxidizing agent is about 5000 kJ/Nm?® with the following average composition
of the combustible components: 20% Hz, 20% CO and 1% CH4. With such concentrations of combustible
substances, the energy density of the producer gas/air mixture is about 2400 kJ/Nm®. This value is lower than
the energy density of a natural gas/air mixture that is equal to 3400 kJ/Nm?® (natural gas is assumed to be
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100% CHya). Therefore, the theoretical value of power de-rating when a natural gas engine is switched to
operate on producer gas is of about the 30% (Costa et al., 2017).

In the scientific literature there are few works analysing the operative characteristics of ICEs under syngas
powering. From a CFD perspective, Monteiro et al. (2013) developed a multi-zone thermodynamic model for
the simulation of the SI combustion of syngas at elevated rotational speed, while Gamifio et al. (2010)
simulated the syngas combustion process in a multi-spark engine using a 2D model. Zhang et al. (2012) also
studied syngas/air combustion with a 2D model in an engine under partially premixed conditions.

The study proposed in the present work is focused on the development of a 3D CFD model of a Sl engine
fuelled with syngas deriving from woodchip gasification within the commercial tool AVL FIRE™. The
considered ICE is actually mounted in an integrated layout aimed at CHP production, coupling a gasifier, a
syngas cleaning system and the studied ICE. The computational domain is built according to measurements
made on the combustion chamber. Due to the lack of boundary conditions, the CFD model is initialized
according to a previously developed 1D ICE model developed within the GT-Power environment. The 3D ICE
model reproduces the real operation during the closed valve period.

2. Methodology

The methodology of the conducted research, consisting of experimental work, 1D calculation, and 3D CFD
modelling is presented. Firstly, the experimental system configuration is explained and the engine main
characteristics are shown. The description of the 1D and 3D CFD simulations setup is then given.

2.1 Experimental research of GM Vortec engine

The considered CHP unit, as already mentioned, is an integrated system combining a downdraft gasifier,
syngas cleaning devices, a Sl ICE and an electrical generator. Syngas pureness is indeed guaranteed through
a process of cleaning, cooling and filtering, before secondary conversion in a 3.0L GM Vortec I-4 engine. The
ICE is 4-cylinder, liquid-cooled, usually fuelled by natural gas and properly modified to work with syngas. It is
equipped with an oil tank-refilling pump and oil filter for continuous operation. Further characteristics are
reported in Table 1.

Table 1. Vortec 3.0 L engine characteristics.

Displacement 3000 cc
Compression Ratio 10.5

Bore x Stroke [mm] 101.60 x 91.44
Connecting Rod [mm)] 203.2

Intake Valve Open (IVO) 101°

Intake Valve Close (IVC) 256°

Exhaust Valve Open (EVO) 470°

Exhaust Valve Close (EVC) 659°
Maximum intake/exhaust valve open  11.25 mm
RPM 1500

2.2 3D CFD Grid Generation and Grid Sensitivity Analysis

The computational domain of the ICE combustion chamber is generated as a moving numerical grid using the
Fame Engine Plus tool available in the AVL Fire™ software. As the simulations are performed only during the
closed valve period, and due to the lack of data regarding the geometry of the intake and exhaust ducts, only
the engine combustion chamber is modelled. For a more reliable initialization of the flow-field inside the
combustion chamber, in a future work the model of the charge exchange parts will be considered. Here, the
flow field initialization at IVC is performed by exploiting a 1D numerical schematization of the engine layout
developed in the GT-Power environment.

To study the effects of grid size on the model results, three computational grids with different resolutions are
generated, with main features shown in Table 2. A coarse, an intermediate and a refined grid are built with a
maximum cell dimension chosen equal to 2 mm, 1.5 mm and 1 mm, respectively. In the spark plug zone, to
obtain the plug contour details, the cell dimension is set equal to 1/16 of the maximum cell size. Numerical
results of this analysis are obtained considering a homogeneous mixture trapped in the combustion chamber
at IVC, composed of a stoichiometric mixture of air and syngas. Syngas is obtained from woodchip gasification
at an equivalence ratio equal to 0.3. The composition is considered according to samples collection under real
operation and analysis through a gas-chromatograph.
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The turbulent flow field is reproduced within a Reynolds Averaged Navier Stokes (RANS) approach, basing on
the k-C-f model (Durbin et al., 1991), while the combustion process is modelled using the general gas phase
reaction approach through the implementation of the GRI-Mech 3.0 detailed kinetic mechanism (Berkley
University, 2017). GRI-Mech 3.0 is an optimized mechanism designed to model natural gas combustion,
including NO formation and re-burn chemistry. It is based on 325 elementary reactions involving 53 species,
and its prediction capability has long been evaluated against more than 60 experimental studies that
distinguish this mechanism from others proposed in the literature.

