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Natural gas is one of the most promising alternative fuels. The main constituent of natural gas is methane.
The slow burning velocity of methane poses significant challenges for its utilization in future energy effi-
cient combustion applications. Methane-gasoline dual fuelling has the potential to improve methane’s
combustion. The fundamental combustion characteristics of a methane-gasoline Dual Fuel (DF) blend
needs further investigation. In the current experimental study, the relationship between laminar flame
velocity and Markstein length, with the ratio of gas to liquid in a DF blend has been investigated using
spherical flames in a constant volume combustion vessel. A binary blend of primary reference fuels
(PRF95) was used as the liquid fuel. Methane was added to PRF95 in three different energy ratios 25%,
50% and 75%. Values of the stoichiometric laminar flame velocities and Markstein lengths are measured
at pressures of 2.5, 5, 10 Bar and a temperature of 373 K. It has been found that with a 25% increase in the
DF ratio, the Markstein length is reduced by 15%, 21%, 32% at a pressure of 2.5, 5 and 10 Bar respectively
whereas at the same pressures the laminar flame velocity is reduced by 2%, 3% and 5%. The flame evolu-
tion at the early stages of combustion is found to be faster with an increase in the DF ratio, and gradually
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as the flame develops it becomes slower.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Alternative fuels have a central contribution towards compli-
ance with future emission legislations. Attributed mainly to its
low carbon content and abundance reserves, methane can be clas-
sified as one of the most promising alternative fuels. Historically,
the slow burning velocity of methane has been a major concern
for its utilization in real energy efficient combustion applications.
As emphasized in literature on experimental studies in SI engines
[1,2], the addition of gasoline to methane (methane-gasoline dual
fuelling) has the potential to improve methane’s combustion, lead-
ing to an enhanced initial establishment of burning velocity even
compared to that of gasoline.

Practical combustion phenomena, including burning velocity in
SI engines, are governed by the fundamental laminar flame velocity
(S9) of the fuel-oxidizer mixture. Since all realistic flames are
curved and/or travel through a strained flow field, another funda-
mental mixture parameter known as the Markstein length (L),
which quantifies the response of the flame velocity to stretch rate,
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is also necessary to characterise flame behaviour more completely
[3].

Substantial efforts have been devoted for improving the under-
standing on methane as well as gasoline combustion. Typical refin-
ery gasoline consists of hundreds of hydrocarbons. Isooctane as
well as binary blends of primary reference fuels have been widely
adopted as convenient gasoline surrogates. Studies reporting val-
ues of laminar flame velocities at elevated pressures have been
conducted for gasoline [4,5] and its surrogates [5-8] as well as
methane [9-11]. In all the above studies the reported laminar
flame velocity of methane is consistently lower compared to that
of gasoline and its surrogates when tested at similar conditions.
The stretch sensitivity of isooctane and methane air mixtures char-
acterised by the Markstein length has been also reported in litera-
ture [6,9,10]. A part of the study of Gu et al. [9] compared the
Markstein length of isooctane and methane air mixtures at stoi-
chiometric and lean conditions. As emphasized, these two fuels
responded to flame stretch differently, both with respect to equiv-
alence ratio as well as pressure.

As stated by Brequigny et al. [12], the flame stretch sensitivity
observed in the laminar regime directly impacts the combustion
process in an SI engine. The study of Petrakides et al. [13]
quantifies the response of mass burning rate with methane
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addition to PRF95 in a constant volume combustion vessel and nat-
ural gas addition to gasoline in an SI engine. A comparison of burn-
ing rates between the two experimental environments reveal very
similar qualitative trends supporting the comments of Brequigny
et al. that phenomena of flame velocity and stretch interactions
observed in the laminar regime are still applicable in the engine
environment.

The flame stretch sensitivity characterised by the Markstein
length is mainly governed by the thermo-diffusive properties, the
so-called Lewis number effect [14-16]. The Lewis number is
defined as the ratio of thermal to mass diffusivity of the com-
bustible mixture. It has been reported in literature that the phasing
of 5%, 10% and 50% mass fraction burned in an SI engine is linearly
linked to the Lewis number and therefore to the Markstein Length
[12,17] of the fuel-air mixture. It has been also reported by the
same research group that the burning rate of high stretch sensitive
fuels such as isooctane, slow down when high levels of flame
stretch is induced on the flame through an increase of engine speed
[18]. In the particular studies [12,17,18], the considered fuel-air
mixtures in the SI engine were examined at different equivalence
ratios to present similar laminar flame velocities at ignition timing,
and therefore allow for the effect of the fuel’s stretch sensitivity on
the burning velocity to be investigated. Methane being the least
sensitive fuel has shown the fastest combustion, in contrast to
isooctane being the most stretch sensitive fuel shown the slowest.
The interactions of burning velocity with flame stretch in SI engi-
nes have been also investigated by the study of Aleiferis et al.
[19]. The study reports that fuels with low stretch sensitivity have
the tendency to produce faster burning velocities in the early
stages of combustion.

