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Abstract: In this work are presented experimental values of the burning velocity of iso-octane/air,
n-heptane/air and n-heptane/toluene/air mixtures, gasoline surrogates valid over a range of pressures
and temperatures similar to those obtained in internal combustion engines. The present work is
based on a method to determine the burning velocities of liquid fuels in a spherical constant volume
combustion bomb, in which the initial conditions of pressure, temperature and fuel/air equivalence
ratios can be accurately established. A two-zone thermodynamic diagnostic model was used to
analyze the combustion pressure trace and calculate thermodynamic variables that cannot be directly
measured: the burning velocity and mass burning rate. This experimental facility has been used and
validated before for the determination of the burning velocity of gaseous fuels and it is validated
in this work for liquid fuels. The values obtained for the burning velocity are expressed as power
laws of the pressure, temperature and equivalence ratio. Iso-octane, n-heptane and mixtures of
n-heptane/toluene have been used as surrogates, with toluene accounting for the aromatic part of
the fuel. Initially, the method is validated for liquid fuels by determining the burning velocity of
iso-octane and then comparing the results with those corresponding in the literature. Following,
the burning velocity of n-heptane and a blend of 50% n-heptane and 50% toluene are determined.
Results of the burning velocities of iso-octane have been obtained for pressures between 0.1 and
0.5 MPa and temperatures between 360 and 450 K, for n-heptane 0.1–1.2 MPa and 370–650 K, and for
the mixture of 50% n-heptane/50% toluene 0.2–1.0 MPa and 360–700 K. The power law correlations
obtained with the results for the three different fuels show a positive dependence with the initial
temperature and the equivalence ratio, and an inverse dependence with the initial pressure. Finally,
the comparison of the burning velocity results of iso-octane and n-heptane with those obtained
in the literature show a good agreement, validating the method used. Analytical expressions of
burning velocity as power laws of pressure and unburned temperature are presented for each fuel
and equivalence ratio.
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1. Introduction

The laminar burning velocity is a fuel property of fundamental importance for predicting and
studying the performance of internal combustion engines, which can be extremely useful in the
analysis of fundamental processes and serve as a design utility during the engine design stage.
The laminar burning velocity of premixed flames has been the focus of comprehensively experimental
and numerical investigations. This property is essential in the analysis, design and implementation
of internal combustion engines (ICE), because the burning velocity has a direct influence on the
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efficiency, emissions and burn rate in the combustion engine [1]. Burning velocities are implemented in
combustion models to validate kinetic mechanisms. The laminar burning velocity of fuel mixtures can
be obtained using several techniques, typically by combining experimental methods (pressure register,
optical) with thermodynamic models and instabilities studies to consider the effects of flame stretch.

Precise measurements of values of the burning velocity are necessary to characterize fuels in
premixed combustions and to validate combustion models [2]. A technique widely used in the
literature, to present the results of the combustion rates of different fuels, is a correlation (power law)
based on the initial conditions of the pressure, temperature and equivalence ratio of a given fuel
mixture for a determined range of the pressure and temperature. These correlations provide very
important information for evaluating the effect of fuels in spark ignition (SI) engines.

Due to the complexity of the gasoline composition and its variability, gasoline surrogates are used
both experimentally and numerically to simplify calculations. Gasoline surrogates refers to fuels with
a simpler representation of a fully mixed fuel, which can be primary reference fuels or binary mixtures
based on the research octane number. Some of these gasoline surrogates are used as fuels for advanced
combustion engines [3]. Surrogate fuels have a simpler composition which can facilitate simulations
and evaluate the property effects and fuel-composition of the in-cylinder processes: vaporization,
mixing and combustion, determining the processes in engine efficiency, emissions, performance,
and requirements about the after-treatment systems [4]. Therefore, surrogate fuels have a great value
as reference fuels which can be used to determine different parameters of interest in engine combustion
without the effect of changes in the fuel-composition. The most common gasoline surrogates are
iso-octane and n-heptane, the primary reference fuels (usually named PRF’s) or binary mixtures of
them for determining the research octane numbers (RON) in SI fuels.

