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i n f o

a b s t r a c t
The present paper provides a contribution to the CFD modelling of reacting ﬂows in IC engines fueled with
natural gas. Despite the fact that natural gas has been widely investigated into in the last decades, the literature
still lacks reliable models and correlations to be exploited so as to eﬃciently support the design of internal
combustion engines. The paper deals with the development of an accurate CFD model, capable of capturing the
eﬀects of the engine working conditions and mixture compositions on the combustion process. The CFD model is
based on the Extended Coherent Flame Model combustion model coupled to a laminar ﬂame speed one through
a user subroutine, which replaces the commonly adopted empirical correlations. The ﬂame speed values have
been derived from the application of a reaction mechanism for natural gas-air-residual gases mixtures.
In the second part of the paper, the model is validated and applied to the investigation of the dependence of the
combustion quality on the fuel doping with hydrogen as well as on the mixture dilution with EGR. As a matter
of fact, the attractiveness of the mixture dilution with EGR relies on the potential in containing engine-out NOx
emissions as well as in reducing the pumping losses, thus further abating fuel consumption at part loads. Finally,
the eﬀects of fuel blending with H2 on the EGR tolerance is discussed in the paper.

1. Introduction
In the past decades, natural gas (NG) has been used as an alternative
fuel to reduce the carbon footprint of the transportation sector. NGfuelled vehicles currently have a rather low market share, due to the
limits in infrastructures. Furthermore, the intrinsic drawbacks related
to cold start and low-end torque have to be considered. Such limiting
factors have a tolling eﬀect on the development of optimised gas engine technology. However, NG engine featuring technologies such as
Variable Valve Actuation (VVA), Miller cycle, direct injection, lean burn
mixtures, high compression ratio and boost levels, can possibly outperform gasoline or diesel engines and allow for increased thermal eﬃciencies and reduced pollutant emissions [1,2]. From a chemical point
of view, methane is the main constituent of the NG blend and holds
a large C-H bond dissociation energy [3]. More speciﬁcally, methane
features a reduced laminar ﬂame speed (LFS) and higher ignition delay
time if compared to other hydrocarbons. Moreover, despite its wider
lean burn range with respect to gasoline, methane does not allow for
a stable homogeneous combustion beyond 𝜆≈1.6 [4]. This reduces the
thermal eﬃciency and increases the ﬂame instability for leaner NG-air
mixtures, and represents an issue for the development of lean-based innovative combustion concepts. The NG-fuelled SI engine exhibits a high
cycle-to-cycle variability, thus leading to an increase of HC and CO emis∗

