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� Laminar flame speeds of 2MB–air mixture were measured.
� Comparison on laminar flame speeds of various fuels was made.
� Flame instabilities were analyzed combining with schlieren photos.
� Correlation of laminar flame speeds is provided.
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Laminar flame speeds of 2-methyl-1-butanol (2MB)–air mixture at temperatures of 393, 433 and 473 K,
pressures of 0.1, 0.25, 0.5 and 0.75 MPa, and equivalence ratios of 0.6–1.8 were measured using the
spherically propagating flame. Flame instabilities were analyzed using the Lewis number, flame thick-
ness, density ratio and Markstein length combining with the schlieren photos. Flame instability is insen-
sitive to temperature while it increases with the increase of pressure. A correlation of laminar flame
speed is provided on the basis of experimental data. Comparison was made between the laminar flame
speeds of 2-methyl-1-butanol and ethanol, n-butanol and iso-octane. Results show that 2-methyl-1-
butanol has the close values of laminar flame speed with those of n-butanol, but lower than those of eth-
anol and higher than those of iso-octane.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

With increasing concerns on energy demand and environmen-
tal protection, the studies and utilization of biofuels have been
attracting more and more attention. Biofuels can be produced from
the living organisms, biomass conversion and various biogases [1].
Bio-alcohols, is produced in fermentation of sugars, starches and
cellulose through the action of microorganisms and enzymes. As
a first generation biofuel, ethanol has been used as the fuel additive
to gasoline. Since the existence of some disadvantages of ethanol,
such as high hygroscopicity, low heating value and corrosivity,
the concerns for the large alcohols like bio-butanol are increasing.
Butanol has higher energy density and better solubility with gaso-
line. It can be directly used in engine without any changes in en-
gine structure [2–5].

Table 1 shows the physical characteristics of different fuels. 2-
Methyl-1-butanol (2MB) is one of pentanol isomers. Comparing
with ethanol and n-butanol, 2MB has the advantages of high heat-
ing value, low hygroscopicity, low vaporization pressure and better
solubility with gasoline [6].

Recently, researches were conducted on the production of
2-methyl-1-butanol. In fact, 2-methyl-1-butanol is natural
by-product of microbial fermentations from amino acid substrates,
but the amount is small and cannot meet the application
requirement [7]. Recently, Cann et al. [8,9] developed an approach
to increase the production of 2-methyl-1-butanol in engineered
Escherichia coli. Progress was reported on the photosynthetic
production of 2-methyl-1-butanol from CO2, which is favorable
to the lowering of atmospheric CO2 [10]. As the biologically engi-
neered pentanol production demonstrates a good prospect, thus
the utilization of 2-methyl-1-butanol in power equipments will
become a reality. Fundamental study of this fuel can understand
the combustion characteristics and provide the basic information
for fuel chemical kinetics development.

Laminar flame speed is a key parameter of fuel and is the base
to determine the turbulent flame speed. Laminar flame speed can
be used to validate and develop the fuel chemical kinetics. Laminar
flame speeds of alcohol fuels were measured in the past decade.
Metghalchi et al. [11] and Saeed et al. [12] measured the laminar
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Table 1
Physical properties of fuels.

Ethanol N-butanol Isooctane 2MB

Oxygen content (mass%) 0.35 0.22 0 0.18
Density (kg/m3) 789 810 692 815.2
Energy–volume density (kJ/cm3) 21.11 26.9 31.87 28.38
Octane number (R + M)/2 100 87 95–96 –
Lower heating value (MJ/kg) 28.9 33.1 44.3 34.65
Vapor pressure at 21 �C (kPa) 5.95 0.56 5.5 0.4
Flash point (�C) 13–14 35 �12 50
Self ignition temperature (�C) 363 343 396 385
Boiling temperature (�C) 78.37 118 99.3 128.7
Melting point (�C) �114 �90 �107.4 �70
Solubility in water at 20 �C (g/l) Unlimited immiscible 63.2 0.002 31