A comprehensive understanding of these two fundamental mix-
ture parameters, laminar flame velocity and Markstein length, is
essential for the development of energy efficient combustion appli-
cations. The laminar flame velocity and Markstein length of a
methane-gasoline dual fuel blend needs further investigation. It
is the aim of this study to experimentally investigate the relation-
ship between laminar flame velocity and Markstein length, with
the ratio of gas to liquid in a dual fuel blend. In the current exper-
imental work a binary blend of primary reference fuels commonly

known as PRF95 (95%voliq of isooctane and 5%voljq n-heptane)
was used as the liquid fuel. Methane was used as the gaseous fuel.
Values of stoichiometric laminar flame velocities and
Markstein lengths are measured at pressures of 2.5, 5, 10 Bar and
a temperature of 373 K.

2. Experimental technique
2.1. System integration

A 100 mm inner diameter cylindrical combustion vessel with a
volume of 2.2 L was employed for the experimental study. The
experimental setup is illustrated in Fig. 1. Optical access was pos-
sible through two opposing 80 mm circular windows attached near
the side of the vessel. The entire vessel was preheated uniformly by
a set of electrical heating elements totaling 3.2-kW. One of the
heaters was fully inserted inside the vessel to induce a transient
temperature difference only during the filling process. The temper-
ature difference evoked natural convection to stir the mixture
enhancing the mixing of fuel and air. Similar technique has been
used by Jerzembeck et al. [5]. The interior air temperature was con-
trolled within 3 K using a closed-loop feedback controller set to
373 K. The temperature could also be observed manually from a
second temperature sensor mounted on the top of the vessel. The
pressure rise during the combustion process was obtained using
a Kistler 6113B pressure transducer. The mixture was ignited using
a slightly modified standard ignition plug with extended electrodes
of 1.35 mm in diameter. The ignition system generated a spark
with duration of 0.7 ms. For safety reasons, a 6 MPa pressure
release valve was installed on the combustion vessel.

The flame progress recorded at 6000 frames per second with a
resolution of 512 x 512 pixels by high speed Schlieren photogra-
phy arranged in a Z configuration. A 245 W halogen lamp was used
as the light source. The light was focused onto a slit using a focus-
ing lens in order to generate the spotlight for the Schlieren tech-
nique. Passing through a group of mirrors, the light path was
then cut by a knife-edge which is essential for the Schlieren
method [4]. Two different high speed cameras have been used
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Fig. 1. Schematic diagram of the experimental setup.
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for the current experimental work. A Photron Fastcam SA5 was
used for the experimental work at a pressure of 5 Bar, instead of
a Photron Fastcam SA-X2 that was used at 2.5 and 10 Bar. The high
speed cameras were synchronized with the spark timing and the
interior pressure rise recording.

2.2. Dual fuel mixture preparation

As the liquid fuel, PRF95 (95%vol;;q isooctane and 5%voljq n-
heptane) was used. High purity (99.9%) methane was used as the
gaseous fuel. The dual fuel blends consist of methane and PRF95
in three different energy ratios (25%, 50%, 75%). A blend with 25%
of its energy contributing from methane as defined in Eq. (1) was
labelled as DF25, with 50% DF50, and for 75% DF75.

MCH4 X LHVCH4

DF atio = 1
Rat Mpgrgs x LHV prros + Mcx—u X LHVCH4 ( )

The air to fuel ratio was set to stoichiometric throughout the
study for all investigated conditions. The stoichiometric air to fuel
ratio was calculated using the method of chemical balance and
assuming products of complete combustion. High purity technical
air was used with an oxidizer concentration [0,/(0;+ N3)] of
0.2+0.01.

In every experimental condition, the air to fuel ratio was pre-
pared inside the vessel using the partial pressure method. Initially
the vessel was heated up to the desired temperature (373 K).
Whilst the heater mounted inside the vessel was turned on, the
liquid fuel was injected into the combustion vessel using a multi-
hole gasoline direct injector with an injection pressure of
12 MPa. The targeted fuel mass was supplied inside the combus-
tion vessel by individual injections using pre-calibrated data. The
pre-calibration process involves the determination of the mass of
liquid per single injection. After the injections were completed,
two minutes were given to allow for the complete evaporation of
the liquid fuel. Considering the correct increase in pressure inside
the vessel caused by the evaporation of the liquid fuel compared to
the thermodynamic ideal-gas law calculations, methane and then
air fed in slowly using a fine needle valve and a pressure trans-
ducer to control the filling process. The technical air was heated
by an external heater before flowing into the combustion vessel
to better approximate an isothermal filling process. After the filling
process was completed the interior heater was turned off, and
three minutes of quiescence were given to minimize any flow
structures and/or temperature stratifications inside the vessel.
The quiescence time also promotes the homogeneous mixing of
fuel and air.

For each test condition, the described experimental procedure
that allowed the evaluation of the fundamental laminar flame
velocity as well as burned gas Markstein length was carried out
at a minimum of three times. The average values are reported as
well as error bars evaluated based on standard error.