sions for lean-burn operations and negatively aﬀecting the vehicle drivability. Blending natural gas with hydrogen has proven to be an eﬀective
means to overcome such limits [5,6]. Besides the possibility of extending the lean burn limit, hydrogen addition showed to exert an inﬂuence
within a few percentage points on the main combustion parameters at
constant ignition timing while attaining considerable HC reduction with
variations in CO and CO2 below 5% [7,8].
As it has been widely documented in the literature, the addition of
hydrogen leads to an enhancement of the combustion process. As a matter of fact, the high burning speed of H2 , its higher energy content, the
educed lean-burn mixture limits, the formation of a great number of
H+ and OH radicals together with the higher diﬀusivity of the hydrogen molecules result into higher LFS of the NG-H2 blends, as is widely
documented in the literature [9–14].
Besides increasing the LFS, NG blending with hydrogen oﬀers other
advantages. The experiments conducted on a Chevrolet engine by Wallace and Catellan in [15], proved that a blend of 85% methane and
15% Hydrogen allowed for reduced brake speciﬁc fuel consumption
(BSFC) and hydrocarbons (BSHC) values, still retaining increased NOx.
Experiments carried out by Shudo et al. [16] proved that an increase
in H2 percentage would result into an increase in the thermal eﬃciency
together with a decrease in the unburned HC, despite NOx increase. The
achievable beneﬁts in terms of fuel consumption were also pointed out
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by Bauer and Forest [17]. Moreover, the results revealed that hydrogen
addition produces a decrease in the brake power up to 8% at a stoichiometric conditions and decreases in the BSFC up to 14% (for 𝜙 ranging
from 0.58 to 1.0) if compared to the unblended NG fuelling. As far as
pollutant emissions are concerned, hydrogen addition up to 60% by volume resulted in a decrease in the BSCO2 up to 26% (for 𝜙 ranging from
0.58 to 1.0), a decrease in the BSCO up to 40% (for 𝜙 higher than 0.95),
a decrease in the BSHC up to 60% (for 𝜙 ranging from 0.58 to 1.0).
It is worth pointing out that the decrease in HC emissions is due not
only to the reduced carbon content of the fuel, but also to a generally
higher combustion eﬃciency as well as to a smaller quenching distance.
Tunestal et al. found that hydrogen addition lowers unburned hydrocarbons emissions but increases NOX emissions if a constant air excess ratio
and ignition timing is used. The increase in the burning velocity allows
the ignition timing to be retarded, thus decreasing heat losses. Higher
eﬃciencies could hence be targeted as leaner mixture are adopted [18].
Sahoo et al. proved that the use of leaner mixtures leads to lower combustion temperatures but is likely to produce negative eﬀects on the
combustion velocity, combustion completion, IMEP and peak pressures
[4]. Hydrogen addition also proved to exert positive eﬀects on the cyclic
variations of the indicated mean eﬀective pressure (IMEP) as a consequence of the increased laminar speed [19]. The stabilising eﬀect also
increases as the mixture leans down, as pointed out by Gharehghani
et al. [5].
Another advantage of H2 addition is the extension of the ﬂammability limits. By lowering the equivalence ratio, fuel consumption is enhanced due to reduced engine throttling for a given regime [20]. Moreover, NOx emissions can be signiﬁcantly reduced if an equivalence ratio
below 0.8 is operated[21]. The enhanced lean-burn characteristics of
the NG-H2 blend is a consequence of the beneﬁts in terms of LFS. Ilbas
et al. proved that increasing the hydrogen percentage in the mixture
produced an increase in the burning velocity of the mixture together
with a widening of the ﬂammability limits [22]. A similar conclusion
was also found in [23].
NOx emissions are eﬀectively controlled by means of exhaust gas
recirculation. EGR acts, at part load, as an additional diluent in the unburned gas mixture, thereby reducing the peak gas temperatures and
therefore NOx formation rates. The eﬀects of EGR on the engine performance and eﬃciency, for stoichiometric mixtures, is similar to the
addition of excess air [24]. EGR also gives a few advantages, such as,
the increased heat capacity with respect to the air and the possibility
to run the engine under more conventional, stoichiometric, combustion
modes. Substantial reductions in NOx concentrations are achieved with
EGR rates ranging from 10% to 25%. On the other hand, as in the case of
charge dilution with air, EGR also reduces the combustion rate, which
worsens the combustion stability, and increases the HC emissions. EGR
is hence to be limited up to a certain amount depending on the design of the combustion chambers, the speed and load, and the equivalence ratio [25,26]. Usually, the achievable EGR rates in SI engines
range from 15% to 30%. Considering that hydrogen doping can somehow compensate the drawbacks caused by charge dilution, NG-H2 blend
fuelling combined with EGR and spark timing control is an eﬀective approach to realise high eﬃciency and low-emission engines, as it was
found in [27,28].
The numerical investigation and 3D model development of NG-H2
fuelled engines has attracted great interest recently. Knop et al. [29] has
worked in the improvement of the Extended Coherent Flame Model
(ECFM), which was adapted to hydrogen combustion by adding a new
laminar ﬂame thickness correlation. Kosmadakis et al. [30] experimentally and numerically investigated the eﬀect of hydrogen addition on
the emission formation and has found good correlation between the two
approaches. It is also worth mentioning the work of Rakopoulos et al.
[31].
The present paper aims at developing and applying an accurate CFD
model for the simulation of the combustion process in NG engines. As a
matter of fact, the design of high eﬃciency SI engines featuring low CO2
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Table 1
Engine characteristics.
Cylinder displacement
Bore/Stroke
Compression Ratio
Valves per cylinder
Combustion chamber
Intake valve
Exhaust valve
Injection system
Turbocharger

342 cm3
72 mm/84 mm
9.8:1
4
Pent-roof
Opening duration = 250CAD/maximum lift = 7.5 mm
Opening duration = 244 CAD/maximum lift = 7 mm
Port Fuel injection
Wastegate-controlled, ﬁxed geometry turbine

Table 2
Fuel characteristics.
Fuel

CNG

HCNG15

HCNG25

Methane
Ethane
Butane
CO2
Hydrogen avg. properties
𝛼 st
Hf [MJ/kg]
MN

≥98
≤1
≤0.6
≤1
0
17.05
49.1
≈99

≥83.3
≤0.85
≤0.51
≤0.85
15±2
17.40
53.7
≈84

≥73.5
≤0.75
≤0.45
≤0.85
25±2
17.70
54.6
≈74

emissions requires the optimisation of quite a large number of parameters such as in-cylinder turbulence, charge dilution, fuel composition,
… Given that the eﬀects of such factors varies to a wide extent depending on the engine speed, load and combustion timing, a reliable CFD
tool turns out to be of crucial importance to support the engine design
and calibration phases. The paper also focuses on the model application to characterise the eﬀects of hydrogen doping on the combustion
characteristics and dilution tolerance in a small displacement engine for
passenger car applications.

2. Methodology
2.1. Experimental dataset
The engine used for the present investigation is a turbocharged 1.4-l
engine which was originally designed to run on CNG. The main speciﬁcations of the engine are listed in the Table 1. The test bench the engine
was operated upon had been previously installed and instrumented. Details can be found in [23].
The engine was tested with diﬀerent amounts of hydrogen added to
natural gas (0%, 15%, and 25% by volume), and the engine control unit
parameters were calibrated for each case to meet the hydrogen/methane
blend requirements. The CNG and HCNG blends composition and main
average properties are reported in Table 2:
The experimental test matrix consists in a combination of diﬀerent loads (bmep=2.0–7.9 bar) and engine speeds (N=2000–4600 rpm)
and the calibration was performed for MBT timing and stoichiometric
steady-state conditions. Moreover, sweeps of spark timing and A/F ratio were carried out for a few selected engine working conditions. For
each of the tested operation points and loads, the main engine-operating
quantities (such as brake torque, crankshaft angular speed, air and fuel
ﬂow rates, and exhaust emissions) have been measured for a duration
of 1 min with a sample rate of 10 Hz with controlled steady-state operation, and multiple consecutive in-cylinder pressure traces were sampled
for 100 cycles according to the time base generated by the crankshaftdriven encoder (0.1 CA deg resolution). The consecutive cycles that have
been measured are suﬃcient to provide statistical validity for the cyclic
variability analysis. Each operating point has been acquired for the three
considered mixtures. A selection of the available experimental dataset
was considered for the calibration of the model presented in the paper.
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Table 3
Cylinder mesh parameters during combustion.

