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ABSTRACT
Natural Gas (NG) is a promising alternative fuel. Historically, the slow burning velocity of NG
poses significant challenges for its utilisation in energy efficient Spark Ignited (SI) engines. It has
been experimentally observed that a binary blend of NG and gasoline has the potential to accelerate
the combustion process in an SI engine, resulting in a faster combustion even in comparison to that
of the base fuels. The mechanism of such effects remains unclear. In this work, an optical diagnosis
has been integrated with in-cylinder pressure analysis to investigate the mechanism of flame velocity
and stability with the addition of NG to gasoline in a binary Dual Fuel (DF) blend. Experiments are
performed under a sweep of engine load, quantified by the engine intake Manifold Air Pressure
(MAP) (0.44, 0.51. 0.61 Bar), and equivalence air to fuel ratio (Φ = 0.8, 0.83, 1, 1.25). NG was added
to a gasoline fuelled engine in three different energy ratios 25%, 50% and 75%. The results showed
that within the flamelet combustion regime, the effect of Markstein length is dominating the lean burn
combustion process both from a stability and velocity prospective. The effect of the laminar burning
velocity on the combustion process gradually increases as the air fuel ratio shifts from stoichiometric
to fuel rich values.
1.

INTRODUCTION

The necessity for compliance with future emission legislations has renewed the interest for the
use of alternative fuels. The low carbon content, knocking resistance, and abundance reserves have
classified Natural Gas (NG) as one of the most promising alternative fuels. Historically, the slow
burning velocity of it’s main constituent, methane, has been a major concern for its utilisation in
energy efficient combustion applications. The fundamental, unstretched laminar burning velocity
(Su0) of the fuel-oxidizer mixture is often used as a major performance criterion. As emphasized in a
limited body of experimental literature [1] [2] [3] [4] [5], a binary blend of methane and gasoline has
the potential to accelerate the combustion process in an SI engine, resulting in a faster combustion
even in comparison to that of the base fuels. The mechanism of such effects remains unclear.
In contrast, a substantial research effort has been made to improve the understanding on the
flame behaviour of the base fuels. The combustion characteristics of NG as well as gasoline and its
surrogates have been investigated both in constant volume laminar combustion experiments [6–13]
as well as in SI engine environments [14–19].
In an SI engine environment, the flame is continuously stretched by its curved nature and its
propagation through a strained turbulent flow field. Another fundamental mixture parameter known
as the Markstein length (Lb), which quantifies the response of the flame velocity to stretch, is critically
essential to completely characterise the development of an expanding flame in an SI engine.
Following the work of Karlovitz et al. [20] and Markstein [21], Clavin [22] developed a model
to account for the effects of flame stretch on the development of a laminar flame. The model correlates
linearly the stretched flame velocity (Sb = dRf / dt) with the unstretched laminar burning velocity (Su0)
and the effects of stretch such as for an infinitesimally thin flame [23],
𝑆𝑏 = 𝑆𝑢0 𝜎 − 𝐿𝑏 𝑎

(1)

where 𝜎 is the expansion factor defined as the ratio of unburned to burned gas density, and 𝑎 is the
flame stretch rate. The flame stretch rate is an additive contributor of the aerodynamic strain, and the
flame curvature [24] [25] [26]. For an outwardly propagating spherical flame, and a weak effect of

the tangential straining compared to the sum of normal straining and curvature, the global flame
stretch can be simply defined as below [27] [28], where R f is the flame radius
𝑎=

2
𝑆
𝑅𝑓 𝑏

(2)