2.3. Flame theory

A common approach of measuring burning velocity and Mark-
stein length in a combustion vessel has been the constant pressure
outwardly propagating spherical flame method [4-10]. The
method is suitable for extrapolation of measured stretched burning
velocities to their fundamental non-stretched values and the asso-
ciate Markstein lengths due to the well-defined stretch rates of an
outwardly spherical flame. The constant pressure outwardly prop-
agating spherical flame method in combination with the relation
given by Strehlow and Savage [20] have been used by most of
the studies in literature [3-5,7,8]. The relation of Strehlow and Sav-

age derived on the assumption that the burned gas is coming to
rest after crossing an infinitesimally thin flame such as:

1
Su=755% )

where SO is the fundamental laminar flame velocity, SP is the
unstretched burning velocity, and c is the thermal expansion factor
defined as the ratio of unburned to burned gas density.

The fundamental laminar flame velocity is defined as the
velocity at which a one-dimensional planar, adiabatic flame travels
through a quiescent unburned gas mixture. The flame stretch rate
can collectively describe the various influences due to flow
nonuniformity, flame curvature, and flow/flame unsteadiness on
the surface of an outwardly propagating spherical flame [21]. In
the current experimental setup, flame stretch can be defined as:

o =="S 3)

where R¢ is the instantaneous flame radius, and S;, the stretched
burning velocity corresponding to the flame radii over time,
measured by an in house flame processing code.

The method developed by Markstein [22] relates the stretched
burning velocity with its corresponding stretch rate. Through a
linear extrapolation of S, back to zero stretch using relation 4,
the value of the unstretched burning velocity (S3) and the associate
burned gas Markstein length (L) can be obtained.

Sh =Sy + Lyt (4)

For the Markstein theory to be satisfied exactly, it requires an
unwrinkled, spherical, infinitesimally thin, weakly stretched,
adiabatic, quasi-steady flame with a constant expansion factor in
a zero gravity, unconfined environment [3]. These assumptions
are not satisfied in practical applications, even in well-controlled
experiments.

The validity of the linear relation starts to be questionable when
the Lewis number of a mixture significantly deviates from unity. As
reported by Kelley and Law [23], a nonlinear extrapolation
between stretched burning velocity and stretch rate should be
used for mixtures with Lewis numbers appreciably different from
unity. According to Halter et al. [24], the use of a nonlinear
methodology is only required when the burned gas Markstein
length (L) reaches or surpasses the unity value (in mm). As will
be illustrated in Section 3.3 the maximum value of L, measured
in the current experimental study corresponds to 0.67 mm. Follow-
ing the correlation derived by Halter et al. [24] for evaluating the
relative percentage difference between linear and not linear
extrapolation methodology, the maximum difference in the
current experimental study is lower than 1.3%. Therefore, it was
concluded that in the current study a linear extrapolation method-
ology can still be used with confidence.

Despite its limitations, the extrapolation of a spherical out-
wardly propagating flame to its zero stretch using the Markstein
method is widely accepted and used in literature [3-10]. This
method has been applied in the present study in order to allow a
comparison of the measured values of SO and L, with the existing
related literature information.

The required expansion factors have been computed using the
model for a freely propagating flame in the Cantera software pack-
age [25]. The numerical model was integrated with the reduced
kinetic scheme of Jerzemberck et al. [5].

2.4. Non-symmetrical flame restriction

In the present experimental work, the use of a cylindrical com-
bustion vessel instead of a spherical one imposes non-symmetrical
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confinement on the outwardly flame evolution. According to Burke
et al. [3], at flame radii (R¢) larger than 30% of the vessel’s radius
(Rw), the cylindrical vessel geometry excessively disrupts the
induced flow field from the unconfined case, causing the motion
of burned gases within the burned zone. As a result, significant
departures can be experienced from the commonly employed
spherical flame theory described in the previous section.

To help the reader visualize the mentioned phenomena, a sym-
bolic illustration is presented in Fig. 2. The figure presents indica-
tive flame surface contours as experienced during the current
experimental work (solid lines), in comparison to artificially sym-
bolic circular contours that would correspond to an unconfined
flame evolution (dotted lines). At the early stages (i.e. a, b), the
burned gas is motionless and the flame shape remains similar to
that of the unconfined case. However, in contrast to the unconfined
case, as the flame develops (i.e. c-d-e), the burned gas deviates
from its motionless state causing a non-similar flame propagation
velocity along the X and Y direction. Following the work of Burke
et al. [3], flames were analyzed up to a maximum radius of
15 mm (R¢/Ry, = 0.3) to avoid any excessive motion of the burned
gas that will cause departures from the applied flame theory.

As the flame propagates, the increase of pressure inside the
combustion vessel is another constraint that needs to be
addressed. An increase in pressure will reduce the flame velocity.
As proposed in literature, the direct pressure effect on the flame
velocity can be reasonably neglected when the ratio of burned
gas volume to the vessel volume is less than 0.125 [3]. Within
the present experimental work, at a maximum flame radius of
15 mm, the ratio of burned gas volume to the vessel’s volume is
considerably lower (0.00642) than the limiting value, due to the
large volume of the vessel. Therefore, the effects on the flame
velocity from an increase in pressure were neglected.