Base grid size [mm]
Final size [mm]
Final size including AMR [mm]
Average Simulation Time

Fig. 1. CAD model of the engine combustion chamber, including intake and
exhaust ports, valves and spark plug.

2.2. CFD model
The present section describes the CFD model developed within the
CONVERGE software. The engine geometry is shown in Fig. 1.
Momentum and mass transport were solved for compressible ﬂows;
Redlich–Kwong equation of state was chosen to couple density, pressure
and temperature. Turbulence was resolved using a Reynolds-averaged
Navier–Stokes (RANS) approach with the RNG k-𝜀 as closure model.
As far as the combustion simulation is concerned, a precise description of the detailed chemistry would be possible by embedding a detailed
fuel oxidation mechanism within the SAGE module of CONVERGE to account for the species concentration. However, the main disadvantage of
this method is its high computational time. Under the assumption of a
perfectly uniform mixture at the intake, which is a reasonable one for
a PFI engine, a good compromise between model accuracy and computational cost is achieved by using the Extended Coherent Flame Model
(ECFM) coupled to the Imposed Stretch Spark Ignition Model (ISSIM)
[32]. The ECFM is a ﬂamelet-based model, which is based on the assumption that the turbulent ﬂame is composed by a large number of
ﬂamelets, each of them behaving as a laminar ﬂame. The ECFM represents the eﬀect of ﬂame wrinking by the turbulence through the introduction of a ﬂame density per unit volume in each computational cell.
The latter is calculated based on the fuel/air equivalence ratio in the
unburned mixture, the composition (even if residual gases are present)
and the temperature in the immediate vicinity of the ﬂame. The resulting
ﬂame surface density is used to describe large scale burned/unburned
stratiﬁcation. When the spark discharge occurs, a mass of burning gases
is deposited between the electrodes. The ISSIM submodel in based on
the experimental observation that the initial kernel size does not depend
on the mixture composition, but scales with the deposited electrical energy. ISSIM simulates the reaction rate due to the ﬂame surface density
at the ignition event. The model is capable to represent both the electric
circuit energy deposition and ﬂame surface and mass deposition, thus
modelling the ignition of the ﬁrst mass of unburned gases. Once the ﬁrst
ﬂame kernel is formed, ISSIM takes the deformation of the gases surface
due to convection and turbulence into account.
The ECFM requires the laminar ﬂame speed to be speciﬁed as an input. In this work, in order to improve the model accuracy, a detailed
model was developed based on the Aramco reaction mechanism [33] in
the LOGEresearch software. The capability of the Aramco mechanism

Base

Reﬁned #1

Reﬁned #2

4
2
0.25
18 h/cycle

4
1
0.25
32 h/cycle

3
0.375
0.375
42 h/cycle

to reproduce experimental results for laminar ﬂame speed or ignition
delay was demonstrated by various researchers for single fuel feeding,
for methane and hydrogen mixtures as well as for EGR diluted ones
[9,34–41]. The LOGEresearch simulation results were organised in the
form of a lookup table as a function of the fuel composition, EGR rate,
equivalence ratio, pressure and temperature of the mixture. The lookup
table was then embedded in the model by means of a user deﬁned function. This solution represents a very good compromise between model
accuracy and computational cost, with respect to the use of empirical
relations [42,43] as well as to the direct mechanism implementation
in the CFD code. The LFS calculation in LOGEresearch was performed
for all the fuels for a wide range of pressure [1-200 bar], temperature
[300-1600 K] equivalence ratio [0.1–5] and EGR [0–40 %].
The LFS submodel results and validation are reported in Figs. 2 and
3. In Fig. 2, the experimental results from diﬀerent researches are represented the empty red symbols whereas the numerical results are depicted by the solid black circles. The results obtained with a previous
version of the submodel that embeds the GRIMECH3.0 mechanism are
also reported as a reference.
The results if Fig. 2 prove that both the GRIMECH and the Aramco
mechanisms are able to accurately reproduce the LFS trend versus the
equivalence ratio at a pressure of 1 bar and 5 bar, respectively. However, as the pressure further increases, more accurate results were obtained with the Aramco mechanism. The accuracy of this model is further proved by Fig. 3, where the laminar ﬂame speed versus pressure
is reported for a stoichiometric mixture at two diﬀerent temperatures.
The symbols represent the experimental results whereas the lines were
produced by the present simulation model.
2.2.1. Mesh deﬁnition
An important aspect for the 3D CFD simulation is the mesh deﬁnition. In order to assess for the mesh dependence of the simulation results,
three mesh solutions were tested and are enlisted in Table 3: Base, Reﬁned #1 and Reﬁned #2. Each of them is characterised by a base size
and is reﬁned down to a ﬁnal grid size during the simulation by either
adaptive mesh reﬁnement (AMR) or ﬁxed embedding methods, which
both apply the same scaling formula:
𝑔 𝑟𝑖𝑑 𝑠𝑖𝑧𝑒 = 𝑏𝑎𝑠𝑒 𝑔 𝑟𝑖𝑑∕2𝑠𝑐𝑎𝑙𝑒
Out of the two scaling methods, the ﬁxed embedding is set to be activated in diﬀerent regions of the CFD model as ‘permanent’ or ‘cyclic’.
The AMR is a peculiar and ﬂexible facility embedded in the Converge
software, which is useful to reduce the numerical error for variables
such as velocity, temperature, turbulence or species mass fraction. The
AMR algorithm will increase the reﬁnement level (embedding) based on
the estimation of the variable gradients and on the comparison to user
deﬁned thresholds. The eﬀectiveness of the strategy is demonstrated in
Fig. 4, which plots the contours of the estimated error on the velocity
magnitude as superimposed to the grid aspect and velocity vectors.
The results in Fig. 6(a) have been produced by activating the AMR.
Fig. 6(b) reports the results with the same mesh, without the AMR. The
mesh is further reﬁned in Fig. 6(c), still without AMR. The error is at its
lowest point in Fig. 6(a), thanks to the eﬀect of mesh reﬁnement in the
areas where the ﬂow is under-resolved, thus reducing the error in the
calculation of the velocity ﬁeld. In Fig. 6(b) and(c) the error turns out
to be more signiﬁcant. It is worth recalling that the results presented in
Fig. 6(c) were produced through a base mesh featuring half the size that
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Fig. 2. Aramco Mechanism validation: LFS as a function of equivalence ratio at diﬀerent pressures.