Iso-octane and n-heptane are standard gasoline surrogates for modeling combustion in SI engines
because the processes of oxidation of n-heptane and iso-octane represent the ignition process and
combustion characteristics of a gasoline fuel. For that reason, the effect of composition changes of
multicomponent fuels can be simulated using binary mixtures of them as a first approximation [5].

Some investigations have been developed to determine the laminar burning velocity of iso-octane,
n-heptane and binary mixtures of these two fuels, and, for that reason, iso-octane and n-heptane are used
in this work to validate the methodology presented. Gülder [6], Bradley et al. [7], Metghalchi et al. [8],
Galmiche et al. [9] and Müller et al. [10] obtained different correlations for the burning velocity
of iso-octane as a function of pressure and temperature for diverse fuel/air equivalence ratios.
Galmiche et al. [9] measured flame velocities in spherically expanding flames, from which the
corresponding laminar burning velocities at a stretch rate of zero are derived. Iso-octane/air mixtures
at initial temperatures between 323 and 473 K, and pressures between 0.1 and 1.0 MPa are studied over
an extensive range of equivalence ratios, using a high-speed shadowgraph system. Varea et al. [11]
used a high pressure and temperature combustion chamber to obtain the laminar burning velocity
of iso-octane with a new method, from the difference between the flame speed and the intake gas
velocity. They also obtained correlations as a function of pressure and temperature to express their
effect. Marshal et al. [12] obtained the laminar burning velocity of iso-octane and n-heptane at elevated
pressures and temperatures and they included combustion residuals in their experiments. They used
a constant volume combustion vessel equipped with a Schlieren technique and obtained values for
different ranges of pressure, temperature and equivalence ratios. The burning velocity of n-heptane
has been obtained by different researchers: Davis and Law (1998, [13]) used a counterflow twin flame
configuration, Huang et al. (2004, [14]) obtained the burning velocity of n-heptane and iso-octane
(PRFs) in a counterflow configuration using a digital particle image velocimetry, Van Lipzig et al.
(2011, [15]) investigated the adiabatic laminar burning velocity of n-heptane and iso-octane and their
mixtures in a perforated plate burner, Sileghem et al. (2013, [16]) used the heat flux method to
obtain the laminar burning velocities of iso-octane, n-heptane and toluene, Kwon et al. (2000, [17])
measured burning velocities in a spherical windowed chamber, Kumar et al. (2007, [18]) obtained the
burning velocity of iso-octane and n-heptane with the counterflow flame technique (ambient pressure
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and different temperatures and equivalence ratios), Chong et al. (2011, [19]) obtained the burning
velocity using the jet-wall stagnation flame configuration and the particle imaging velocimetry and
Dirremberger et al. [20] used a perforated plate burner at 1 atm and 358 K, for iso-octane, h-heptane
and the toluene mixture.

In this work, the combustion process of iso-octane is studied and characterized in a constant volume
combustion bomb with spherical geometry. After that, the burning velocities of n-heptane and a mixture
of n-heptane and toluene are experimentally obtained at engine like conditions. This experimental
facility has been used and validated before for the determination of the burning velocity of gaseous
fuels and is validated in this work for liquid fuels. The values obtained for the burning velocity are
expressed as power laws of the pressure, temperature and equivalence ratio. The experimentally
registered pressure is the input for a two-zone thermodynamic model used to determine the burning
velocity of different fuel mixtures.

This paper presents results of the burning velocities for gasoline surrogates at a high pressure
and temperature, i.e., engine like conditions. In the literature there are not many results for gasoline
surrogate fuels, and present results expand the burning velocity database to different conditions and
mixtures including toluene for a surrogate fuel as a binary mixture with n-heptane. In addition,
the burning velocity values are important for the studies developing explosion protection. Additionally,
surrogate fuels are currently used as fuels in simulations for advanced combustion engines (for example
HCCI, homogeneous charge compression ignition engines, or PCCI, premixed charge compression
ignition engines), which means it is necessary to obtain results for the burning velocity of these fuels.