2.5. Image processing and radius definition

The flame surface was tracked with an in-house image process-
ing code specifically developed for the current experimental setup
to track flame front radii over time. Despite not being the same as
the cold flame radius [26], the Schlieren image radius is commonly
used in literature for flame velocity calculations [4,5,8]. The

Fig. 2. Symbolic illustration of flame surface contours for an unconfined (dotted
lines) and cylindrically confined (solid lines) flame propagation process.

chronological change in flame radius allows for the calculation of
the stretched burning velocity.

The developed technique for measuring the chronological flame
radius is based on the geometrical fact that a circle can be calcu-
lated knowing at least three points on its periphery. The technique
is illustrated in Fig. 3. For all the experimental conditions, the tech-
nique was consistently applied from the fourth frame following the
initiation of spark where the flame could be clearly observed for all
test conditions. In order to avoid the effects from the electrodes,
the left part of the flame’s periphery is used for the analysis. The
white dots represent the points identified by the edge detection
technique on the periphery of the flame, with points A and C cor-
responding to the upper and lower boundaries. For each particular
image, points A and C are taken as the two out of three needed for
the calculation of a circle. Starting from point A and moving along
the flame’s periphery towards C, each single point detected is used
as the additional one needed for the calculation of a circle. All of
the calculated circles are presented in Fig. 3 with a green color.
The average radius within one standard deviation of all the calcu-
lated circles has been used as the equivalent flame radius at each
frame. The burning velocity (Sp) was determined from the gradient
of a first-order least squares fit through four radii adjacent to each
point under consideration [5,6].

3. Results - discussion
3.1. Flame morphology and evolution

3.1.1. Flame morphology

A set of raw flame images of three different Dual Fuel (DF) ratios
at a pressure of 5 Bar is presented in Fig. 4. A DF ratio of 0% corre-
sponds to the pure liquid fuel (PRF95) whereas 100% corresponds
to the gaseous fuel (CH,). The time elapsed from the point of spark
is shown. The presentation is limited at 7.93 ms as the DF50 flame
had reached the maximum allowed radius at that time. There are
no signs of flame wrinkling or any indication of cellular structures
up to the maximum radius of analysis. Minor cracking can be
observed on the flame surface due to spark perturbation for all
fuels. The shape of the flames appears smooth and therefore stable
independently of the fuel. As far as flame morphology is concerned,

Fig. 3. Illustration of the flame detection technique.
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Fig. 4. Chronological Schlieren images for three selected fuel-air mixtures. Py = 5 Bar.

flames at a pressure of 2.5 Bar shown consisted behaviour as in
5 Bar.

Another set of raw images, this time at a pressure of 10 Bar is
presented in Fig. 5. The morphology of the flames at a randomly
selected radius of about 10 mm can be observed for all the DF
ratios. Flame stability at 10 Bar appears to be affected by the DF
ratio. As can be clearly observed from Fig. 5, the wrinkling on the
flame surface is increased by moving from pure liquid (PRF95)
having the largest Markstein Length, to pure gas (CH,4) having the
lowest. This is in contrast to the observations of flame stability at

5Bar. As reported in literature, mixtures with low Markstein
lengths have an increased propensity to instabilities [6,11,14]. Sim-
ilar behaviour has been observed in the current study. The same
conclusions can be drawn if a different radius is selected as a point
of reference for the comparison of flame morphology of all test
fuels.

For all fuels, wrinkles are triggered by the spark and remain
similar in morphology as the flame expands. As proposed by
Rozenchan et al. [10] and supported by Qiao et al. [27] at the
absence of cell cracking to smaller scales (cellularity) the linear
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Fig. 5. Schlieren flame images of all DF ratios at 10 Bar. Targeted radius: 10 mm.

relationship between velocity and stretch still holds. Even though
the Markstein theory can still be applied, the uncertainty in apply-
ing the theory is increased as the value of Markstein length is
decreased.

At a pressure of 10 Bar, the burning velocity of DF75 resulted to
be considerably higher compared to the rest of the fuels. The
response was consistent for all of its repeats. The higher burning
velocity of DF75 is thought to be caused by phenomena of
flame instability. The effects of developed instability on the flame
evolution are out of the scope of this study.

3.1.2. Flame evolution

The evolution of a stable flame is governed by the laminar flame
velocity of a fuel-oxidizer mixture, and the sensitivity of that flame
to stretch characterised by the Markstein length. At a pressure of
5 Bar, the average radii calculated from the different repeats of
each fuel are presented in the upper plot of Fig. 6. For each fuel,
due to the slightly different burning velocities at respective
repeats, the average radius has been calculated only up to the time
where a minimum of three radii exist (one for each repeat). The
presented times are consistent with those of Fig. 4 to allow for
the visualization of flame evolution of the three selected fuels
CH,4, DF50 and PRF95. At respective time steps up to 6.83 ms, the
percentage difference of the flame’s radius of each fuel in compar-
ison to that of the pure liquid fuel (PRF95) has been calculated and
presented in the lower plot of Fig. 6. The change in flame’s radius
among the different DFs can be clearly observed at each time step.