Fig. 3. Comparison of experimental laminar ﬂame speed and present LOGEresearch model results at diﬀerent pressures and temperatures, for stoichiometric mixture.

of Fig. 6(b) throughout the entire domain, thus giving rise to the highest
computational time.
The results of the grid independence analysis are presented in
Figs. 5 and 6 with reference to the engine working condition at 2000
rpm, 360 kPa.
As far as the ensemble-average of the simulated in-cylinder pressure
in Fig. 5 is concerned, the peak ﬁring pressure (PFP) value obtained by
the Base mesh is 6% lower than that produced by Reﬁned #2 mesh. The
diﬀerence with respect to the Reﬁned #1 mesh is 5%. This diﬀerence
can be ascribed to an underestimation of the turbulence level in the
Base case (about 10–15%), as well as to the spark secondary current
as it is modelled by the ISSIM. The second factor holds for the Reﬁned
#2 case, where small diﬀerences can be observed, thanks to the more
detailed description of the spark gap region. This impacts on the heat
release calculation in the interval between the spark timing and the peak

pressure occurrence. The error with respect to the Reﬁned #2 case is of
3.5% for the trapped mass, and of around 4 deg as far as the combustion
duration is concerned.
Fig. 6 shows the behaviour of the diﬀerent meshes in terms of cycleto-cycle variability. As was already documented in [44,45] in-cylinder
engine simulations can show numerical cycle-to-cycle variations as the
grid is reﬁned, due to the decreased grid viscosity and, consequently, to
the lack of damping eﬀect on the initial conditions of the simulated cycles. The ﬁgure depicts the ﬂuctuations in the ensemble average of the
PFP, the fuel trapped mass and the MFB10-90 interval as the number of
simulated cycles increases from 2 up to 10 (abscissa axis). More speciﬁcally, the ﬁrst simulated cycle was discarded because it is aﬀected by the
initial conditions. The ﬁrst point reported in Fig. 6 is the average of the
considered quantity between cycle n.2 and n.3. From the second point
onwards, one cycle is progressively added to the sample for the average
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Table 4
Meshing details and scaling.
Boundary/region

Reﬁnement type

Final size [mm]

Cylinder Region
Cylinder Region
Intake region
Exhaust Region
Cylinder Head
Cylinder Liner
Piston Surface
Intake Valve Top Surface
Intake Valve Bottom
Exhaust Valve Surfaces
Exhaust Valve Bottom
Spark Plug
Intake Port
Exhaust Port

Fixed
AMR
AMR
AMR
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed

2
0.25
0.25
0.5
0.5
0.5
0.5
0.25
0.5
2
0.5
0.125
1
2

Embedding

Embedding
Embedding
Embedding
Embedding (Cyclic)
Embedding
Embedding (Cyclic)
Embedding
Embedding (Cyclic)
Embedding
Embedding

the capability of the model to capture the eﬀect of the main operating
variables on the combustion process. It is also worth pointing out that
8 to 10 cycles would have to be simulated for the reﬁned meshes in
order to get stabilised results. Further details about the Base mesh are
reported in Table 4, and a exempliﬁcation of the mesh structure during
the intake stroke is provided in Fig. 7.
3. Model validation

Fig. 4. Comparison between mesh, error estimator and velocity ﬁeld.