It is clear from the definition of flame stretch that peak value of stretch is expected at the very
initial stages of combustion (Small Rf). As the flame develops and flame radius increases flame stretch
is reduced.
In the context of turbulent flamelet regime, the flame front preserves the structure of a laminar
flame and is propagating with a stretched laminar flame velocity (Sb) [29]. The effect of turbulence
on combustion is solely reduced to wrinkling of the inherently laminar flame front increasing its
surface area. Under such conditions, the effect of Markstein length (Lb) is expected to be of crucial
importance to the combustion process. According to Eq.1, for a positive/negative Markstein Length,
the flame velocity will decrease/increase under flame stretch.
Constant volume laminar combustion experiments have been used throughout literature to
evaluate the values of Su0 and Lb of a fuel-oxidizer mixture. The reported values of Su0 of methane is
consistently lower compared to that of gasoline and its surrogates when tested at elevated pressures
(>2.5 bar) [7,9,11,13] for all Air to Fuel Ratios (AFRs). As emphasized [9] [11] , these two fuels
responded to flame stretch in an opposite manner with respect to the AFR. The Markstein length of
iso-octane and PRF95 (95vol% iso-octane and 5vol% n-heptane) increases with the AFR, whereas
that of methane decreases. At lean AFRs, methane has a significantly lower Markstein length
compared to that of iso-octane and PRF95. It was only recently that Petrakides at al. [5,30] and Ballo
et al. [31,32] reported values of Su0 and Lb for binary blends of methane with PRF95 and blends of
methane with iso-octane respectively. It has been reported by Petrakides at al. [30], that for pressures
relevant to SI engine operation (>5bar) and stoichiometric to lean AFRs, there is a positive synergy
for blending methane to PRF95 due to the convergence of Lb of the blended fuel towards that of pure
gas and Su0 towards that of pure liquid.
The flame behaviour of gasoline - NG DF blends has not been adequately investigated in an SI
engine. There is still a limited understanding with regards to the mechanism of a faster DF flame in
comparison to the base fuels in an SI engine. As it has been stated by Aleiferis et al. [15] there is a
trend of lower Markstein lengths for those fuels whose flames produced faster burning velocities in
the engine environment. The aforementioned trend has been experimentally validated by the research
group of Brequigny et al. [14,33,34].
The importance of flame-stretch interactions with the ratio of gas to liquid in a DF blend at
various engine operating conditions is still a distinct research gap. The research contribution of the
current experimental study is made through the characterisation and comprehensive understanding of
the mechanism of DF combustion, and the importance of flame-stretch interactions under a sweep of
engine load, and AFR, using an optically assessed research engine.
2.

EXPERIMENTAL METHODOLOGY
2.1. Optical research engine

A single cylinder optical research engine; Lotus SCORE, is used throughout this study to allow
optical measurement of the flame to be carried out. The engine is a flat piston, pent roof design with
a displaced volume of 0.5L, compression ratio of 10:1, 88mm bore and 82.1 stroke. The engine
features a centrally mounted spark plug. Configuration as shown in Figure 1(a), is used with a cast
iron cylinder liner to allow longer engine running duration in comparison to its usual fused silica liner
configuration [35]. Figure 1(b) shows how optical access is achieved through a 60 mm sapphire
window in the bifurcated piston, via a 45-degree mirror.
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(a)

(b)

Figure 1: (a) Lotus SCORE optical research engine. (b) Optical and fuelling configurations

Both gaseous and liquid fuels are delivered to the intake port as represented in Figure 1(b). The
liquid injector, supplied with 3.5bar fuel, is placed closer to the cylinder to take advantage of heating
from the back of the intake valve, aiding fuel vaporisation. Injection timing was 45degree ABDC
(After Bottom Dead Centre). The gas injector was a Bosch NGI-2, natural gas specific injector, was
supplied with 4 bar gas from a two-stage regulator via an Omega FM mass flow meter. This pressure
was chosen to be within the linear operating region of the injector. The timing of both injectors, as
well as ignition timing is controlled using the AVL 4210 timing unit. Unless otherwise stated, the
charging duration of the ignition coil (spark dwell) was set to 1 ms.
Two data logging systems were used during the work. A low speed acquisition (1Hz) logging
intake and exhaust gas temperatures via K-type thermocouples and liner temperature, via an Omega
infrared sensor. An AVL Indiset Advanced system was used to record data at crank-angle resolution
including in-cylinder pressure, measured using a water-cooled Kistler 6043A60 transducer. Both
were recorded using the National Instruments Labview. The AFR ratio was measured via an ECM
1200 AFR recorder, which allows H/C ratio to be adjusted as required for different fuels. The intake
flow rate was recorded using a Cussons P7200 meter which has an accuracy of +/- 1%.
Optical data capture was via LaVision Nanostar intensified CCD (ICCD) camera fitted with a
105 mm Nikon UV enhanced macro lens. The CCD chip has 1280 x 1024 pixels of physical size 6.7
x 6.7 μm. In the presented work this equates to a spatial resolution of 0.07 mm. LaVision DaVis
software and the PTU9 timing unit are used for camera timing control, with inputs from the engine
timing controller to allow crank angle base time to be specified.
2.2. Duel fuel preparation
The DF ratio is defined as the energy of NG (ENG) to the total (ETOT) energy in a DF blend as
shown in Eq.3
DFRatio =

