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2,5-Dimethylfuran, known as DMF, is a promising second-generation biofuel candidate. The potential of
2,5-dimethylfuran as an additive in iso-octane (used as gasoline fuel substitute in this study) was studied.
Using outwardly spherical flame method and high speed schlieren photography, laminar burning charac-
teristics of 2,5-dimethylfuran/iso-octane (20%/80% vol., designated as D20)/air mixtures were experimen-
tally investigated. Laminar flame speeds and Markstein lengths of D20-air mixtures were empirically
organized as a function of initial pressures and temperatures. Onset of cellular structures at the flame
front was observed at relatively higher initial pressures due to the combined effect of diffusional-thermal
and hydrodynamic instabilities. Laminar flame speeds of D20-air mixtures are higher than those of iso-
octane-air mixtures when the equivalence ratio is greater than 1.2.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

2,5-Dimethylfuran (DMF), which can be massively produced
from non-food biomass [1-3], has been regarded as a promising
second-generation biofuel candidate. Compared to ethanol (the fa-
vored gasoline-alternative biofuel), DMF has a higher energy den-
sity, a higher boiling point and a higher research octane number
(RON) [1,4]. It is insoluble in water, thus will not contaminate
underground water during production or storage. It has the poten-
tial to become an alternative to fossil fuels and octane improver.

Most of previous work focused on the fundamental combustion
characteristics [5-7] of DMF. Possible reaction pathways of DMF
were proposed by Wu et al. [8] using the experimentally measured
flame structure of the low-pressure premixed laminar DMF-0,-Ar
flame with tunable vacuum ultraviolet synchrotron radiation pho-
toionization and molecular-beam mass spectrometry. Practically,
Zhong et al. [9] studied the engine performance and emissions of
DMF at fixed spark timing regardless of load in a direct-injection
spark-ignition single cylinder research engine. Daniel et al. [10]
compared the engine performance and emissions of DMF, gasoline
and ethanol under gasoline MBT ignition timing and fuel-specific
ignition timing in the same engine. These engine studies suggest
that the resistance of DMF to knock is not as high as expected and
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lower than that of ethanol. Wu et al. [11] studied the flexible, bi-fuel
concept - dual-injection strategy on a spark-ignition engines fueled
with various gasoline, DMF and ethanol blends and they proposed
that dual-injection strategy is a promising engine concept.
Laminar flame speed is an important fundamental physico-
chemical property of a fuel-air mixture, which can be used to vali-
date the chemical reaction mechanisms and to gain a better
understanding of the combustion process, such as the turbulence
combustion in SI engines and power generation systems [12]. Wu
et al. [13-15] studied the laminar flame speeds, Markstein lengths
and flame instabilities of DMF-air premixed mixtures at elevated
temperatures and pressures over a wide range of equivalence ra-
tios. Tian et al. [16] studied the flame propagation characteristics
of DMF using the schlieren optical method. They found that the
laminar flame speed of DMF was very similar to gasoline and the
difference was within 10% in the equivalence ratio range 0.9-1.1.
Practical options of using DMF as engine fuel should consider it
as an additive to primary fuel so as to avoid large modifications of
the combustion devices. Iso-octane is widely used as gasoline alter-
nate in fundamental combustion study. Thus, it is necessary to
study the laminar combustion characteristics of DMF and iso-
octane blend, which are important for assessing the possibility of
DMF as an alternative for fossil fuels or octane improver. Laminar
flame speed is useful for the analysis and performance predictions
of various spark ignition engines. The objective of the present work
is to provide fundamental laminar flame data of DMF and iso-octane
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Nomenclature

DMF 2,5-dimethylfuran

D20 20% by volume of 2,5-dimethylfuran in iso-octane
E20 20% by volume of ethanol in gasoline
f laminar burning flux

Ly Markstein length of the burned gas
M15 15% by volume of methanol in gasoline
M30 30% by volume of methanol in gasoline
MTBE  methyl t-butyl ether

P initial pressure

RON research octane number

Ty instantaneous flame radius

SD standard deviation

S unstretched flame propagation speed

Sn stretched flame propagation speed
T initial temperature

T, adiabatic flame temperature

u laminar flame speed

o stretch rate

or temperature exponent

P pressure exponent

)] flame thickness

Pu density of unburned gases

Ob density of burned gases

o density ratio

1 kinematic viscosity of the unburned mixture
® equivalence ratio

blend at elevated temperatures and pressures over a wide range of
equivalence ratios using the spherical flame method and high speed
schlieren photography. The fuel blend investigated here contains
20% DMF and 80% iso-octane in volume (designated as D20).