2. Experimental Facility and Combustion Model

The experimental installation used in this work consisted of a test facility designed for the
characterization and investigation of the combustion process of gaseous and liquid fuels. The main
part of the facility is a spherical constant volume combustion bomb (CVCB) with an acquisition system
to register the parameters during the combustion and obtain information about the flame development,
and supply lines for the introduction of fuels in the combustion bomb. Fuel evaporation is required for
liquid fuels in order to obtain a homogeneous mixture at the beginning of the combustion process.
In Figure 1, a scheme of the experimental facility can be seen, where the CVCB is a spherical space
made of stainless-steel 200 mm in diameter, pressure and temperature transducers and two optical
accesses which are radial and horizontal to detect and study the chemiluminescence emitted by the
flame. The CVCB has been designed to withstand pressures up to 40 MPa and temperatures up to
1073 K during the course of the combustion process. There are two electrodes inside the CVCB between
which the spark is discharged to start the combustion at the geometrical center of the sphere, for more
details see [21].

The initial conditions of pressure, temperature and fuel/air ratio were set up at the beginning of
each combustion test. Liquid fuels were directly introduced in the combustion chamber and the air
was added later with the corresponding line supply. A mixture time is necessary to get a homogeneous
mixture inside the CVCB. Once the combustion was initiated, a spherical flame front propagates
inside the combustion bomb compressing adiabatically and burning the fresh mixture. During the
combustion process development, a piezoelectric transducer, Kistler 7063 type (maximum calibration
error of 0.06%), registered the evolution of the pressure. This transducer was connected to a KISTLER
5018A1000 charge amplifier (maximum calibration error of 0.3%). The output signal of the charge
amplifier was recorded on a Yokogawa DL750 Scopecorder (16 bits AD converter). The estimated error
of the pressure acquisition is 0.36% over the measuring range. With the acquisition system it is possible
to obtain values of up to 30,000 Hz. Additional details of the experimental facility and of the use of OH
and CH chemiluminescence for flame characterization can be seen in Tinaut et al. [22].

The burning velocity was determined by the two-zone combustion analysis model, in which the
main input was the temporal evolution of the pressure registered during the combustion, in addition
to the initial values of the fuel-composition and mass of the fuel blend.
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The thermodynamic combustion model considers the division of the combustion chamber in
two different zones: the burned zone (designated with a b subscript) and unburned zone (designated
with a ub subscript). In each zone, there were applied conservation and ideal gas equations [23–25].
Once the combustion has been initiated by the spark plug, a flame front appears and the spherical
flame moves concentrically with the vessel walls, as the unburned or fresh mixture transforms into
burned mixture. The outputs of this model are the temperatures of both zones, the burned mass
fraction, the flame front surface and the burning velocity, among other variables [23]. The burning
velocity, Cc, was determined from the mass burning rate (

.
mb), the flame front surface (Af) and from the

unburned density (ρub) according to the next expression:

Cc =

.
mb
ρubA f

, (1)

As indicated in [26], some parts of the burning velocity plots were discarded to calculate the
laminar burning velocity: some part of the initial points (due to the effects of the spark plug on
the combustion onset, numerical oscillations and stretch rate) and some part of the final points
(the autoignition processes and cellularity effects due to instabilities). A cellular combustion is obtained
under certain conditions in which a cellular flame front ends in an apparent burning velocity higher
than the laminar one when both velocities are referred to a smooth flame front—they can also be
referred to the spherical one. The last part of the combustion process also had to be discarded because
the flame front reached the CVCB wall and it could disturb the free flame development. The unburned
temperature could also be locally perturbed due to heat transmission, and the hypothesis of adiabatic
compression for the unburned gas temperature calculation will stop being fulfilled and some buoyancy
effects may appear.

3. Results

Initially, the methodology for the determination of the burning velocity was presented and
validated for liquid fuels. Iso-octane is the fuel used because of the existence of the extensive literature
studying combustion. After that, the burning velocity of n-heptane and a mixture of 50% n-heptane/50%
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toluene are obtained for different conditions of the pressure, temperature (engine like conditions) and
equivalence ratio, and are compared with literature data.

3.1. Validation of the Methodology for Liquid Fuels: Iso-Octane

In this section, the methodology for the determination of the burning velocity of liquid fuels is
validated using iso-octane as a fuel. This methodology has been previously validated with gaseous fuels.