At 0.83 ms after spark, it has been found that with the addition
of methane to PRF95 in a dual fuel blend the flame radius is
increased. Moving to 1.83 ms, DF75 is having the largest radius
and PRF95 the smallest. The radius of methane’s flame is smaller
than those of DF50 and DF75 whereas is marginally larger than
that of DF25. From 1.83 to 7.93 ms, the flame evolution of the
DF50 blend forms a medium between all of the test fuels and is
the first to reach the maximum allowed radius at a time of
7.93 ms. The flame evolution of DF25 and PRF95 are converging
towards DF50 in contrast to DF75 and CH, that are diverging.

The studies of Brequigny et al. [17,18] present the flame evolu-
tion of methane and isooctane flames in an SI engine. Similar qual-
itative trends have been found in comparison to the base fuels of
the current study. During the initial stages of flame evolution,
methane has been found to have a larger flame radius as compared
to isooctane, and gradually as the flame develops, the flame radius
of isooctane to converge to the radius of methane.

In the current study, similar overall trends in flame evolution
could be observed at a pressure of 2.5 and 10 Bar. It has to be noted
that at a pressure of 10 Bar the flame radius at the early stages of
combustion was considerable higher as the dual fuel ratio was
increased.

The flame evolution of the different fuels at a pressure of 5 Bar
is complemented with plots of burning velocity versus time and
versus radius presented in the subplot shown in Fig. 7. To allow
for the maximum amount of data points to be presented especially
in the initial period of the flame evolution, the burning velocity for
each fuel has been calculated using successive radius differences,
and smoothed with a second order polynomial filter only for the
presentation purposes of Fig. 7. The burning velocity of all fuels
is initially increasing attributed to the effect of a decreasing stretch
for a mixture of a positive Markstein length. PRF95 gives the lar-
gest increase in speed whereas methane the lowest. From 0.83 to
1.83 ms after spark corresponding to a radius of 3 mm, methane
is found to be faster than PRF95 although it was slower than all
DFs. Initially, the fastest burning fuel is DF50 whereas at about
2 ms after spark corresponding to 5 mm in radius, the burning
velocity of DF25 reaches and eventually crosses that of DF50. From
a radius of 8 mm onwards, PRF95 and DF50 have comparable burn-
ing velocities whereas the velocity of DF75 is lower.

As already discussed, methane has the largest flame radius at
0.83 ms after spark. It seems that methane exhibits the fastest
burning velocity only for radii below 2 mm where flames
have not been analyzed, as they could not be clearly observed
and therefore precisely tracked by the image processing code.

The experimental study of Aleiferis et al. [19] reported the
stretched burning velocity versus radius as acquired in an SI engine
during the early stages of combustion for stoichiometric methane,
gasoline and isooctane air mixtures. The mass fraction burned ver-
sus time is also presented for the mentioned fuels for the whole
combustion process. It has been reported that up to a radius of
15 mm the burning velocity of methane is higher than the velocity
of gasoline and to a larger extend that of isooctane. However, from
a flame radius of about 10 mm and onwards the burning velocity of
gasoline and isooctane gradually converges to that of methane and
eventually becomes faster as can be concluded from the available
plot of mass fraction burned versus time. As it was acknowledge
in the study [19], the stretch rate experienced by the flames in
the engine environment is considerably higher than in constant
volume laminar combustion experiments. Thus, the flame stretch
sensitivity is expected to have a greater influence on the burning
velocity.

With the addition of methane to PRF95 is evident that flame
evolution is altered. As the dual fuel ratio increases, the flame is
expanding faster at the early stages of combustion in contrast to
the later stages of combustion whereas the flame is expanding
slower. Similar phenomena with regards to the base fuels of the
current study are also observed in real combustion applications
[17-19]. In the present study, the evaluation of laminar flame
velocity and Markstein length will enhance the understanding
behind the mechanism of flame evolution. For the three different
test pressures, the effects of methane addition to PRF95 on both
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fundamental combustion parameters will be quantified and
discussed.

3.2. Extrapolation of Sy, to zero stretch

3.2.1. Definition of spark affected regime

At the early stages of flame evolution, the ignition energy can
affect the measured value of burning velocity. As suggested by
Bradley et al. [6], the sharp fall in burning velocity (S,) with the
stretch rate indicates that in this regime a fully developed flame
is not yet established. Presented in Fig. 8 is a selection of experi-
mental data showing the variation of burning velocity with flame
stretch rate for different fuels at a pressure of 5 Bar, as well as a
single fuel (DF50) at all tested pressures. It has to be clarified that
for all test conditions due to the differentiation method and the
fact that the image processing code is initially applied at the 4th
frame after the initiation of spark, the first point of Sy, in Fig. 8
corresponds to the burning velocity at the 9th frame after spark.

Considering the plot of stretch burning velocity versus stretch
rate, two distinct regimes can be identified; the spark affected
regime and the developed flame regime. As can be found in litera-
ture [5,6,11] different researches suggest that the ignition energy
effect diminishes at flame radii between 5 and 10 mm. In the pre-
sent study, the radius that corresponds to the upper boundary of
the spark affected regime was found to be depended on the test
pressure as well as fuel. When the pressure is increased the radius
is decreased. At each investigated pressure, PRF95 resulted to have
the largest radius, in contrast to methane that had the lowest.
Thus, for each investigated pressure, burning velocities associate
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Fig. 8. Stretched burning velocity versus stretch rate for three selected fuel-air
mixtures.

with flame radii less than the radius at the upper boundary of the
PRF95 flame have been excluded from further analysis. Data have
been excluded for radii below 7 mm at 2.5 Bar, 6 mm at 5 Bar,
and 5 mm at 10 Bar.