2. Experimental setup and procedures

The details of the experimental setup are reported in previous
literatures [15,17,18]. Briefly, the experimental setup consists of
a combustion chamber with the heating system, a high-speed
schlieren photography system, a mixture preparation system, an
ignition system and a data acquisition system. The cylindrical
chamber (Inner diameter: 180 mm; Volume: 5.51) has two quartz
windows of 80 mm diameter. A Redlake HG-100 K digital camera
record the flame images with a frame speed of 10,000 frames/s
during the combustion.

The chamber was first heated to the required equilibrium tem-
perature and the pre-blended liquid fuel (purity levels: DMF-99.0%,
iso-octane-99.5%) was injected into the chamber by the micro-
syringe. The required gases (purity levels: 0,-99.99%, N,-99.99%)

were introduced into the chamber according to their correspond-
ing partial pressures. The mixtures of nitrogen and oxygen with a
molar ratio of 3.76 were used to simulate air in this study. After
filling, the chamber was left undisturbed for at least 5 min to en-
sure attainment of an approximate quiescent condition. The mix-
tures were ignited by the centrally located electrodes and the
flame propagation was recorded by the high-speed digital camera.
The chamber was then vacuumed and flushed with fresh air at
least three times before next run.

The test matrix and major results (adiabatic flame temperature,
density of unburned mixture, density ratio, laminar flame speed
and Markstein length) of this study are summarized in Table 1.
The initial pressures and temperatures were set at 0.10 MPa,
0.25 MPa, 0.50 MPa and 393 K, 433 K, 473 K, respectively, while
the equivalence ratios varied from 0.9 to 1.5 in 0.1 intervals. A min-
imum initial temperature of 393 K was selected to ensure that D20
can be completely vaporized before the ignition (boiling points of
DMEF and iso-octane are 365 K and 372 K, respectively). The exper-
iments were repeated twice at each condition and the average data
is used in the analysis.

Table 1
Test matrix and results.

@ 0.9 1.0 1.1 1.2 1.3 14 1.5

P,=0.10 MPa, T, =393 K Tq (K) 2256 2332 2344 2298 2229 2156 2083
pu(kg/m?) 0.92 0.93 0.93 0.94 0.94 0.95 0.95
4 6.05 6.33 6.47 6.47 6.42 6.35 6.26
L, (mm) 3.92 2.36 1.98 1.54 1.03 0.57 0.02
u; (m/s) 0.44 0.47 0.50 0.51 047 0.40 0.33

P,=0.10 MPa, T, =433 K T, (K) 2280 2353 2367 2328 2263 2191 2119
pu(kg/m?) 0.84 0.84 0.85 0.85 0.85 0.86 0.86
o 5.55 5.80 5.94 5.96 5.92 5.86 5.79
Ly (mm) 5.38 3.31 2.2 1.82 1.79 0.74 0.1
u; (m/s) 0.52 0.55 0.57 0.59 0.60 0.51 0.42

P,=0.10 MPa, T, =473 K Ta (K) 2305 2374 2391 2357 2296 2227 2157
pu(kg/m?) 0.77 0.77 0.78 0.78 0.78 0.79 0.79
a 5.14 5.36 5.49 5.52 5.50 5.45 539
Ly (mm) 6.1 3.46 2.2 1.92 1.8 1.02 0.59
u; (m/s) 0.59 0.61 0.65 0.67 0.67 0.63 0.54

P,=0.25MPa, T, =393 K Tq (K) 2274 2360 2365 2308 2234 2159 2085
pu(kg/m?) 2.31 2.32 2.33 2.34 2.35 2.37 2.38
o 6.09 6.39 6.52 6.50 6.43 6.35 6.27
L, (mm) 1.13 1.08 0.76 0.75 0.28 -0.35 -0.32
u; (m/s) 0.31 0.35 0.42 0.44 0.40 0.32 0.31