264 Q. Li et al. / Fuel 112 (2013) 263–271
flame speeds of methanol using a constant volume bomb without
considering the flame stretch effect on flame front. Liao et al.
[13] and Zhang et al. [14] measured the laminar flame speeds of
methanol at various temperatures and pressures. Laminar flame
speeds of ethanol were measured by Gulder [15], Liao et al. [16]
and Marinov et al. [17]. Broustail et al. [18] measured the laminar
flame speeds of ethanol and butanol. Their results showed that
both ethanol and butanol have the faster laminar flame speed than
that of iso-octane. Veloo et al. [19] measured the laminar flame
speeds of four butanol isomers using the counter-flow flame at
atmospheric pressure and temperature of 343 K. Gu et al. [20]
measured the laminar flame speeds of four butanol isomers using
the spherically propagating flame at different initial temperatures
and pressures.

Up to now, reports on combustion of 2-methyl-1-butanol is
very limited. The reported work mainly concentrated on the n-
pentanol and 3-methyl-1-butanol [21–24]. Zhao et al. [6] reported
the thermal decomposition of pentanol isomers, including the 2-
methyl-1-butanol. Recently, Tang et al. [25] proposed a kinetic
mechanism for the 2-methyl-1-butanol on the basis of measured
ignition delay times, but their mechanism has not been validated
by the laminar flame speed. Thus, providing the laminar flame
speeds of 2-methyl-1-butanol is required.

In this study, the laminar flame speeds of 2-methyl-1-butanol at
three temperatures (393 K, 433 K, 473 K), four pressures (0.1 MPa,
0.25 MPa, 0.5 MPa, 0.75 MPa), and equivalence ratios from 0.6 to
1.8 were measured using the spherically propagating flame. Flame
instabilities at different temperatures, pressures and equivalence
ratios were analyzed. A correlation to calculate the laminar flame
speeds of 2-methyl-1-butanol was given on the basis of experi-
mental data. Comparisons on laminar flame speeds of ethanol,
n-butanol and 2-methyl-1-butanol were provided.

2. Experimental setup and data processing

2.1. Experimental setup

The experimental setup was described in details in previous lit-
eratures [26–29]. Here, only a brief description is given. It includes
a constant volume combustion chamber, the heating system, the
ignition circuit, the data acquisition, and the high-speed schlieren
photography. The combustion chamber is of a cylinder type with
an inner diameter of 180 mm and volume of 5.5 L. The centrally lo-
cated electrodes are used to ignite the combustible mixture. The
pressure transmitter, thermocouple, pressure transducer, liquid
fuel injection valve, and inlet and outlet valves are mounted on
the chamber body. Two quartz windows of 80 mm diameter are
mounted on the two sides of the vessel. A high-speed digital cam-
era (HG-100K) operating at 10,000 frames per second recorded the
flame progression during the combustion. The partial pressures of
each component are regulated by a mercury manometer when the
initial pressure of the mixtures in the vessel is less than or equal to
0.1 MPa, and the partial pressures are regulated by the pressure
transmitter at initial pressures greater than 0.1 MPa. The entire
vessel was heated by a 2.4 kW heating-tape wrapped outside the
chamber body. The thermocouple measures the initial temperature
of mixtures in the vessel with an accuracy of 1 K. The initial tem-
perature is adjusted by a thermo-regulator. When the mixture
reaches the designated initial temperature, the power is switched
off. The required liquid fuel is injected into the chamber by the
microliter syringes corresponding to the given initial temperature,
initial pressure, and equivalence ratio. Bomb dry air is supplied
into the chamber through the inlet/outlet valve. A wait of 8–
10 min is allowed before the ignition starts.