Representative initial conditions resembling those of real operation are assumed, according to the calculations
described in the following paragraph.

Table 2. CFD numerical grids characteristics at the bottom and top dead centre

Numerical Grid Coarse Intermediate Refined
Total cells (BDC) 76839 138796 252035
Total cells (TDC) 38451 68387 125018

The results of the grid sensitivity analysis performed are shown in Figure 1. It is possible to notice how the
results between refined and intermediate grids are very similar. On the other hand, the coarse grid gives a
lower peak of pressure (of about 4 bar). Therefore, for all simulations, due to the calculated results, and due to
the computational time, the intermediate grid was chosen. It should be reported, that for a full closed-valve
cycle simulation calculation time was about 32 hours for the refined grid, 14 hours for the intermediate, and 6
hours for the coarse grid on the workstation with 4 Intel Xeon CPUs.

2.3 Engine characterization and 1D model

The GT-Power flow model involves the solution of the Eulerian equations, namely the solution of the equations
of conservation of mass, momentum and energy in one dimension in the absence of viscosity (ideal case).
The whole system is discretized into discrete volumes and these volumes are connected each to each other
by boundaries. Scalar variables like pressure, temperature, density, internal energy, enthalpy and species
concentrations are assumed to be uniform inside each volume, namely they are a function of the longitudinal
coordinate, hence the specific position varying from the intake mouth to the exhaust section.

The characterization of the considered engine is performed by manually measuring the length and size of
each component and by taking information about the adopted operative conditions, as the valves lift law and
the engine speed and syngas composition fuelling the engine. Moreover, the predictive combustion model
EngCylCombSITurb is chosen due to the possibility of evaluating the influence of variation in the composition
of the producer gas. In particular, the parameters reporting the dependency of the laminar flame speed upon
the syngas composition and producer gas/air equivalence ratio are tuned following the approach of Hernandez
et al. (2005).

The sub-model chosen to describe the wall heat transfer is the classical Woschni model (Woschni, 1967) that
in the present simulation is tuned by choosing the default parameters. This model allows an estimation of the
wall heat transfer by defining the heat convection coefficient as a function of the cylinder pressure,
temperature and characteristic length and velocity:

hc =3.26" b—0.2 . PO.S . T—O.SS . W0.8 (1)

where b is the bore length in m, P is the pressure in kPa, T is the gas temperature in K and w is the average
cylinder gas velocity in m/s. On the other hand, the 3D CFD simulation are conducted by considering the
hypothesis of Reynolds' analogy between the viscous and thermal boundary layers in the momentum and
energy transport equations (Viegas et al., 1985) to evaluate the heat flux at the wall. The temperature value is
instead imposed. Woschni has converted the equation of the boundary layer theory, so that it is only a function
of pressure and temperature (besides the characteristic length and velocity).

The presented 1D model is initialized according to the operative conditions reported in Table 3. In particular,
the syngas composition is obtained from the measurement campaign through sampling (La Villetta, 2017).

In the present simulation, the producer gas at a temperature of 333.15 K is supposed to homogeneously mix
with ambient air at 279.15 K in stoichiometric ratio before fuelling the ICE. The pressure of the syngas
produced is slightly below the ambient condition, as it takes into account the pressure drops that occurs
between the exit of the gasifier and the intake of the ICE due to the presence of cleaning modules mounted on
the real layout.

The results obtained from the 1D simulation are used to define the initial condition for the 3D CFD model at
IVC. In particular, the composition of the mixture trapped inside the combustion chamber at IVC taken from
the 1D simulation also considers the presence of a 6.7% of burnt residues composed by CO,, H,O and Na.
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The mixture composition of syngas, air and residues at IVC and the initial conditions for the 3D CFD
simulations are reported in Table 4.
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Figure 1: Calculated mean pressure, coarse (black), intermediate (blue), and refined (red) grids.