The influence of pressure and temperature is studied in a stoichiometric mixture of iso-octane and
air for the conditions shown in Figure 2, with an initial pressure between 0.1 and 0.5 MPa and initial
temperature between 360 and 450 K. In Figure 3, the pressure evolution versus the flame front radius
in a combustion process of stoichiometric iso-octane is plotted. In Figure 3, it is possible to see that
the pressure reaches 50% of its maximum value when the flame front is close to the wall of the CVCB
(94.2 mm radius). In Figure 4, the temporal evolution of the pressure (Figure 4a, experimental values)
and burning velocity (Figure 4b, obtained by means of the 2-Z model) is plotted versus unburned
temperature, for stoichiometric combustions of iso-octane at different initial conditions. It can be seen
in both Figures that the burning velocity reduces as the initial pressure is increased.
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stoichiometric fuel/air equivalence ratio, 0.1 MPa and 353 K initial conditions.

The range of valid data used for the burning velocity determination excludes initial data affected
by the ignition process (a value of the mass fraction burned, equal to 0.05, is used as the initial validity
point for the burning velocity). It also excludes the final points and data affected by instabilities
and the autoignition process. Burning velocities are obtained with the two-zones thermodynamic
model. The burning velocity shows a smooth increment, except for the lower pressure combustion
where it is possible to appreciate a bump in the curve, caused by the instabilities of the flame front.
Additionally, autoignition phenomena may arise, generating oscillations in the pressure line and a
characteristic sharp bump in the burning velocity plots (as can be seen in some experiments presented
in following sections).
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The burning velocity values shown in Figure 4b can be fitted to a power law correlation as
a function of pressure and temperature, of the type proposed by Metghalchi–Keck [8], as seen in
Equation (2), where Cc is the burning velocity in m/s, Cco is the reference burning velocity at the To

and po, α and β are the exponents of temperature and pressure to be determined. The value of the
correlation coefficient R2 is 0.96 and the standard error of estimation is 4%.
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In Table 1 the correlation obtained in the present work is presented together with the expressions
obtained by Gülder [9], Bradley et al. [7], Metghalchi et al. [10], Galmiche et al. [15] and Müller et al. [11]
for the stoichiometric fuel/air equivalence ratio. In Müller’s expression, To is the temperature of the
interior zone, which marks the transition between the reaction zone and the unburned zone (the
temperature that limits chain brain and chain break reactions), Yf is the unburned fuel mass fraction
and Tad is the adiabatic temperature.

Table 1. Correlations for the burning velocity of stoichiometric iso-octane.

Gülder [6] Cc = 0.45
(

T
300

)1.56( p
0.1

)−0.22

Metghalchi_Keck [8] Cc = 0.25
(

T
300

)2.18( p
0.1

)−0.16

Present work Cc = 0.32
(

T
300

)1.91( p
0.1

)−0.25

Bradley et al. [7] Cc = 0.40
(

T
300

)1.01( p
0.1

)−0.28

Galmiche et al. [9] Cc = 0.56
(

T
423

)1.89( p
0.1

)−0.26

Müller et al. [10] Cc = 2.93 × 103
( p

3.80 × 107

)(1.22×10−3)
Y0.56

f

(Tad−To

Tad−T

)2.52( T
To

)
In Figure 5a, the burning velocity of the stoichiometric mixtures of iso-octane and air is plotted

versus the unburned temperature for an initial pressure of 0.5 MPa. The line obtained in this work is
placed at the center of the plot, with a slope similar to the one obtained by Müller et al., in spite of the
fact that the Müller expression is different and they obtain it from a program with an extensive reaction
mechanism. Galmiche et al. [9] measured the flame velocities of spherically expanding flames using a
combustion chamber equipped with a high-speed shadowgraph system. The differences between the
expression of Bradley et al. [7] and Metghalchi et al. [8] are due to the fact that they considered all
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the data obtained during the combustion processes without any distinction between the laminar and
cellular zone, which explains the higher slope of the Metghalchi correlation. Gülder [6] obtained the
expression for the burning velocity in a combustion bomb using ionization sensors in the combustion
zone, leading to higher values.
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In Figure 4b, the burning velocity versus the pressure is represented for an initial temperature
of 400 K. The tendencies of the present work results are similar to those explained before: the slope
is similar to the one obtained by Müller et al. [10]. The differences with the correlations obtained by
Gülder [6] and Bradley et al. [7] are due to a different measurement method being used, while the
differences with the Metghalchi and Keck [8] values are due to the range of considered data.