2.2. Data processing

The stretched flame speed is determined by

Sb ¼
drf

dt
ð1Þ

where the unstretched flame speed, S0
b, is the flame speed at zero

stretch rate. There exists a linear relationship between the stretch
flame speed and unstretched flame speed,

S0
b � Sb ¼ Lbj ð2Þ

where Lb is Markstein length of the unburned mixture. Through the
continuity across the flame front, laminar flame speed is calculated
using the equation

S0
u ¼ q0

bS0
b=qu ð3Þ

where qu and q0
b are the unburned gas density and burned gas den-

sity, respectively. The adiabatic temperature, Tad, can be calculated
through thermal equilibrium theory. The flame thickness is defined
as

lf ¼ v=S0
u ð4Þ

Simulations on laminar flame speeds of ethanol, n-butanol and
iso-octane were made with the Chemkin Premix code with detailed
chemistry and transport. Marinov’s mechanism [17] is used to
calculate the laminar flame speeds of ethanol while Sarathy’s
mechanism [30] is used to simulate the laminar flame speeds of
n-butanol.

3. Results and discussions

3.1. System validation

The experimental apparatus in this study have been used to
measure the laminar flame speeds of many fuels and over a large
temperature and pressure range [27,28,31]. To further prove the
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Fig. 1. Laminar flame speeds of ethanol at Pu = 0.1 MPa, Tu = 393 K.
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Fig. 4. Stretched flame speed versus stretched rate.
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accuracy of the system, additional measurements on ethanol and
n-butanol were conducted and simulations were made with the
very recently developed mechanisms.

Fig. 1 shows the comparison the measured laminar flame speed
of ethanol–air mixtures with those of previous studies
[15,16,18,32]. All the data were measured with the spherically
propagating flame at Tu = 393 K and Pu = 0.1 MPa. All data are in
good agreement except the literature [15]. This study provides
the values at extended equivalence ratios. Simulations using the
Marinov’s mechanism [17] give good predictions on the laminar
flame speeds of ethanol.

Fig. 2 gives the comparison of the measured laminar flame
speeds of butanol with those of literatures [32] [19,33]. The
measured values (at 393 K) have good agreement with those of
Broustail et al. [18]. Simulations using the Sarathy’s mechanism
[30] give good prediction on the measured laminar flame speeds.
The values of Gu et al. [33] is higher than the measured values
due to its higher initial temperature and those of Veloo et al. [19]
is lower than the measured values due to its lower initial temper-
ature. Anyway, the comparison between the experimental results
and the simulations both focuses on the ethanol and butanol,
and it gives the high accuracy in measuring the laminar flame
speed with this experimental setup.
3.2. Laminar flame speed

In this study, flame radius between 6 mm and 25 mm was used
to determine the laminar flame speed and Markstein length to re-
move the effect of spark ignition, pressure rise and system confine-
ment [34,35,32]. Fig. 3 shows the flame radius versus time at three
equivalence ratios. Flame radius increases almost linearly with the
increase of time. The stoichiometric mixture propagates faster than
both lean and rich mixtures.

Fig. 4 gives the stretched flame speed versus stretched rate at
different temperatures and pressures. The stretched flame speed
decreases linearly with the increase of stretch rate. The slope of
stretched flame speed versus stretched rate is the negative value
of Markstein length. Markstein length, Lb, reflects the effect of
stretch on flame and is the characteristic parameter of flame insta-
bility. Large value of Markstein length corresponds to stable flame
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front. Fig. 4a shows that the stretched flame speed increases with
the increase of temperature. The slope of stretched flame speed
versus stretch rate does not change with the increase of tempera-
ture which suggests little effect on flame front instability with the
variation of temperature. As shown in Fig. 4b, the stretched flame
speed decreases with the increase of pressure. The slope of
stretched flame speed versus stretch rate is increased with the in-
crease of pressure, and this indicates the increase of flame front
instability as pressure is increased.