3.2.2. Extrapolation procedure

The unstretched flame velocity (S3) and the corresponding
Markstein length can be determined using a linear extrapolation
through the largest possible range of radii where there is no spark
influence, and where the curve of stretch burning velocity versus
stretch rate is reasonably linear [6]. The intersection of the extrap-
olated line back to zero stretch corresponds to the value of the
unstretched flame velocity. The gradient of the extrapolated line
corresponds to the value of the Markstein length,

Historically, the choice of data range has been somewhat arbi-
trary. Different researchers made different choices without giving
quantitative justification [28]. In an effort to derive the values of
the unstretched burning velocities and Markstein lengths with a
consistent approach, a sensitivity analysis has been performed
through the selected reasonably linear range of radii. The overall
methodology is depicted in Fig. 9, where the axes have been mag-
nified to point out the oscillatory trend of S, purely for presenta-
tion purposes. The observed oscillations of Sy, are induced by the
unavoidable acoustic disturbances inside the vessel [5,6]. The
lower boundary of the sensitivity analysis is defined as the first
point of the selected reasonably linear range. An extrapolated line
is fitted starting from the lower boundary and moving with incre-
ments of 0.5 mm in radius towards the upper boundary. The upper
boundary is defined as the point at which the value of Markstein
length changes sign compared to its initial sign at the lower bound-
ary. Each extrapolated line within the range of sensitivity analysis
is giving a value of the unstretched burning velocity. The selected
unstretched burning velocity is defined as the average within one
standard deviation of all the resulted values. The extrapolated line
with its intersection giving the closest value to that of the selected
unstretched burning velocity (dashed red-blue!) is used to define

1 For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
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Fig. 9. Definition of the sensitivity analysis applied at each test condition.

the value of Markstein length. As is illustrated in Fig. 8, the values
of the Markstein length are defined as the slope of the selected
extrapolated lines.

For each investigated pressure, five different fuels have been
tested with a minimum of three repeats per fuel. A sensitivity anal-
ysis has been performed to determine the value of S, at each inves-
tigated repeat. At each pressure, the average standard deviation of
the unstretched burning velocities for all the tested repeats is cal-
culated and presented in Fig. 10. Also for an immediate interpreta-
tion the coefficient of variation of S{ is also shown at each pressure.
It can be clearly observed that the uncertainty in the extrapolation
procedure indicated by the standard deviation of S appears to
increase with the decrease of pressure. This trend is attributed to
the fact that the available data points within the developed flame
regime and therefore the selected linear range are reduced with
a decrease in pressure due to a faster flame. Summarising the cur-
rent analysis, it is suggested that the reasonably linear range
should be as large as possible to minimize the uncertainties from
the extrapolation procedure.

3.3. Stretch effects - Markstein length

The influence of stretch rate on the burning velocity is charac-
terised by the value of Markstein length (L), For all the presented
conditions in Fig. 8, as stretch rate increases Sy, is reduced. There-
fore, stretch rate has an adverse effect on the burning velocity
which is indicative of a positive L,. On the other hand, a negative
L, indicates the increase of S, with stretch rate. Inspection of
Fig. 8 reveals that the difference in S, between methane and
PRF95 increases as the stretch rate is reduced. That’s attributed
to the different values of L;, between the two fuels. Up to a stretch
rate of about 750 s, DF50 has a higher S;, even compared to that
of PRF95.
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Fig. 10. Averaged standard deviation of the unstretched burning velocity (SJ) at
each investigated pressure.
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Fig. 11. Burned gas Markstein lengths for all test conditions, and comparison with
literature data reported by Bradley et al. (x-markers) [6], Rozenchan et al. (stars)
[10], and Gu et al. (crosses) [9].

The effects on L, both with respect to the DF ratio as well as
pressure are depicted in Fig. 11. At each investigated point, error
bars are evaluated based on the standard error of all the repeated
tests. The uncertainty of the extrapolation procedure and the
repeatability of the tests at each investigated point are contribut-
ing to the extent of the error bars. Available literature data are also
presented in Fig. 11 for the base fuels. For presentation purposes,
the literature data are slightly shifted on the x-axis. It appears that
there is no prior work reporting values of the L, for different ratios
of methane addition to PRF95 at elevated pressures. At each test
pressure, the data are correlated with a straight line fit (dotted
lines) aiming to present the overall trend of L, relative to the DF
ratio. The equations of the fitted lines are also presented.