ENG
ENG
MNG × LHVNG
=
=
ETOT
ENG + EGasol.
MNG × LHVNG + MGasol. × LHVGasol.

(3)

Using the measured mass flow rate of air (MAF) and natural gas (MNG), as well as the relative
AFR (λ), the DF ratio has been derived and displayed in real time (as well as recorded) on the AVL
Indiset system. The online display of this value allows tuning of the injection duration(s) and throttle
plate control to achieve the desired DF ratio at a specified engine load.
The hydrogen to carbon ratio (H/C) of pure gasoline has been set according to the European
certification whilst its stoichiometric AFR was set to 14.7. Due to the lack of consistent data on the
Lower Heating Value (LHV) of gasoline, its value was set to that of its common surrogate PRF95
(95vol% iso-octane and 5vol% n-heptane) and corresponds to 44.66 (MJ/kg). The LHV of methane
corresponds to (50 MJ/kg). For the calculation of the stoichiometric AFR of a particular DF blend,
PRF95 has been used as a surrogate for gasoline and methane as a surrogate for natural gas. The
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stoichiometric AFR has been calculated using the method of chemical balance and assuming products
of complete combustion. For the different DFs, the calculated H/C ratios and stoichiometric AFRs
(AFRstoich.) are summarised in Table 1, with DF100 representing pure gas (natural gas) and DF0 pure
liquid (gasoline).
Table 1: Fuel Properties used for the derivation of DF ratio
Fuel
H/C ratio
AFRstoich.
DF100
4
17.2
DF75
3.48
16.52
DF50
3.02
15.87
DF25
2.62
15.27
DF0
1.89
14.7

2.3. Engine operating conditions
Two engine parameter sweeps were performed. These were MAP (controlled using throttle
position), and AFR. For each sweep, the parameter under consideration was varied while the other
was held constant. The experimental test matrix is summarised in Table 2.
To reveal the effect of the fuel characteristics on the combustion process, it was deemed
necessary to hold the spark timing (35oCA BTDC) as well as throttle position constant for the various
runs of the different DFs during the AFR, and engine load sweep. Even though a drop in volumetric
efficiency is expected as DF ratio is increased, the throttle position as well as ignition timing was kept
constant in order to expose all DFs to the same in-cylinder flow characteristics at the point of spark.
Table 2: Experimental Test Matrix
Engine
Parameter
Sweep
AFR
Load

3.

Equivalence Ratio
(Φ)

Engine Load

Engine Speed
(RPM)

Fuels

0.8, 0.83, 1, 1.25
0.8

MAP : 0.44 (bar)
MAP : 0.44, 0.52, 0.61 (bar)

2000
2000

All
All

DATA PROCESSING
3.1. Thermodynamic data

Post-processing of in-cylinder pressure data was carried out using in-house developed MATLAB
code integrated with the Cantera chemical kinetics tools [36]. This allowed calculation of specific
heat ratio (γ) throughout the cycle on different DF ratios. The chemical kinetics mechanism of
Jerzembeck et. al. [7] was used. The rate of heat release in the engine was derived with a single zone
model, using the measured instantaneous in-cylinder pressure (P) and volume (V) as well as the value
of the specific heat ratio (γ) of the combustible mixture as documented by Gatowski et al. [37]. For a
comparison within the same engine and similar operating conditions, models representing heat
transfer and blow-by are often omitted leading to Eq.4.
𝑑𝑄𝑐ℎ =