Two operating conditions were considered for the model validation,
namely, 2000 rpm x 6 bar and 3000 rpm x 8 bar, under stoichiometric
conditions. Furthermore, the model was also tested for diﬀerent A/F
ratios at 2000 rpm x 6 bar. The following comparisons were made:
•
•

evaluation. In the Base mesh case, all the reported quantities show virtually unchanged average values once the cycle n.4 is considered. This
indicatesa very limited variation of the simulated quantities from one
cycle to another, thus hinting at the presence of numerical viscosity capable of damping down any numerical perturbation. The reﬁnement of
the mesh leads to some diﬀerence in the averaged results, but also to a
more apparent sensitivity to such perturbations.
The results obtained through the Base mesh have been considered to
be the best compromise between accuracy and computational cost (see
Table 3). The above mentioned diﬀerences with respect to the reﬁned
meshes can in fact be easily recovered by a slight change in the combustion model calibration constants (see next section), and do not impair

•
•
•

Pressure cycles
Combustion duration of MFB0-10; MFB 10-90
MFB50 timing relative to TDC
Peak Firing Pressure Crank Angle relative to TDC
Peak Firing Pressure Value

Fig. 8 shows the comparison of the simulated and measured incylinder pressure traces. More speciﬁcally, diﬀerent curves are presented: “Avg. Numerical Cycle” holds for the ensemble average from the
2nd to the 7th consecutive cycles from the simulations whereas “Avg.
Experimental Cycle” is the ensemble average of the 100 consecutive cycles that were experimentally acquired. Each of the acquired cycles is
also reported in the chart with a light grey line so as to give an insight of
the cycle-to-cycle pressure ﬂuctuations. The results of the model application to the three diﬀerent engine fuelling is reported in Fig. 9, which
Fig. 5. Experimental pressure cycle vs numerical cycles for diﬀerent mesh sizes.
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Fig. 6. Experimental vs numerical resultspeak pressure, fuel trapped mass, combustion
duration.

Fig. 8. 2000 × 6, lambda=1 CNG fuel.
Fig. 7. Mesh details in the intake phase. AMR due to velocity gradient active at
the inlet port.

compares the main combustion-related parameters: the black triangles
refer to the experimental results whereas the red square hold for the
simulations. The data are plotted against the hydrogen content of the
fuel (see Table 2). The experimental values of the intake and exhaust
pressure together with the temperature and with the spark timing actuated by the ECU were used as input for the simulation. The data in
Figs. 9 and 10 assess for a satisfactory model accuracy. More speciﬁcally, referring to the in-cylinder pressure time history for CNG fuelling,
an accurate reproduction of the experimental results stems during the
compression and the combustion phases. Still, a slight overestimation
of the in-cylinder pressure during expansion arises, mostly likely to be
ascribed to an underestimation of the heat transfer to the cylinder walls.
The results in Fig. 9 show that the model is able to capture the eﬀect
of the fuel properties on the combustion-related parameters, without
any change in the ECFM constants (ﬂame stretch rate, wrinkling factor). More in detail, since the initial ﬂame development angle, Δ𝜃 0-10 ,
is marginally inﬂuenced by the in-cylinder turbulence, the good agreement in the ﬁgure is a further proof of the accuracy of the implemented

LFS submodel. Furthermore, in agreement with the ﬁndings in the literature, both the CFD and the experimental results conﬁrm the apparent
increase in laminar ﬂame speed for the hydrogen-doped fuels. A very
good accuracy is also found for the Δ𝜃 10-90 combustion duration, even
though the latter is less sensitive to the hydrogen content in the fuel.
On the one hand, the increase in LFS due to the hydrogen doping corresponds to an increase in the turbulent burning speed [8]; on the other
hand, the global eﬀect is somehow ‘ﬁltered’ by the ﬂame-turbulence interaction. Finally, as far as the peak ﬁring pressure and its corresponding angle are concerned, a nearly constant behaviour is observed. As
a matter of fact, the diﬀerences in fuel density and ﬂame speed were
compensated by a careful control of the engine throttling and spark timing, so as to keep a constant engine load and to guarantee an optimal
combustion phasing for all cases. The combustion phasing produced by
the spark timing is represented by the MFB50 position in Fig. 9 and
diﬀerences between 2 and 3 CA degrees can be observed. Finally, the
simulated trapped mass per cycle feature an average error around 4%.
However, the trend against the H2 percentage is properly reproduced
for all quantities.
Further validation cases are provided in Figs. 10 and 11.
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Fig. 9. 2000 rpm, imep = 6 bar, 𝜆 = 1 – Experimental and numerical combustion-related quantities and trapped mass, for diﬀerent fuel compositions.

Fig. 10. 2000 rpm, imep = 6 bar – Experimental and numerical combustion-related quantities and trapped mass, for diﬀerent mixture air dilution under CNG fueling.

Fig. 10 shows the comparison between experiments and CFD model
for an A/F ratio sweep performed at 2000 rpm, 6 bar with CNG fuelling.
The combustion development interval Δ𝜃 0-10 shows a nearly parabolic
trend, which is almost perfectly captured by the model, thus further
conﬁrming the accuracy of the LFS submodel. The other combustion
duration intervals are reproduced to a major extent, even though more
apparent diﬀerences appear for the leaner mixtures (𝜆 = 1.4 and 1.6).