When flame radius is infinite, the stretch rate will become zero,
thus, the unstretched flame speed can be determined, as shown in
Fig. 4, when extrapolating the line to the zero stretch rate. Laminar
flame speed is determined on the basis of conservation of mass on
flame front. Fig. 5 gives the laminar flame speeds of 2-methyl-1-
butanol versus equivalence ratio at different temperatures and
pressures. Laminar flame speed increases with increasing the tem-
perature and decreasing the pressure. Laminar flame speeds give
their peak values at the equivalence ratios between 1.0 and 1.1.

Adiabatic flame temperature, Tad, and mass burning flux
(f ¼ quS0

u) are key parameters of the laminar premixed flame. Mass
burning flux is a comprehensive index reflecting the information of
exothermicity, reactivity and diffusivity [36]. It is the product of
unburned mixture and laminar flame speed. Fig. 6 gives the adia-
batic flame temperature and mass burning flux at three elevated
temperatures and four pressures. Mass burning flux gives the con-
sistent trend to that of adiabatic flame temperature versus the
equivalence ratio. Both give their peak values at the equivalence
ratio between 1.0 and 1.1. They increase with increasing tempera-
ture and pressure. The results reveals that the increasing effect on
laminar flame speed is higher than decreasing effect on density of
the unburned gas as temperature is increased. However, the
decreasing effect on laminar flame speed cannot cover the substan-
tial increase of the density of unburned mixture as pressure is in-
creased. With the increase of pressure, the increasing effectiveness
is increased for mass burning rate and is little for adiabatic flame
temperature. This behavior tends to be more significant at stoichi-
ometric ratio.

Laminar flame speed can be correlated in the form of
S0
u ¼ UPep

u ð5Þ
where Pu is initial pressure, U and ep are the fitting constants. Fig. 7
gives the fitting curves of laminar flame speeds versus pressure at
lean, rich and stoichiometric mixtures. Laminar flame speed de-
creases exponentially with the increase of pressure. This has been
reported in the previous studies on methane, iso-octane, dimethyl
ether [32,37,38]. Laminar flame speed and pressure has the rela-
tionship of S0

u ~x1=2=qu~pð�1þn=2Þ: The reaction order, n, calculated by
equation n = 2(ep + 1) [31,36] is shown in Fig. 8. Reaction order is in-
creased with the increase of equivalence ratio at lean mixture side,
and is insensitive to the variation of equivalence ratio from stoichi-
ometric mixture to rich mixture. Reaction order gives the values be-
tween unit and two. Reaction order depends on the contributions
from both branching chain reaction and chain termination reaction.
Sensitive analysis at elevated temperature on alcohol fuel showed
the enhancement of chain branching reaction and little effect on
chain termination reaction [39]. For the lean mixture, the adiabatic
flame temperature increases with the increase of equivalence ratio,
as shown in Fig. 6, leading to the increase of the reaction order. Sim-
ilar phenomenon was reported in previous literature [40].
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3.3. Flame instability

For the spherically expanding flame, there exist three types of
instability, the diffusional–thermal instability, the hydrodynamic
instability and the buoyancy instability. As buoyancy instability
appears in the flames with very slow propagation speed, such as
lean limit mixture and/or rich limit mixture, which are not the
mixtures in this study, thus only the diffusional–thermal instabil-
ity, the hydrodynamic instability are considered in the following
analysis. Diffusional–thermal instability is characterized by the Le-
wis number, Le, which is defined as the ratio of mixture thermal to
mass diffusivity [36,41]. The hydrodynamic instability, caused by
the density jump across the flame front, is enhanced at high den-
sity jump [42,43]. Hydrodynamic instability will dramatically af-
fect the flame front pattern at the elevated pressure. Markstein
length has the relationship with Lewis number as,

Lb ¼ lf r�1c1 þ
1
2

ZeðLe� 1Þc2

� �
ð6Þ

where c1 ¼ 2r
ð1þ

ffiffiffi
r
p ; c2 ¼ 4

r�1

� � ffiffiffiffi
r
p
� 1� ln½0:5ð

ffiffiffiffi
r
p
þ 1Þ�

� �
[44]; and

Ze is Zeldovich number, which can be expressed as

Ze ¼ EaðTa � TuÞ=RðTaÞ2; where Ea is activation energy and R is uni-
versal gas constant; Le is effective Lewis number of the mixture.
Markstein length reflects the overall behavior of flame instability.