The stoichiometric iso-octane burning velocity is represented in Figure 6 versus the temperature and
pressure, for the expressions shown in Table 1. The highest values of the burning velocity are obtained for
elevated temperatures and low pressures, in all the cases. In Figure 6, all the correlations are represented
together in order to compare them more clearly. In addition, some experiments with varying equivalence
ratios were developed to compare with the literature data, as seen in Figure 7. The values obtained in the
present work (black points) are compared with the values of Galmiche et al. (2012, [9]), Metghalchi and
Keck (1982, [8]), Varea et al. (2013, [11]), Marshall et al. (2011, [12]) and Gülder (1982, [6]). It can be seen
that the values obtained in the present work agree with the rest of the data.Energies 2020, 13, x FOR PEER REVIEW 8 of 17 
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As a conclusion of this section, it is possible to say that the methodology for the determination of
the burning velocity of liquid fuels in the CVCB has been validated and the results obtained for other
fuels will be presented in the following sections.
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3.2. Burning Velocity of n-Heptane

In this section, the results for the burning velocity of n-heptane/air mixtures in the CVCB are
presented for the different initial conditions of the pressure and temperature. The initial conditions are
chosen to be able to reach the range of pressure and temperature obtained by the internal combustion
in engines during the progress of the combustion, as can be seen in Figure 8a. The objective of these
experiments is to characterize the burning velocity of n-heptane through correlations as a function of
pressure and temperature and the fuel/air equivalence ratio, Equation (2).

3.2.1. Results of n-Heptane for a Stoichiometric Mixture

A pressure–temperature diagram of all the data used to determine the burning velocity of
n-heptane in stoichiometric conditions is shown in Figure 8a. In this figure, points represent the
adiabatic evolution of the pressure and temperature during the combustion process inside the CVCB,
starting from the initial conditions of pressure and temperature. Figure 8a delimits the validity range
of the obtained correlation, with an initial pressure between 0.1 and 1.2 MPa and initial temperature
between 370 and 650 K.



Energies 2020, 13, 3430 9 of 15Energies 2020, 13, x FOR PEER REVIEW 10 of 17 

 

 

(a) 

 

(b) 

 

(c) 

Figure 8. (a) Pressure–temperature diagram; (b) pressure; (c) burning velocity. The temporal 
evolution of the pressure and burning velocity of n-heptane versus the unburned temperature for 
stoichiometric combustions. 

Once the mixture is ignited at the center of the combustion chamber, the temporal evolution of 
the pressure during the combustions for stoichiometric mixtures of n-heptane/air for different initial 
conditions are plotted in Figure 8b (combustions are ordered by the initial temperature). Pressure 
starts growing until the flame front touches the CVCB wall, and the pressure curves reach their 
maximum value. As the initial pressure increases, for the same initial temperature, combustions are 

Figure 8. (a) Pressure–temperature diagram; (b) pressure; (c) burning velocity. The temporal
evolution of the pressure and burning velocity of n-heptane versus the unburned temperature for
stoichiometric combustions.

Once the mixture is ignited at the center of the combustion chamber, the temporal evolution of
the pressure during the combustions for stoichiometric mixtures of n-heptane/air for different initial
conditions are plotted in Figure 8b (combustions are ordered by the initial temperature). Pressure starts
growing until the flame front touches the CVCB wall, and the pressure curves reach their maximum
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value. As the initial pressure increases, for the same initial temperature, combustions are slower and
the rise of the curve is smoother, and the final pressure increases too, due to the adiabatic compression
inside the CVCB. For the combustion of 463 K and 0.8 MPa (turquoise line), the autoignition of the
n-heptane mixture is reached, causing vibrations in the pressure curve. Additionally, a low autoignition
process is observed in the pressure curve for 463 K and 0.4 MPa (dark blue line). Autoignition takes
place inside the combustion bomb when the autoignition conditions are reached during the adiabatic
compression, and a part of the unburned mixture autoignites. Burning velocities (obtained with the
thermodynamic model) versus unburned are represented in Figure 8c, where it is possible to see that as
the pressure increases, for a given temperature, the burning velocity decreases. In contrast, when the
pressure is constant and the temperature increases, the burning velocity increases with temperature.
Results obtained for n-heptane are qualitatively similar to the case of iso-octane.