𝛾
1
𝑃𝑑𝑉 +
𝑉𝑑𝑃
𝛾−1
𝛾−1

(4)

In the current study, the duration of 0-10% Mass Fraction Burned (MFB) has been used as an
indication of the overall burning rate during the flame development regime, and the duration of 1090% MFB as an indication of the overall burning rate in the developed flame regime.
3.2. Optical data
Whilst the LaVision NanoStar is capable of acquiring 8 frames per second, timing was dictated
by the engine frequency. The timing for each image was set to be a multiple of engine frequency. The
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timing was equivalent to 1 image in every 3 cycles at 2000 RPM. The camera software, LaVision
DaVis 8.1 allowed imaging at a fixed crank angle during each captured cycle. In each test condition,
the software was set to step through crank angles from time of spark until TDC, taking 5 images at
each crank angle before proceeding. In each test, 250 imaging engine cycles were recorded.
The derivation of the flame evolution involves the calculation of ‘enflamed’ areas at each crank
angle. A typical chemiluminescence image is presented in Figure 2, with a superimposed outline.

Figure 2: Performance of the Flame Detection Technique on a Typical Flame Image

Each image was first binarized using a variable threshold, similar to the technique used by
Johansson et. al. [38].A variable technique is required to account for the change in luminosity between
natural gas and gasoline expanding flames.
Using the area of each binarized image, the radius of an equivalent circle is calculated; a
technique used by Aleiferis et. al. [15]. The radii of each of the 5 images per crank angle are averaged
to give the evolution of flame radius with crank angle. The variation statistics may also be calculated
using each set of 5 radius values. The CoV (Coefficient of Variation) of this radius is a strong
indicator of CoVimep within the establishment regime [39] [40].
Using the formulation of Beretta et al. [41] the MFB can be linked to the volume occupied by
a flame such as,
𝑀𝐹𝐵 = [1 +

−1
𝜌𝑢 1
( − 1)]
𝜌𝑏 𝑦𝑏

(5)

where 𝑦𝑏 is the volume fraction burned evaluated based on an equivalent sphere with the same mean
flame radius, 𝜌𝑢 is the unburned gas density and 𝜌𝑏 the burned gas density. The ratio of unburned to
burned gas density is commonly called the expansion ratio. The expansion ratio was evaluated at the
point of spark for each fuel. The unburned gas temperature (Tu) was calculated using the isentropic
relationship,
𝛾−1
𝛾

𝑃
𝑇𝑢 = 𝑇𝐼𝑉𝐶 (
)
𝑉𝐼𝑉𝐶

(6)

For a particular fuel, Cantera was used to obtain both 𝜌𝑢 based on the calculated temperature
and measured in-cylinder pressure, as well as 𝜌𝑏 through the thermodynamic equilibrium of the
burned gases. The MFB in the flame establishment regime (0-5% MFB) has been calculated using
the optical data and Eq.5.
4.

RESULTS
4.1. Identification of Combustion Parameters at Spark Timing

Before further discussion of the experimental work, it is useful to present the values of major
combustion parameters at the time of spark. These parameters will be necessary in the discussion of
forthcoming sections. All relevant combustion parameters are calculated at the spark timing and
presented in Table 3, for a MAP of 0.44 bar and a speed of 2000 RPM. As there is no available
chemical kinetics to predict the burning velocity of the blend fuel, only the burning velocity of the
base fuels have been evaluated. Methane has been used as a surrogate for natural gas, and PRF95 as
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a surrogate for gasoline. The unstretched laminar burning velocity (Su0) of the surrogate fuels is
calculated with the model of a freely propagating unstretched flame in the Cantera software package
using the kinetic mechanism of Jerzemberck et al. [7] assuming pure fuel-air mixtures free of exhaust
residuals. The kinetic mechanism used for the derivation of Su0 is validated against experimental
values of burning velocities for both methane as well as PRF95 mixtures. As has been reported in
literature [11] [42], the value of Markstein length is mainly a function of pressure, fuel and AFR. The
effect of temperature and exhaust residuals can be assumed negligible compared to the mentioned
contributors. Values of the Markstein length for the selected fuels have been directly used from the
experimental study of the current research group [30] at an absolute pressure of 5 bar. An absolute
pressure of 5 bar is very close to the pressures experienced at the spark timing during the current
experimental investigation as shown in Table 3.
Table 3: Combustion parameters evaluated at spark timing
AFR
Φ =0.8
Φ =1
Φ =1.25