Fuel effect on L,: Considering the uncertainty of the experimen-
tal results, it has been found that as the DF ratio increases, L;, is
decreased following a fairly linear trend. The reduction of L, with
the increase in DF ratio is consistent at each tested pressure. How-
ever, at a pressure of 2.5 Bar the absolute reduction in L, is higher
(larger slope) than at 5 and 10 Bar where the reduction of L, with
DF ratio is similar. With a 25% increase in the DF ratio, the value of
Ly, is linearly reduced by 0.1, 0.063, 0.056 mm at pressure of 2.5, 5
and 10 Bar respectively. As percentages the above reductions cor-
respond to 15%, 21%, and 32%, indicating that the burning velocity
becomes less sensitive to stretch as DF ratio increases. As pressure
increases, the percentage difference in stretch sensitivity with
the increase of the DF ratio is larger. The responses have been
calculated based on the slopes of the fitted lines.

Pressure effect on L,: The value of L, is not only affected by a
change in fuel but is also affected by a change in pressure. As pres-
sure increases the value of L, is reduced for all fuels as can be
clearly observed in Fig. 11. The reduction of L, with pressure is
following a non-linear trend. The absolute reduction of L, from
2.5 to 5 Bar is larger than from 5 to 10 Bar for all fuels. For the same
increase in pressure, the percentage reduction in L, is larger with
the increase of the DF ratio.

Available literature data are also presented in Fig. 11. Bradley
et al. [6] reported values of L, for an isooctane-air mixture at differ-
ent pressures, temperatures and equivalence ratios. Appropriate
values from that study are illustrated with x-markers for a compar-
ison to the values of PRF95 measured in the current study. For
methane, the reported values of L, from the experimental studies
of Rozenchan et al. [10] (stars), and Gu et al. [9] (crosses), are pre-
sented. Considering the reported discrepancies of the measured
Markstein lengths by different researchers [29] that can even be
larger than 300%, it can be concluded that the reported values of
L, from the current experimental work are in satisfactory quantita-
tive and qualitative agreement with the selected values from
literature.
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Fig. 12. Unstretched burning velocities for all test conditions.

3.4. Unstretched burning velocity - S§

With the evaluation of Ly, the values of the unstretched burning
velocity (SP) of all fuels can now be presented. Values of SP are
presented in Fig. 12. At each investigated pressure, derived values
of SP for all tested fuels are correlated with a straight line fit as
shown by the dotted lines. The equations of the fitted lines are also
presented. At a pressure of 10 Bar the value of S{ for the DF75
blend is considerably higher compared to the rest of the fuels. As
discussed in Section 3.1.1, DF75 is thought to be affected by phe-
nomena of flame instability at 10 Bar. Therefore the S§ of DF75 is
not taken into consideration for the linear fit correlation at a
pressure of 10 Bar.

Fuel effects on SJ: At a pressure of 2.5 and 5 Bar, the values of S?
are converging for all dual fuel ratios with a distinct difference
from the values of methane. This behaviour is not evident at a pres-
sure of 10 Bar. As an overall trend, it appears that as DF ratio
increases, the value of S is decreased. The response is the same
for all the investigated pressures with the exception of DF75 blend
at a pressure of 10 Bar. Following the slope of the fitted lines, a 25%
increase in the DF ratio, will decrease the value of SY by 0.12, 0.11,
0.1 m/s at pressure of 2.5, 5 and 10 Bar respectively. As percentages
these differences correspond to 4% at 2.5 Bar, 5% at 5 Bar, and 6.5%
at 10 Bar.

Pressure effects on S%: As pressure increases the value of SO is
decreased for all test fuels. For an increase in pressure between
2.5 and 5 Bar, the absolute reduction in S is smaller as DF ratio
is increased. At a pressure of 5 and 10 Bar the slope of the fitted
lines appears to be comparable. Therefore, for an increase in pres-
sure from 5 to 10 Bar, the absolute difference in S is similar for all
fuels apart from DF75. On average (evaluated based on the differ-
ence of PRF95 and methane), the absolute reduction in S{ from 2.5
to 5 Bar corresponds to 0.8 m/s and 0.56 m/s from 5 to 10 Bar. The
adverse effect of pressure on S is reduced as pressure is increased
for all fuels.

3.5. Fundamental laminar flame velocity - S°

The fundamental laminar flame velocity (S%) can be derived by
dividing the already reported values of S with the appropriate
expansion factors. The required expansion factors are depended
both on the fuel as well as on the test pressure. At each investi-
gated condition the computed expansion factors are presented in
Fig. 13. It can be observed that with the increase of the DF ratio,
the expansion factor is reduced in a fairly linear manner at all three
test pressures. This behaviour is mainly attributed to the different
molecular weight of each fuel, with PRF95 being the heaviest
hydrocarbon under examination and methane the lightest. As far
as the effect of pressure is concerned, the value of the expansion
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Fig. 14. Laminar flame velocities at all test conditions, and comparison with
literature data reported by Bradley et al. (x-markers) [6], Jerzembeck et al. (cross)
[5], Beeckmann et al. (triangle) [8], and Gu et al. (stars) [9].

factors at 2.5 Bar is on average 2% lower as compared to the values
at 10 Bar. The difference is attributed to the effect of pressure on
the equilibrium state of the burned gas.