P, =0.50 MPa, T, =393 K T, (K) 2286 2379 2378 2314 2237 2160 2086
pu(kg/m?) 4.62 4.64 4.66 4.69 4.71 4.73 4.75
4 6.12 6.43 6.55 6.51 6.44 6.36 6.27
L, (mm) 0.8 0.36 03 0.22 -0.44 -0.49 -0.93
u; (m/s) 0.28 0.32 0.38 0.37 0.34 0.31 0.23
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Fig. 1. Laminar flame speeds of iso-octane-air mixtures versus equivalence ratio at
atmospheric pressure and elevated initial temperature.
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Fig. 2. Schlieren images of flames for D20-air mixtures at ambient pressure and
initial temperature of 393 K for three different equivalence ratios.

3. Laminar flame speed and Markstein length

To avoid the effects of the ignition energy or the spark ignition
disturbance [12,17,19-21], the pressure increase [17], the cylindri-
cal confinement [22] and the flame-front cellular structure [23] on
flame propagation, the flame images with radius between 6 mm
and 25 mm are used to obtain the flame propagation speed via
Sp = dr,/dt. The stretch rate o is defined as 2-S,/r, .From the linear
relationship between the flame propagation speed and stretch rate
[12,20,24], the unstretched flame propagation speed (S;) can be ob-
tained via S; — S, = L,o. By the mass conversion across the flame
front, laminar flame speed can be determined via u; :%:%S,
[12,19]. Flame thickness is calculated by the ratio of kinematic Vis-
cosity to laminar flame speed via §; = v/u; [19]. Laminar burning
flux, the eigenvalue of flame propagation, can be calculated

viaf = u;p,.

4. Results and discussions
4.1. System validation

As discussed above, no experimental or simulation data are
available for laminar flame speeds of D20-air mixtures. Therefore,
laminar flame speeds of iso-octane-air mixtures were measured
and compared with data from previous literatures to validate the
present measurement system. Fig. 1 shows the comparison
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Fig. 3. Adiabatic flame temperatures of D20-air mixtures versus equivalence ratio
at different initial temperatures (a) and pressures (b).

between present measurement of laminar flame speeds of iso-
octane-air mixtures and other open literatures such as measure-
ments from Bradley et al. [19], Kumar et al. [25] and Broustail
et al. [26]. The initial pressure for the results shown in Fig. 1 is
0.1 MPa. It is seen that present results show good agreement with
the data from Refs. [19,26] because similar measurement tech-
niques were used. Present data are slightly lower than the data
of Kumar et al. [25] due to different initial temperatures and
experimental methodologies. Nevertheless, the comparison shows
the accuracy in measuring the laminar flame speed with the pres-
ent experimental setup and methodology. The accuracy of present
setup is also verified in [17,27,28] in the measurement of other
fuels.

4.2. Flame propagation

Fig. 2 shows the stretched flame propagation speed of D20-air
mixtures versus stretch rate at three different equivalence ratios
under the corresponding initial condition. The stretched flame
propagation speed shows a linear relationship with the stretch rate.
The stretched flame propagation speed decreases with the increase
of stretch rate (decrease of flame radius) which means Markstein
length takes the positive value, as shown in Table 1. The slope of
Sn,—o curve increases with the increase of equivalence ratio.

4.3. Laminar flame parameters

Adiabatic flame temperature is an important parameter for
the combustion phenomena. It has a close relationship to NO,
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Fig. 4. Flame thicknesses (solid line) and density ratios (dash dot line) of D20-air
mixtures versus equivalence ratio at different initial temperatures (a) and pressures

(b).

formation and laminar flame speed due to its effect on species equi-
librium and heat/mass diffusion of the flame front [29-31]. In this
study, the adiabatic flame temperature is calculated using the
method described in [32,33]. Adiabatic flame temperatures of
D20-air mixtures versus the equivalence ratio at different initial
temperatures and pressures are shown in Fig. 3. The adiabatic flame
temperature peaks near an equivalence ratio of 1.1 due to the prod-
uct dissociation and reduced amount of heat release [34]. With the
increase of initial temperature, the adiabatic flame temperature in-
creases. Since the amount of dissociation decreases with the in-
crease of initial pressure, the adiabatic flame temperature should
be higher at higher pressure [31]. As shown in Fig. 3b, the adiabatic
flame temperature increases with the increase of initial pressure
when the equivalence ratio is less than 1.2. The influence of initial
pressure on adiabatic flame temperature is quite moderate on the
rich mixture side.