Fuel

TSpark
(K)

DF100
DF50
DF0
DF100
DF50
DF0
DF100
DF50
DF0

548
536
529
550
541
527
553
536
525

Abs.
PSpark
(bar)
4.1
4
3.89
4.2
4.1
3.9
4.2
4
3.9

σ

S u0
(m/s)

Lb
(mm)

3.99
4.2
4.4
4.39
4.62
4.92
4.31
4.65
5

0.494
0.548
0.658
0.72
0.523
0.649

-0.12
0.16
0.63
0.09
0.27
0.42
0.19
0.15
0.12

4.2. In-cylinder thermodynamic analysis
The duration of 0-10% MFB and 10-90% MFB was derived for all fuels and tested AFRS as
illustrated in Figure 3. It has been found that at lean conditions (Φ = 0.8, 0.83), the burning rate is
linearly increased with the DF ratio in both the development as well as the developed flame regime.
That is evident by a linear decrease in the duration of the MFBs. At stoichiometric conditions, all
DFs including natural gas are faster than gasoline in the flame development regime. However, in
the developed flame regime gasoline catches up and is marginally faster than natural gas. Although
all DFs are still faster than gasoline in the developed flame regime, the differences are reduced as
compared to the development flame regime. Similar findings with regards to the burning rate of the
base fuels at lean and stoichiometric AFRs are reported by Alreiferis et al [43].Contrary to the lean
mixtures, at a rich AFR (Φ = 1.25), the burning rate is linearly decreased with DF ratio.

Figure 3: Burning rate in the Initial (Upper plot) and Developed Flame Regime - AFR Sweep.

There is evidence that the burning rate is altered with the DF ratio. The response of burning
rate with the DF ratio is contrary between lean and rich mixtures with DFs being faster than the
base fuels on stoichiometry. To reveal the mechanism behind the observed experimental
phenomena, the optical data from the flame establishment regime with a parallel discussion of the
fundamental combustion parameters Su0 and Lb are necessary.
4.3. Flame evolution analysis

1839

Figure 4 presents a typical chronological sequence of combustion images for DF0, DF50 & DF100
at Φ = 0.8, based on the mean flame radii evolution for each test condition as illustrated in Figure 5.
As the DF ratio decreases the flame intensity appears to be higher and more spatially homogeneous.
There are no luminous spots over the images, and the actual flames appear reasonable circular
indicating a well-mixed fuel-air mixture absent of fuel rich zones. There is a tendency of flame
development towards the upper part of the combustion chamber where the exhaust valves are located.
The phenomenon is consisted for all tested conditions. It is believed to be attributed to the higher
temperatures exhibited by the exhaust valves.

Figure 4: Typical Flame Images at 15o, 20o, 25o, 30o, and 35o CA after ignition (Φ = 0.8, MAP: 0.44 bar, 2000 RPM)

The mean flame radii in Figure 5 illustrate the flame evolution of each DF blend at different AFRs.
Within each subplot, the shaded region represents the period at which the spark kernel is still visible
within the image. Thus, the variation of the spark kernel within this region leads to an artificially high
CoV, and is therefore omitted from further analysis. Further, flames with radii of greater than
approximately 16 mm might not be fully visible from the optical viewing window and therefore are
also removed from further analysis. These two conditions set the extremities for optical analysis of a
lower boundary at 10 0CA after ignition and upper boundary of 25 0CA after ignition.
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Figure 5: Flame evolution and stability at lean (Φ = 0.8), stoichiometric and rich (Φ = 1.25) AFRs.