The resulted values of S with their corresponding error bars are
presented in Fig. 14 for all the investigated conditions. At each
investigated pressure, the resulted values of SO are well correlated
with a straight line fit (dotted lines) similar to the data of S§. The
equations of the fitted lines are also presented in the figure. The
considerably higher value of DF75 at 10 Bar is not taken into con-
sideration for the fitting process. Available literature data are also
included in the plot. For presentation purposes, the literature data
are slightly shifted on the x-axis. For methane, data are taken from
the work of Gu et al. (stars) [9]. For PRF95 data are taken from the
work of Bradley et al. (x-markers) [6], Jerzembeck et al. (cross) [5],
and Beeckmann et al. (triangle) [8]. It appears that there is no prior
literature study reporting values of laminar flame velocities of
methane-PRF95 dual fuel blends at elevated pressures.

Fuel effects on SJ: Considering the slope of the fitted lines as pre-
sented in Fig. 14, it can be concluded that as the pressure increases,
the percentage reduction in S is larger with the increase of the DF
ratio. With a 25% increase in the DF ratio, the value of SO is reduced
by 2%, 3% and 5% at pressure of 2.5, 5 and 10 Bar respectively. These
percentage differences are on average 2% lower as compared to
those derived for SP, attributed to the unequal expansion factors
of each fuel.

Pressure effects on S3: As is clearly presented in Fig. 14, with the
increase of pressure, SO is reduced. However, the reduction of SO is
larger for an increase in pressure between 2.5 and 5 Bar in compar-
ison to an increase in pressure from 5 to 10 Bar. The adverse effect
of pressure on S is reduced as pressure is increased for all fuels.
For the methane flame, the percentage reduction in S8 is 2% and

5% higher than that of PRF95, with an increase of the pressure from
2.5 to 5 Bar, and from 5 to 10 Bar respectively. It can be concluded
that the SO of methane is more sensitive in pressure than that of
PRF95. This response is consisted with literature [9]. For all DFs,
the percentage reduction with an increase in pressure is between
the values corresponding to the pure liquid fuel (PRF95) and the
gaseous fuel (CHy).

As illustrated in Fig. 14, at a pressure of 2.5 Bar the experimen-
tal values of SJ obtained in this work are on average 11% higher
compared to those reported in literature. This trend does not show
on the other two investigated pressures. There is a maximum devi-
ation of 15% between the values of SO obtained in this work as com-
pared to the ones reported in literature. The maximum deviation
corresponds to the value of PRF95 at a pressure of 10 Bar.

With the evaluation of both fundamental combustion parame-
ters L, and SY, the mechanism behind the flame evolution as dis-
cussed in Section 3.1.2 can now be explained. At a pressure of
5 Bar, with a 25% increase in the DF ratio, the values of SO and L,
are reduced by 3% and 21% respectively. As already discussed, at
the early stages of combustion the flame radius is increased with
DF ratio. It is clear that the mechanism behind this phenomenon
is attributed to the decrease of L, as the dual fuel ratio is increased.
As the flame develops and flame radius is increasing, stretch rate is
reduced. This implies that the effect of L;, on the flame velocity is
decaying. Therefore S3 will start to dominate the flame evolution.
As a result, an increase in the DF ratio will slow down the flame
evolution. Indeed, the flame evolution of PRF95 becomes gradually
faster than that of methane as the combustion process progress.

4. Conclusions

The effects of methane addition to PRF95 on the fundamental
combustion parameters, laminar flame velocity (S°) and Markstein
length (L,), were experimentally investigated at a stoichiometric
air to fuel ratio, different pressures (2.5, 5, 10 Bar) and a constant
temperature of 373 K. A Dual Fuel (DF) blend was formed by add-
ing methane to PRF95 in three different energy ratios 25%, 50% and
75%. Spherically expanding flames were used to measure burning
velocities, from which the corresponding L, and S were derived.
Where applicable, values obtained from this work were compared
with reported data in literature. It appears that there is no prior
work reporting values of either L, or SO for different DF ratios at
elevated pressures.

As far as L, is concerned, it has been found that with a 25%
increase in the DF ratio, the value of L, is reduced by 15%, 21%,
32% at a pressure of 2.5, 5 and 10 Bar respectively. As pressure
increases, Ly, is reduced for all fuels. The absolute reduction of L,
from 2.5 to 5 Bar is larger than from 5 to 10 Bar. For the same
increase in pressure, the percentage reduction in L, is larger with
the increase of the DF ratio. A satisfactory qualitative and quanti-
tate agreement with the appropriate values from literature was
obtained.

As far as SO is concerned, it has been found that with a 25%
increase in the DF ratio, the value of SO is reduced by 2%, 3% and
5% at pressure of 2.5, 5 and 10 Bar respectively. As pressure
increases, S is reduced for all fuels. For the same increase in pres-
sure, the percentage reduction in S is larger with the increase of
the DF ratio. There is a maximum deviation of 15% between the
values of S8 obtained in this work and those reported in literature.

At the early stages of combustion, the flame evolution is found
to be faster with the increase in the DF ratio, and gradually as the
flame develops it becomes slower. At the early stages of combus-
tion L, has a dominant effect on the flame evolution. As the flame
develops, stretch rate is reduced, and S becomes the governed
parameter for the flame evolution.
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