Fig. 11 reports the results of the model validation for higher engine
speed and load, for the three considered fuels, under stoichiometric conditions. Even though the trends versus H2 percentage are less deﬁned,
the model is able to follow them, despite some more apparent diﬀerences on the Δ𝜃 0-10 interval (about 1-2 CAD) and on the MFB50 timing.
The results in the present section allow for stating that the model
is able to reproduce the trends of the experimental results without
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Fig. 11. 3000 rpm, imep = 8 bar – Experimental and numerical combustion-related quantities and trapped mass, for diﬀerent mixture air dilution.

adjustments in the model constants. Moreover, based on the results in
[44], the model, coupled with the LFS lookup tables and ECFM combustion model, is able to accurately reproduce the dependence of the
combustion process on the EGR rate. This gives an additional proof of
the model accuracy and indicates that it can be used as a predictive
tool to investigate the combustion process in natural gas engines, with
speciﬁc reference to the eﬀects of the mixture composition.
4. Results and discussion
4.1. Borghi diagram
In this section the eﬀects of fuel doping by hydrogen addition will
be discussed in detail. Furthermore, the model will be used as a predictive tool to investigate into the eﬀect of the charge dilution by
means of exhaust gas recirculation. Both changes in the mixture composition exert a remarkable inﬂuence on the mixture laminar ﬂame
speed and, in turn, on the ﬂame–turbulence interaction. Consequently,
it is worth representing the evolution of the combustion on the wellknown Borghi diagram [46]. This chart represents the state of a homogeneous burning mixture by referring to the following non-dimensional
numbers:
4- the ratio between the integral length scale of the turbulence (Lt ) and
the ﬂame thickness (𝛿 F );
4- the ratio between the turbulence intensity (u’) and the laminar ﬂame
speed (SL ).
The turbulence integral length scale is calculated as:
( ′3 )
𝑢
𝐿𝑡 =
(1)
𝜀
√
where 𝑢′ = 32 𝑘 is the turbulent velocity ﬂuctuation, which is derived
from the turbulent kinetic energy. The latter is in turn calculated using
the transport equation in the k-ɛ closure model [47]. The ﬂame thickness

is deﬁned as
(
)
𝜆∕
𝑐𝑝 0
δ𝐹 = (
)
𝜌𝑆𝐿 𝑢

(2)

where the heat conductivity 𝜆 and the heat capacity, cp are evaluated at
the inner ﬂame temperature T0 , whereas the denominator is evaluated
with reference to the in the unburned gas [48]. In the context of the
CFD model, 𝛿 F is calculated as described in [49].
As the abovementioned quantities are not homogeneous in the combustion chamber, volume-averaged values are evaluated by the software, through a purposely deﬁned user subroutine. In the Borghi chart
several combustion regimes can be deﬁned, based on the range of the
Karlovitz number, 𝐾𝑎 = 𝜏𝑐∕𝜏 . The latter is the ratio between a time scale
𝑘
representative of the chemical reactions and a time scale of the turbulence ﬁeld [46], given by:
𝜏𝑐 =

𝛿𝐹
𝑆𝐿

(3)

𝜏𝑘 =

𝐿𝑡
𝑢′

(4)

lk and uk , in turn, are the characteristic size and velocity for the turbulent structures at the Kolmogorov scale level. As the latter are diﬃcult to
be evaluated from a RANS simulation, following the indication in [46],
the Karlovitz number is ﬁnally evaluated as:
( ′ )3∕2 ( )−1∕2
𝐿𝑡
𝑢
𝐾𝑎 =
(5)
𝑆𝐿
𝛿𝐹
4.1.1. Hydrogen addition eﬀects
Fig. 12 shows the evolution of the combustion process for the engine
working point at 2000 rpm, bmep = 6 bar, 𝜆 = 1, for the three fuel
compositions (see Table 2). The objective is to support the interpretation
of the results already showed in Section 3, so as to gain fundamental
knowledge on the combustion process for the considered fuels.
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Fig. 12. Trend of the combustion curves for the three fuels- CNG, HCNG15 and
HCNG25, EGR0 %.
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Fig. 14. HCNG25 fueling- EGR sweep.

reduced cycle-by-cycle variability of the combustion process. Similarly,
it can be deduced that an increase in Ka at MFB50 leads to an increase
in the sensitivity of the combustion on the cycle-by-cycle perturbations
of the turbulent ﬂow. The decrease in the HC emission as Ka decreases
is also due to the reduced combustion variability, as less cycles featuring a low combustion eﬃciency occur. It is anyway worth pointing out
that all the combustion events are conﬁned to the diagram region with
Ka<1 (‘ﬂamelet regime’), which is characterised by a good stability of
the combustion process, being the experimental CoV of the engine imep
below 1% [21].

Fig. 13. Relation between Karlovitz number, CoV_PFP and HC formation with
hydrogen addition.

The results are presented in Fig. 12. The diﬀerent colours denote the
three fuel compositions. The curves were plotted from spark timing (ST)
to the exhaust valve opening, and a few relevant crank angle positions
were highlighted with symbols on each curve, as indicated by the legend. It is worth mentioning that the ST was set in such a way to reach
MBT (maximum brake torque), by targeting a MFB50 timing in the range
from 7 to 10 deg after TDC. As the fuel composition is changed by adding
hydrogen to the blend, the portion of the curves from the spark advance
till a few degrees after TDC are shifted towards the bottom-right corner. The vertical translation can be justiﬁed by taking into account the
combination of two eﬀects:
•

•

diﬀerent thermodynamic conditions (higher pressure and temperature for the hydrogen-blended fuels) due to lower spark timing, thus
leading to a higher laminar ﬂame speed;
the decrease in turbulent intensity (u’) determined by the earlier
crank angle for the CNG case and, consequently, by the lower turbulence decay.