Fig. 9 gives the Lewis number and Markstein length versus
equivalence ratio at elevated temperatures and pressures. The den-
sity ratio and flame thickness versus equivalence ratio at elevated
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Fig. 11. Schlieren photos of 2-methyl-1-butanol–air mixtures.
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temperatures and pressures are given in Fig. 10. Lewis number
shows a slight increase with the increase of temperature and this
indicates a slight enhancement of the thermal-diffusivity instabil-
ity. Density ratio decreases but no significant change on flame
thickness with the increase of temperature suggests that the
hydrodynamic instability is still weak. Combined effect of the
two instabilities is characterized by the Markstein length, Lb, which
shows insensitivity to temperature. As pressure is increased, Lewis
number maintains unchanged, flame thickness is decreased and
density ratio is slightly increased, leading to the enhancement of
flame instability. This is consistent to the variation of Markstein
length as shown in Fig. 9b.

Fig. 11a shows the schlieren photos of 2-methyl-1-butanol–air
mixture at / = 1.6, Pu = 0.1 MPa and three elevated temperatures.
Flame instability characterized parameters, Lewis number, flame
thickness, density ratio and Markstein length, are listed at the left
side of the photos. Flame front shows the similar morphology with
the increase of temperature. In the early stage, flame propagates
with a smooth front surface. Cracks on flame front surface appear
and develop as flame develops. The effect of flame stretch and ther-
mo-diffusion causes the instability of flame front and makes the
cracks on the flame front surface. Fig. 11b gives the images of the
spherically expanding flame of 2-methyl-1-butanol–air mixture
at / = 1.1, Tu = 433 K and four pressures. At pressure of 0.1 MPa,
flame front maintains a smooth surface during flame propagation.
When pressure is elevated to 0.25 MPa, cracks on the flame front
surface appear as flame develops. The cracks are from the pertur-
bations generated by electrodes and spark energy. Flame still
maintains stabilized without further development of cracks. As
pressure is elevated to 0.5 MPa or 0.75 MPa, due to a strong curva-
ture-induced stretch, flame front surface is wrinkled or even devel-
ops into the cellular structure, reflecting a strong instable flame
front. The results are in consistent to variation of the Markstein
length as pressure is increased.
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3.4. Normalization and empirical correlation

Laminar flame speed increases with the increase of temperature
and decreases with the increase of pressure. It exhibits a non-
monotonic variation to the equivalence ratio. A correlation
between laminar flame speed and initial temperature as well as
pressure is taken the form of,

S0
u ¼ S0

uð/Þ
Tu

Tu0

	 
aT ð/Þ Pu

Pu0

	 
bP ð/Þ

ð7Þ

where the subscript 0 refers to the reference condition, S0
uð/Þ, aTð/Þ,

bPð/Þ are the laminar flame speed at the reference condition,
temperature exponent, and pressure exponent, respectively. To
decouple the nonlinear temperature and pressure dependency of
the 2-methyl-1-butanol–air mixture, the correlation at reference
condition is fitted. At pressure of 0.1 MPa and temperature of
393 K, the laminar flame speed is fitted as,

S0
uð/Þ ¼ 2:90025� 16:61731/þ 35:19509/2 � 31:86315/3

þ 12:88419/4 � 1:92435/5 ð8Þ

When pressure is constant, Eq. (7) is simplified to,

S0
u ¼ S0

uð/Þ
Tu

Tu0

	 
aT ð/Þ

ð9Þ

The temperature exponent is,

aTð/Þ ¼ ln
S0

u

S0
uð/Þ

 !,
ln

Tu

Tu0

	 