Table 3. Initial conditions considered for the 1D simulation.

Raw Syngas P =0.95bar; T=333.15K
Ambient Air P=1.00bar; T=279.15K
RPM 1500
Spark Timing -33° BTDC

Head=400 K;

Wall Temperature  Piston=400K;
Cylinder=400 K

Table 4. Initial conditions at IVC.

Species mass
fractions [-]

CcoO 0.075

Prmixture @IVC 1.56 bar CO3 0.097
Tmixture @IVC 419.93 K H, 0.0052
TKE @IVC 33.84 m?/s* 0, 0.099
Turbulent length scale @IVC  3.82 mm H,0O 0.004
CH. 0.004

N2 0.7146

3. Results

Figure 2 reports the comparison between the pressure, rate of heat release (ROHR) and temperature
calculated with the 1D simulation and 3D CFD models. These quantities are averaged over the entire volume.
The curves show a well captured agreement between the simulations despite the differences in the
combustion process and wall heat-flux estimation between the two different numerical approaches, noticed
also during the expansion phase after the end of combustion.

In Figure 3, the evolution of the mass fractions of the chemical species inside the cylinder is reported. The
general species transport model available in the AVL Fire software is activated in the 3D CFD simulation,
solving the mass balance equations relative to the species belonging to the GRI-Mech 3.0 kinetic mechanism.
A complete depletion of all the species characterizing the producer gas is noticed, as methane, hydrogen and
carbon monoxide are totally burned and converted in combustion product as vapour and carbon dioxide.
Finally, Figure 4 reports a comparison between 3D visualizations of the temperature and O2 mass fraction
evolution for different crank angles in a plane passing through the spark plug symmetry plane. The evolution
of these two quantities is strictly related, and allows a clear evaluation of the flame speed propagation inside
the cylinder.

Finally, it is possible to perform a rough estimation of the electric efficiency of the engine by considering the
ratio between the net power produced by the ICE and the syngas primary energy. In particular, Costa et al.
(2017) performed an energetic analysis based on experimental measurements on the whole CMD ECO20



17

system as woodchip is used as feedstock. For a value of return user temperature of 20.50°C, using the
syngas primary energy equal to 62.25 kW, the relative electric efficiency of the engine ne_is equal to 22.5%.
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Figure 2: Comparison between a) pressure cycle and ROHR, and b) temperature evolution of the 1D and 3D
CFD simulation.
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Figure 3: Evolution of the chemical species mass fractions inside the cylinder in the 3D CFD simulation.
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Figure 4: Comparison between 3D evolution of the O, mass fraction (left) and gas temperature (right) in a
plane passing through the symmetry axis of the spark plug.

Considering the same syngas primary energy, the net power produced by the engine is evaluated as the
indicated power over the entire cycle Py, deriving from the 1D simulation. Therefore, the indicated efficiency
Nina 1S €qual to:

Ptotal _ 20.1

201 _ 32.28% @)

Nina =5 =
Psyngas,useful 62.25
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The engine electric efficiency has to consider the mechanical losses 1, and the generator efficiency ng:
Ne_eng = Mg Mm " Mg (3)

Assuming the mechanical efficiency equal to 0.75 and the generator efficiency equal to 0.95, the electric
efficiency of the engine results equal to 0.23. This value is in line with the work of Costa et al. (2017) and the
literature data concerning cogeneration systems powered with syngas.

4. Conclusion

A 3D CFD numerical model of a spark ignition engine fuelled with syngas deriving from woodchip gasification
is presented. The considered engine is actually mounted in an integrated layout aimed at the combined heat
and power production, coupling a gasifier, a syngas cleaning system, the spark ignition engine and a
generator. The numerical grid is modelled thanks to measurements taken to define the geometrical
characteristics of the combustion chamber, and the 3D CFD model is initialized thanks to a proper 1D model
developed in the GT-Power environment. The presented numerical tool reproduce the characteristics of the
real engine operation during the closed valve period, in good agreement with the 1D simulation, but also gives
a greater detail of the chemical species concentration rate of change during the combustion process. It is
noticed that under syngas fuelling the electric efficiency of the engine is equal to 23%, thus revealing a
depowering with respect to the powering mode by natural gas.
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