Although the sensitivity of the combustion pattern on the hydrogen
dilution is rather limited in the case of Fig. 12, the ﬁgure is useful to
exemplify that the combustion quality can somehow be diagnosed on
the Borghi diagram. More precisely, a shift of the combustion-evolution
pattern towards the bottom-right corner corresponds to a decrease in
the average Karlovitz number. It can be seen that the Karlovitz number
in correspondence of the MFB50 timing correlates well to some experimental combustion-related measurements. In particular, Fig. 13 shows
the correlation with the experimental cylinder-averaged CoV of the peak
ﬁring pressure (left axis) and brake speciﬁc HC emissions (right axis).
The experimental results have been previously published in [21,23].
As the Karlovitz number at the MFB50 crank angle decreases, the coeﬃcient of variation of the peak ﬁring pressure decreases, hinting at a

4.1.2. EGR dilution
As it was mentioned in the introduction, hydrogen addition to natural gas can increase the EGR tolerance of a given engine, leading to
advantages in terms of both fuel consumptions and NOx emissions. The
beneﬁts are in fact a combination of the increased combustion stability
(due to the hydrogen addition) and the reduced burned-gas temperature (due to the dilution with EGR) [50]. As the beneﬁts depend on the
percentage of hydrogen fraction and EGR, it is important to ﬁnd out
which combination of EGR and hydrogen provides the best results in
terms of combustion stability for each of the tested fuel. The CFD model
presented in this paper can be of great help in such an analysis. As an
application, it has been used to ﬁnd the maximum amount of EGR tolerated by the engine under study (Table 1), while maintaining a stable
combustion. The simulations were run by adjusting the spark timing
so as to keep the MFB50 position nearly constant, and by controlling
the boost level to guarantee a constant engine imep. According to the
ﬁndings in [51] the EGR limit was detected based on the attainment of
a limit value of around 50 deg for the MFB0-50 interval. However, a
signiﬁcant support to such analysis could be obtained from the analysis of the combustion patterns on the Borghi plot, as a corresponding
threshold value for the Karlovitz number can also be detected.
In order to analyse the eﬀect of EGR on the combustion, the case
of 2000 rpm, 6 bar, HCNG25 fuelling was initially considered and is
hereafter presented. The results for the CNG and HCNG15 will also be
discussed.
Fig. 14 shows the corresponding Borghi plot for HCNG25. The diﬀerent EGR values are represented by the diﬀerent colours as indicated in
the legend, whereas the symbols retain the same meaning as in Fig. 12.
Without external EGR (blue curve) the value of Karlovitz number
keeps lower than unity for most of the combustion process. As the mixture is diluted with EGR, the curves moves towards the top-left corner,
leading to overall increases in the Karlovitz number. As a matter of fact,
the combustion is aﬀected by the presence of the inert gas. With the lowest EGR contribution (EGR10% - black curve), the ratio of 𝐿𝑡∕𝛿 on the
𝑓

x-axis decreases to a great extent for the initial combustion phase (from
ST to TDC). By further increasing the EGR quantity, the ratio further
increases (red and green curve), indicating that the ﬂame thickness is
heavily aﬀected by the EGR dilution. In fact, the turbulent length scale
Lt depends on the ﬂuid motion inside the cylinder and has a limited de-
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Fig. 15. Combustion intervals for diﬀerent EGR rates –
HCNG25 fueling, 2000 rpm, imep = 6 bar, 𝜆 = 1.

pendence on the EGR rate, for a given engine speed and load. At the
same time, the ﬂame thickness decreases as EGR increases. This can be
explained by observing that Eq. (2) can be rewritten as
𝛿𝐹 =

𝐷
𝑆𝐿

(6)

which shows a dependence of the ﬂame thickness on thermal diﬀusivity,
D, and laminar ﬂame speed. An increase in the EGR rate produces a
decrease in D as it was found in [52] The combined eﬀect of the thermal
diﬀusivity and the laminar ﬂame speed produces a decrease in 𝛿 F as is
also documented by the experimental ﬁndings in [53,54].
′
The velocity ratio 𝑢 ∕𝑆 is also heavily dependent on the EGR quan𝐿
tity. This is mainly an eﬀect of the decrease in SL due to the dilution
eﬀect, as well as to the increase in u’ determined by the more advanced
combustion timing. Consequently, the relative strength between turbulence and combusiton is modiﬁed and the combustion regime gradually
moves towards the distributed reaction or pocket ﬂame region [46].
Fig. 15 shows the dependence of the combustion duration intervals
on the EGR rate.
The eﬀect of the EGR dilution on the combustion duration are opposite to those observed in the case of hydrogen blending (Figs. 9 and 11).
As the EGR increases, the ﬂame development interval, Δ𝜃 0-10 , increases,
due to the reduction of the laminar ﬂame speed in the diluted mixture. A
roughly corresponding increase is visible in the Δ𝜃 0-50 interval. Consequently, the ST needs to be correspondingly increased to keep a nearly
constant absolute MFB50 timing. On the other hand, the combustion
duration shows an apparently lower dependence on the EGR content, in
analogy to what observed in Figs. 9 and 11.
As far as the engine performance are concerned, as long as the combustion process remains suﬃciently stable, the penalty in the imep induced by the charge dilution can be recovered by an increase in the boost
pressure, as already observed in [51]. Also, for a given boost pressure,
an increase in the spark advance can help in restoring the target imep
value. As EGR is gradually increased, a threshold is reached, beyond
which the combustion process quickly switches to an incomplete one.
At the same time, a boost increase becomes ineﬀective to recover the
original engine imep. As an example, Fig. 16 reports the methane concentration, indicating the progress of the combustion, at the crank angle
position corresponding to the optimal MFB50 position. The left image
is relative to the case with EGR=0 and shows a regular and compact
ﬂame front. The image on the right (EGR=25%) shows that the combustion progress is retarded, even if the spark advance was increased
up to the unfeasible limit of 59 deg CA. A largely incomplete combustion is hence obtained. Furthermore, the shape of the ﬂame front reveals
a broken structure, which is consistent with the Ka range assumed by
the combustion curve on the Borghi plot (see Fig. 14), which falls in
the distributed reaction zone. In fact, when Ka>1, the turbulent ﬂow is
able to aﬀect and to thicken the ﬂame preheat zone by extracting heat