At lean conditions (Φ = 0.8), even though the laminar burning velocity (Su0) at the point of spark is
higher for gasoline compared to natural gas as shown in Table 3, the flame evolution is found to get
faster as natural gas was added to gasoline evident by a larger flame radius. The difference in flame
radius between the base fuels is preserved through the flame evolution. At stoichiometry, as the flame
develops, DF50 and DF75 are diverging from the flame evolution of natural gas, whereas DF25 and
gasoline are converging. The fastest flame evolution corresponds to DF50 and is preserved from the
very early stages of combustion. At rich conditions (Φ = 0.8), and in contrast to the lean AFR, the
flame evolution gets faster with the decrease of DF ratio although DF50 and DF75 resulted to have
about the same flame evolution.
Having illustrated and discussed the flame evolution of the various DFs in the different AFR
conditions, the mechanism behind the observed phenomena can now be analysed.
4.4. The mechanism of flame behaviour
The location of 5% MFB is indicative of the burning rate at the very initial stages of combustion
(flame establishment). The effect of DF ratio on the burning rate within the flame establishment
regime is presented in Figure 6.
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Figure 6: Burning rate versus DF ratio – AFR Sweep (AIT: After Ignition Timing).

It is apparent from Figure 6 that in the flame establishment regime, and lean burn conditions
(Φ = 0.8, 0.83), there is a linear increase in burning rate with the DF ratio (evident by a linear
reduction in the 5% MFB location). The phenomena are in contrast to the fact that natural gas (DF100)
has a lower burning velocity than gasoline at the point of spark as shown in Table 3. At Φ = 0.8, with
25% increase in DF ratio the burning rate increases by 8% in comparison to that of pure gasoline
(DF0). At spark timing, the average absolute in-cylinder pressure is 4 bar. Under similar pressure
conditions (5 bar) and Φ = 0.8, the burning velocity of all DFs has been reported to be even faster
than that of gasoline [30]. It is therefore evident that the burning velocity cannot explain the response
of the burning rate with the DF ratio at lean burn conditions. Following Eq.1, the other critical
combustion parameter influencing the flame velocity is the Markstein length. At an absolute pressure
of 5 bar and Φ = 0.8, the Markstein length decreases with DF ratio [30]. Natural gas and DF50 have
about 6.5 and 4 orders of magnitude lower Markstein length than gasoline respectively. It worth
noting that natural gas has a negative value of Lb implying an increase of flame velocity under stretch.
In order to appreciate the effect of Markstein length on the flame velocity, a conceptual analysis
has been performed for the base fuels at Φ = 0.8. The model described by Eq.1, was used to derive
the ratio of the stretched flame velocity to the unstretched flame velocity (Sb /Su0σ) of the base fuels.
The unstretched flame velocity is defined as the burning velocity multiplied by the expansion factor.
The combustion parameters at spark timing conditions as reported in Table 3 were used. To facilitate
such conceptual analysis, Eq.2 was substituted to Eq.1 and the model has been solved with respect to
the stretched flame velocity such as,
𝑆𝑏 =

𝑑𝑅𝑓 𝑆𝑢0 𝜎
=
𝑅
𝑑𝑡
2𝐿𝑏 𝑓

(9)

The flame radius has been iterated from 1 mm to 20 mm and the results are depicted in Figure
7. The crosses correspond to a flame stretch of 1250 1/s. Initially as the stretch rate experienced by
the flame attains its highest value, Lb has its maximum effect on the stretched flame velocity. The
stretched flame velocity of natural gas can be as much as 30% higher as compared to its unstretched
flame velocity, owning to the effect of a negative Markstein length. On the other hand, gasoline
having relatively high positive values of Markstein length can experience a stretched flame velocity
less than half of its unstretched velocity.