ð10Þ

The values of aTð/Þ at different initial temperatures are given in
Fig. 12a. The temperature exponent varies little to the variation of
temperature. The temperature exponent is fitted as a function of
equivalence ratio,
aTð/Þ ¼ 7:61466� 14:37684/þ 10:80882/2 � 2:44461/3 ð11Þ

Similarly, the pressure exponent in Fig. 10b is fitted as a func-
tion of equivalence ratio,

bPð/Þ ¼ �0:77936þ 0:97034/� 0:50623/2 þ 0:0509/3 ð12Þ

A correlation was obtained for the 2-methyl-1-butanol–air
mixture,

S0
u ¼ S0

uð/ÞðTu=393ÞaT ð/ÞðPu=0:1ÞbT ð/Þ ð13Þ
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Fig. 13 gives the comparison of laminar flame speeds between
the calculated and measured values. The correlation can accurately
calculate the laminar flame speeds at all equivalence ratios, tem-
peratures and pressures. Parity plot between correlation calcula-
tion and experimental data is given in Fig. 14. The deviation of
prediction on laminar flame speeds is within ±0.02 m/s2.

3.5. Comparison among different fuels

Ethanol and butanol are the most concerned bio-alcohol fuels
during the past decade. A comparison of 2-methyl-1-butanol with
ethanol and butanol can provide an intuitive understanding of
these fuels. Fig. 15 gives the comparison of the measured laminar
flame speeds of ethanol, butanol, 2-methyl-1-butanol with those
of iso-octane [18,39]. For the lean and stoichiometric mixtures,
the laminar flame speeds of ethanol give higher values than those
of n-butanol. From the comparison of some key radicals in the eth-
anol and n-butanol flames in Fig. 16, it can be seen that the chain
branching radical, H, in the ethanol flame is significantly higher
than that in the n-butanol flame, while key specie in the chain ter-
mination reactions, CH3, is lower than that in the n-butanol flame,
and this can explain the higher value of ethanol. Laminar flame
speed of 2-methyl-1-butanol gives the slightly lower value than
that of n-butanol, and higher value than that of iso-octane. So
far, a detailed chemistry mechanism of 2MB is unavailable, so we
can’t analyze the difference between the fuels in kinetics. However,
2-methyl-1-butanol is the structure with a methyl attaching to the
inner carbon atom (–CH2) of n-butanol. Thus, 2-methyl-1-butanol
has two methyl groups, while n-butanol has one methyl group.
More methyl groups possess higher energy barrier for the H
abstraction and lead to a slow reaction rate [20]. Iso-octane pos-
sesses the most methyl groups, and gives the lowest value. It also
noted that the laminar flame speeds of these fuels are very close for
the rich mixtures.
4. Conclusions

Measurements of laminar flame speeds and analysis on flame
instability were made for 2-methyl-1-butanol–air mixtures at tem-
peratures of 393, 433 and 473 K, pressures of 0.1, 0.25, 0.5 and
0.75 MPa, and equivalence ratios from 0.6 to 1.8. The main conclu-
sions are as follows:

(1) Laminar flame speeds of 2-methyl-1-butanol–air mixtures
were measured at different pressures and temperatures.
For the 2-methyl-1-butanol–air mixture, laminar flame
speed and mass burning flux increase with the increase of
temperature. Laminar flame speed decreases and mass burn-
ing flux increases with the increase of pressure.

(2) Flame instability is insensitive to temperature but is
enhanced with the increase of pressure.

(3) A correlation of laminar flame speed of 2-methyl-1-butanol–
air mixture was given as function of equivalence ratio, pres-
sure and temperature on the basis of experimental data.

(4) Laminar flame speeds of 2-methyl-1-butanol are close to
those of n-butanol, but they are lower than those of ethanol
and higher than those of iso-octane. Fuels give close values
of laminar flame speeds at rich mixture side among ethanol,
n-butanol, 2-methyl-1-butanol and iso-octane.
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