Fig. 16. Methane concentration contours at TDC+10 CAD with HCNG25 fueling: EGR = 0 (left) and EGR = 25% (right).
Table 5
EGR limit for the three fuels – 2000 rpm, imep = 6 bar.
FUEL

EGR %

imepactual /imeptarget [-]

MFB0-50 [CAD]

Ka@MFB50

CNG
HCNG15
HCNG25

10
15
20

0.98
1.00
0.95

49
48
54

0.84
0.90
1.14

Table 6
EGR rate beyond the limit for the three fuels – 2000 rpm, imep = 6 bar.
FUEL

EGR %

imepactual /imeptarget [-]

MFB0-50 [CAD]

Ka@MFB50

CNG
HCNG15
HCNG25

15
20
25

0.88
0.87
0.82

51.5
56
70

0.93
1.14
1.56

from the reaction zone, thus slowing down the combustion and, in some
cases, breaking the ﬂame front [46].
Finally, in accordance to the ﬁndings in [51], the EGR limit concentration could be detected as the one producing the achievement of
the MFB0-50 combustion interval beyond 50 CAD. For the HCNG25 fuel,
this corresponded to the 20% in mass. When the concentration increased
to 25% (green curve in Fig. 14), the MFB0-50 interval further increased
and a largely incomplete combustion was obtained. Furthermore, it was
not possible to restore the target imep value, regardless of the imposed
boost pressure.
Similar results were obtained by performing an EGR sweep with CNG
and HCNG15. Table 5 and 6 summarises the result obtained with reference to a concentration equal to and just beyond the tolerance limit, respectively. The corresponding curves representation on the Borghi chart
are depicted in Figs. 17 and 18.
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Finally, Fig. 19 also conﬁrms the hypothesis of the Borghi Diagram
(Combustion curves above Ka=1); more precisely it shows that the ﬂame
front has been broken in the cases of incomplete combustion.
5. Conclusion

Fig. 17. Borghi Diagram for the limit EGR rate for the three fuels – 2000 rpm,
imep = 6 bar.

In this paper the development of a CFD model for the turbulence and
combustion simulation in spark ignited NG engines was presented. The
model features an accurate submodel for the evaluation of the laminar
ﬂame speed for diﬀerent fuel compositions and mixture dilution, which
replaces the more common application of empirical correlations. The
ﬂame speed values have been derived from the application of a reaction
mechanism for natural gas-air-residual gases mixtures, in which both the
thermodynamics conditions, the fuel-to-air ratio and the exhaust gases
concentration have been varied over a wide range.
The presented model was then validated and applied to the investigation of the dependence of the combustion quality on the fuel doping
with hydrogen and on the mixture dilution with EGR. As a matter of
fact, the attractiveness of mixture dilution with EGR is due to the potential in the reduction of the pumping losses, thus reducing the fuel
consumption at partial load, as well as to the control of engine-out NOx
emissions. The eﬀect of fuel blending with H2 on the EGR tolerance was
discussed in the paper.
The eﬀect of fuel doping with hydrogen can be summarised as follows:
•

•

Fig. 18. Borghi Diagram for the EGR rate beyond the limit for the three fuels –
2000 rpm, imep = 6 bar.

•

The mixture laminar ﬂame speed increases, and the spark advance
needs to be reduced to keep the optimal combustion phasing.
The eﬀect on the turbulent combustion duration is less apparent.
The comparison of the combustion patterns on the Borghi plots
shows that an overall decrease in the combustion Karlovitz number is obtained as hydrogen is added to the fuel. The combustion
stability correspondingly increases and the HC emissions decrease.

The extension of the analysis by including charge dilution with EGR
has shown that hydrogen doping can increase the EGR tolerance of the
engine, in agreement with the ﬁndings with the literature. In this paper, the analysis was based on the combined study of the engine-related
variables and of the combustion evolution on the Borghi plot. It was
thus possible to detect a threshold of the Karlovitz number, which corresponds to a combustion stability limit. A Karlowitz number around
unity at MFB50 timing can be assumed as representative for the limit
dilution conditions in the considered engine. Signiﬁcant detriment in
the combustion stability and completeness are obtained when Ka is in
the range between 1 and 1.4.
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As expected, all the combustion curves are placed in the zone between Ka = 1 and Ka = 2. A Karlovitz number around unity at MFB50
timing can be assumed as representative for the limit dilution conditions
in the considered engine. Signiﬁcant detriment in the combustion stability and completeness are obtained when Ka is in the range between 1
and 1.4. The outcomes of the Borghi plot are consistent with the representation of the ﬂame in Fig. 19. More precisely, as the Karlovitz number
gets beyond the unity, the ﬂame front is broken.
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