Figure 7: Conceptual Analysis of the effect of Flame Stretch on the Flame Velocity.
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As the flame develops and the global stretch rate is reduced, the effect of Markstein length on the
flame velocity is decaying. However, wrinkling of the flame by the turbulence will maintain the
global stretch rate to a value of ~1250 1/s. In the context of turbulent flamelet regime, the turbulent
flame front propagates with a rate equals to Sb. In order to approximate the velocity of the turbulent
flame front of the base fuels, the values of Su0 and σ are substituted in the relation Sb/Su0σ at a
stretch rate of 1250 1/s. The velocity of the turbulent flame front resulted to be 2 m/s for natural gas
and 1.6 m/s for gasoline. The velocity of the turbulent flame front is 23% faster for natural gas than
gasoline despite its lower laminar burning velocity, owning to the value of Markstein length. The
conceptual analysis reflects the mechanism of an increase in burning rate with DF ratio in lean burn
conditions.
As it has been already discussed, the effect of Markstein length dominates the flame
propagation at lean burn conditions. In an effort to correlate the burning rate of the different DFs
with their associate values of Markstein length, an extensive analysis has been performed at Φ = 0.8
and three different engine loads corresponding to a MAP = 0.44, 0.52, and 0.61 bar. The values of
Markstein length for the different DFs as reported in the fundamental study [30] at an absolute
pressure of 5 bar have been used. The peak engine load was selected to give near 5 bar absolute
pressure at the point of spark in order to be as consisted as possible to the test pressure in the
fundamental study conducted by the same research group [30]. Experiments at a medium load were
also performed to reveal the trend in the response of flame behaviour with an increase of in-cylinder
pressure manifested by a gradual increase in engine load. For a low to high engine load, the average
absolute pressure at the point of spark corresponds to 4, 4.4, and 5.1 bar. The peak in-cylinder
pressures derived with pure natural gas fuelling and corresponds to 10.5, 13, 18.7 bar. All
experiments performed at an engine speed of 2000 RPM. The results are illustrated in Figure 8. At
each MAP, the data are correlated with a suitable polynomial fit.

Figure 8 : Correlation of burning rate with Markstein length of engine load sweep.

There is a strong linear correlation of the 5% MFB location and the associate value of Lb of each
fuel at all tested loads. The phenomenon implies that the stretch sensitivity of the DFs is conserved
from constant volume to the engine combustion and the burning rate in the flame establishment
regime is governed by the value of Lb. The studies of Brequigny et al. [14,33] under similar test
conditions, reported the linear correlation of the 5% MFB with the value of Lewis number (ratio of
mass to heat diffusivity) of the fuel-air mixture. The Markstein length is mainly depended on the
Lewis number of the mixture implying that the phenomena experienced in the current study are
consisted with the findings of Brequigny et al. [14,33]. Evaluated at a MAP = 0.61 bar, with a 0.2
mm decrease in Lb the burning rate is increased by 5 %. The linear increase in burning rate with DF
ratio as experienced in the flame establishment regime is preserved in the initial as well as in the
developed flame regime for all test loads.
At stoichiometry (Φ = 1), DF50 and DF75 resulted to have faster burning rates compared to the
base fuels (Figure 6). Natural gas is faster than DF25 and to larger extent gasoline. As already
commended in the previous section, the fastest flame evolution of DF50 exists from the very initial
stages of the flame establishment regime where the flame propagates with a near laminar velocity as
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turbulent eddies are yet able to considerably affect the flame front. Experimental findings of the DFs
being faster than the base fuels at Φ = 1 have been also observed from the current research group in
a constant volume environment under laminar conditions [30]. That was attributed to a best balance
between the two fundamental combustion parameters Su0 and Lb that allowed for a faster flame
evolution compared to the rest of the fuels. It is therefore concluded that in the current experimental
conditions, the faster burning rate of DF50 and DF75 compared to the base fuels at Φ = 1, is attributed
to the same mechanism.
At rich conditions (Φ = 1.25), with 25% increase in DF ratio the burning rate is decreased by
6% in the flame establishment regime (Figure 6). As it is clearly reported in the fundamental study
[30], in comparison to the lean conditions, as the AFR becomes richer the Markstein length of the
tested fuels are relatively converge to a single value, implying that Su0 has a higher influence on the
combustion process. At Φ = 1.25 as DF ratio increases Su0 is reduced [30]. In correlation with the
fundamental study, as DF ratio increases burning rate is reduced in the engine environment.
The average COV of flame radius in the range of 10 to 25 0CA after ignition has been defined
as the flame variability. The flame variability of all DFs at all tested AFRs is presented in Figure 9.
For the base fuels, and stoichiometric to lean mixtures, the CoV of the flame radius. within the flame
establishment regime has been reported by other relevant experimental studies to lie within the range
of 20 to 35% [14] [17] [44].