A Metghalchi–Keck type correlation for the stoichiometric combustion of n-heptane is shown
in Equation (4), where the value of the correlation coefficient R2 is 0.989 and the standard error of
estimation is 2%.

Fr = 1→ Cc
(m

s

)
= 0.35

(
T
T0

)2.21( p
po

)−0.21

, (4)

3.2.2. Results of n-Heptane for a 0.9 Fuel/Air Equivalence Ratio

The validity ranges of the data used for the determination of the burning velocity correlation of
n-heptane with a 0.9 equivalence ratio are shown in thick trace on the temperature–pressure evolution
lines of Figure 9a, with an initial pressure between 0.1 and 1.2 MPa and an initial temperature between
360 and 650 K. The temporal evolution of pressure in the combustions of n-heptane are shown in
Figure 9b, and the corresponding burning velocities are plotted in Figure 9c.

The general trend is that the burning velocity increases with the initial temperature, and decreases
with the initial pressure. It can be seen that in some of the experimental cases, characterized by
high initial temperatures and/or pressures (450 K–1.7 MPa—yellow line, 451 K–2.0 MPa—blue line,
and 474 K–0.8 MPa—red line), appear some oscillations in the pressure curve due to autoignition
process. The corresponding burning velocity plots show a significant increment in the apparent
burning velocity.

The explanation of this behavior is the onset of autoignition processes, which lead to a more violent
and faster combustion process than the previous laminar premixed combustion. This autoignition
behavior did not appear in the case of iso-octane (in the tested experimental range), which agrees
with the well-known difference between the octane number of iso-octane and n-heptane. When the
autoignition takes place in the fresh mixture, the diagnostic model gives very high values of the
apparent burning velocity, because during this process some autoignition reactions play an important
role in the unburned zone with a flame front, which are not geometrically identified. This behavior
does not appear when the equivalence ratio is stoichiometric.

The obtained correlation with the data represented in Figure 9c is the following, where the value
of the correlation coefficient R2 is 0.973 and the standard error of estimation is 7%.

Fr = 0.9→ Cc
(m

s

)
= 0.33

(
T
T0

)2.73( p
po

)−0.30

, (5)
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3.2.3. Results of n-Heptane for a 0.8 Fuel/Air Equivalence Ratio

In the case of an equivalence ratio of 0.8, the observed experimental behavior of the combustion
process of n-heptane is qualitatively very similar to the 0.9 case. Autoignition appears in some
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combinations of initial high temperature and pressure, leading to very high apparent burning velocities
in the latter part of the combustion process.

For brevity, only the final result is presented in the form of a burning velocity adjusted to a
Metghalchi and Keck type correlation, Equation (6), where the value of the correlation coefficient R2 is
0.984 and the standard error of estimation is 3%.

Fr = 0.8→ Cc
(m

s

)
= 0.27

(
T
T0

)2.77( p
po

)−0.33

, (6)

To check the accuracy of the correlations proposed for n-heptane combustion (Equations (4)–(6)),
they are compared with other authors’ results. The values are compared with those obtained by Davis
and Law (1998, [13]), Huang et al. (2004, [14]), Van Lipzig et al. (2011, [15]), Sileghem et al. (2013, [16]),
Marshall et al. (2011, [12]), Kwon et al. (2000, [17]), Kumar et al. (2007, [18]), Chong et al. (2011, [19])
and Dirremberger et al. [20] in Figure 10, for ambient conditions of pressure and temperature. It is
possible to see a good agreement between results of this work and the other authors’ results.
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3.3. Burning Velocity of a 50% n-Heptane and 50% Toluene Blend

In this section, results for the burning velocity of a blend of 50% n-heptane/50% toluene, in mass,
is obtained in the CVCB for different initial conditions of pressure, temperature and equivalence ratios
of 0.8 and 1.0 (right). This mixture is considered a surrogate fuel, where the toluene represents the
aromatic content. The validity range for the stoichiometric blend is an initial pressure between 0.1 and
0.9 MPa and an initial temperature between 450 and 700 K, and for the 0.8 equivalence ratio, an initial
pressure ranging from 0.1 to 1.0 MPa and an initial temperature from 360 to 700 K.