Figure 9 : Flame Variability – AFR Sweep.

Figure 10 : Flame variability of engine load sweep Φ=0.8.

Considering the flame variability at the lean mixtures (Φ = 0.8, 0.83), there is an overall
exponential decrease with DF ratio although gasoline at Φ = 0.8 deviates from the overall trend. In
contrast, at Φ = 1.25 there is a clear exponential increase in flame variability with the DF ratio. At
stoichiometric conditions, the flame variability remains relatively constant in comparison to the lean
and rich conditions, with DF50 resulting in the most stable flame. For all tested AFRs, there is a
tendency for the fuels having the fastest burning rates in the flame establishment regime, to give the
lowest flame variabilities.
The flame variability at all tested engine loads is presented in Figure 10 at Φ=0.8. An
exponential decrease in flame variability with the DF ratio is clearly illustrated. The response of flame
variability with the DF ratio supports the discussion in the previous section verifying the critical
influence of Lb on the combustion stability under lean burn conditions. The flame variability seems
to decrease with an increase in load for all DFs possible attributed to a reduction of Lb with pressure.
While lean homogeneous operation in SI engines has previously demonstrated the ability to
reduce fuel consumption and pollutant emissions [45], the degree of lean burn is limited by
increasingly slow and unstable combustion. Following the discussions in the present study, the value
of Lb is a dominant parameter for extending the capabilities of lean burn combustion both from a
flame stability and velocity prospective.
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5.

CONCLUDING REMARKS

An experimental campaign has been undertaken in an optical SI engine to characterise and
comprehensively understand the mechanism of gasoline – natural gas Dual Fuel (DF) combustion,
and the importance of flame-stretch interactions under a sweep of engine load (MAP: 0.44, 0.51. 0.61
Bar), and equivalence ratio (Φ = 0.8, 0.83, 1, 1.25). Natural gas was added to gasoline in three
different energy ratios 25%, 50% and 75%. The fuels’ mass burning rate is inferred from their Mass
Fraction Burned (MFB) durations.
For lean burn combustion, in the flame establishment regime (0-5% MFB), at Φ = 0.8, with
25% increase in DF ratio (natural gas is added to gasoline), the burning rate is increased by 8%. The
effect of Lb is dominating the combustion process under lean burn conditions. With a 0.2 mm decrease
in Lb the burning rate is increased by 5% in the flame establishment regime. The effect of Lb is
preserved and dominates the combustion process in the initial (0-10% MFB) as well as in the
developed (10-90% MFB) flame regime.
For lean mixtures, the flame variability decreases exponentially with the increase of DF ratio.
The response indicates a critical influence of Lb on the combustion stability. The value of Lb is a
dominant parameter for extending the capabilities of lean burn combustion both from a flame stability
and velocity prospective.
For stoichiometric combustion, in comparison to the base fuels, DF50 and DF75 exhibit a faster
burning rate in the flame establishment regime attributed to a best balance between the two
fundamental combustion parameters Su0 and Lb that allowed for a faster burning rate to be attained.
The phenomena are still preserved in the development and developed flame regime.
For fuel rich combustion, contrary to the lean mixtures, at Φ = 1.25 with 25% increase in DF
ratio the burning rate is decreased by 6%, 5% and 9% in the establishment, development and
developed flame regimes respectively. In comparison to the lean mixtures, the Lb of the test fuels are
relatively converging to a single value, implying that Su0 has a critical influence on the combustion
process.
For evaluating the fuel’s performance for engine use, especially for lean burn combustion, Su0
is not sufficient. The value of Lb has to be primarily considered.
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