Figure 11 shows the pressure–temperature map, temporal evolution of pressure and burning
velocity versus the unburned temperature, for combustions of 50% n-heptane/50% toluene for
stoichiometric (left) and 0.8 (right) equivalence ratios. As in the case of pure n-heptane, for some
initial conditions of pressure and temperature some oscillations can be observed in the pressure plots,
associated to the onset of autoignition. In parallel, the apparent burning velocity increases suddenly
and strongly after autoignition appears. There are more cases of autoignition apparition for the lean
(0.8) mixture than for the stoichiometric mixture. This is a result of the trade-off between two competing
processes: laminar combustion, which needs a time equivalent to the chamber radius over the burning
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velocity, and the autoignition process, with a delay time that depends on the pressure and temperature
history of the air–fuel mixture experiments. Since the mixture is leaner when the laminar velocity
is smaller, the time needed to complete the flame length is longer, thus making it bigger than the
autoignition delay time and causing a generalized combustion of the remaining unburned mixture.
This so-called abnormal combustion leads to a sharp increase in pressure, sometimes associated to
secondary pressure waves that explain the oscillations in the pressure plots. When the two-zone
thermodynamic model finds these sharp pressure increments, the apparent burning velocity computed
as a result is very high, although not necessarily with a physical fundament.Energies 2020, 13, x FOR PEER REVIEW 15 of 17 
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Figure 11. A temperature–pressure map, the temporal evolution of pressure and burning velocity
versus temperature, for the mixture of 50% n-heptane/50% toluene, for different initial conditions and
equivalence ratios (1.0-left, 0.8-right).

The burning velocities obtained with the two-zone thermodynamic model are adjusted to a
correlation with the pressure and temperature shown in Equations (7) and (8) (for stoichiometric and
0.8 equivalence ratios, respectively). The value of the correlation coefficient R2 is 0.950 and 0.976 and
the standard error of estimation is 5% and 6%, for the stoichiometric and 0.8 equivalence ratios.
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Fr = 1→ Cc
(m

s

)
= 0.31

(
T
T0

)1.95( p
po

)−0.103

, (7)

Fr = 0.8→ Cc
(m

s

)
= 0.33

(
T
T0

)2.19( p
po

)−0.24

(8)

4. Conclusions

A spherical constant volume combustion bomb has been used for the determination of the burning
velocity of liquid fuels: iso-octane, n-heptane and a mixture with toluene. A two-zone thermodynamic
combustion model allows for the analysis of the pressure register during the combustion and to obtain
some significant properties during the combustion process, allowing us to characterize the physical and
thermochemical properties of the combustion, as can be done with the burning velocity, mass burned
fraction, temperatures, etc.

The burning velocity of three liquid fuels: iso-octane, n-heptane and a blend of 50% n-heptane/50%
toluene in mass, has been obtained for the elevated conditions of pressure and temperature (engine
like conditions) and diverse equivalence ratios. The burning velocities of n-heptane and iso-octane
have been compared with data obtained in the literature, for the same conditions, obtaining a good
agreement with them. The burning velocities are expressed as power law correlations of pressure and
temperature for a given fuel/air equivalence ratio. For the three fuels studied, the burning velocity
enhances with temperature (with exponents of 1.91 in the case of iso-octane and 2.21 in the case of
n-heptane) during the combustion process. The dependence with pressure is the contrary—the burning
velocity decreases with the increment of pressure (with exponents between 0.25 for iso-octane and 0.33
for n-heptane, with values between 0.10 and 0.23 for the 50% n-heptane/50% toluene mixture).

The traces of pressure of iso-octane combustion are smooth, as well as the corresponding burning
velocities. However, during the n-heptane combustion, some oscillations are detected in the pressure
and burning velocity curves, especially for lean mixtures, which is due to the onset of autoignition
processes. The blend of n-heptane and toluene shows qualitatively the same behavior of n-heptane,
with strong increments in the apparent burning velocity curves once autoignition appears.
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