Flame thickness and density ratio are the controlling parame-
ters of the hydrodynamic instability. Increase in density ratio or
decreasing in flame thickness promotes the hydrodynamic insta-
bility [35-37]. Fig. 4 shows the flame thicknesses and density ra-
tios of D20-air mixtures versus equivalence ratio at different
initial temperatures and pressures. The flame thickness decreases
with the increase of initial pressure and is insensitive to the varia-
tion of initial temperature, while the density ratio decreases with
the increase of initial temperature and slightly increases with the
increase of initial pressure. Therefore, the hydrodynamic instability
of D20-air mixtures decreases with increasing initial temperature
but increases with increasing initial pressure.
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Fig. 5. Markstein lengths of D20-air mixtures versus equivalence ratio at different
initial temperatures (a) and pressures (b).

Based on the asymptotic theory [38], Markstein length depends
on the Lewis number of fuel (lean mixture) or oxidizer (rich mix-
ture). For hydrogen and light hydrocarbon-air mixtures, Markstein
length increases with the increase of equivalence ratio; while for
heavy hydrocarbon-air mixtures, it decreases with the increase
of equivalence ratio [39]. Since DMF and iso-octane are both heavy
hydrocarbon fuels, Markstein length of D20 should decrease with
the increase of equivalence ratio. Fig. 5 shows the Markstein length
of D20-air mixtures versus equivalence ratio at different initial
temperatures and pressures. Markstein length decreases with the
increase of equivalence ratio under all conditions in this study,
and it increases with increasing initial temperature but decreases
with increasing initial pressure. This trend is similar to that of
DMF as reported in [13,14]. This means that at a lower initial tem-
perature and higher initial pressure, the flame propagation is less
affected by the flame stretch rate and the flames of the D20-air
mixtures are less stable, especially for the rich mixtures. Values
of laminar flame speeds and Markstein lengths depends on
extrapolation model and this dependence is more significant for
non-unity Lewis number mixtures, as reported in Refs. [40,41].
The linear extrapolation model used in this study might be over-
predicted laminar flame speed and Markstein length when Mark-
stein length is large (Lewis number is non-unity). Thus, laminar
flame speed and Markstein length of D20-air mixture in this study
might be larger than the true value due to the limitation and char-
acter of the linear extrapolation mode. As shown in Fig. 6, cracks
can be observed on the flame front when flame radius is larger
than 20 mm. Meanwhile, postponing of crack appearance on the
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Fig. 6. Schlieren images of flames for D20-air mixtures at the ambient pressure and the equivalence ratio of 1.5 at three different initial temperatures.

flame front is presented as the initial temperature increases due to
the increase of Markstein length with increasing initial tempera-
ture. Schlieren images of flames for D20-air mixtures at three dif-
ferent initial pressures are shown in Fig. 7. For initial pressures of
0.10 and 0.25 MPa, the flame front keeps smooth without cracks
even when the flame radius is 30 mm. However, at the initial pres-
sure of 0.50 MPa, cracks appear on the flame front when flame ra-
dius is only 10 mm. Cracks have developed into cellular structures
when the flame radius is 30 mm at the same condition. This is due
to the combined effect of diffusional-thermal and hydrodynamic
instabilities. As discussed above, Markstein length and flame thick-
ness decreases with the increase of initial pressure. The increased
hydrodynamic instability cannot be stabilized by the decreased
diffusional-thermal stability.

Fig. 8 shows laminar flame speed and laminar burning flux of
D20-air mixtures versus equivalence ratio at different initial tem-
peratures and pressures. Laminar flame speed strongly depends on
the initial condition and we empirically correlated the burning
velocities with temperature and pressure, as

B T, or P, Bp
Uy =tup (TT:O) (PTAJ) (1)

where subscript ‘0’ refers to the reference condition. In this study,
Pyo=0.1 MPa, Tyo =393 K. ot and pp are the exponents of tempera-
ture and pressure, respectively.

Eq. (5) can be simplified as temperature and pressure
dependent,

P=0.10MPa

h|
P=0.25MPa

B
P =0.50MPa

Ty \™
Uy = Up (TT:;) (2)

u = UP,)" (3)

Based on the method described in literatures [13,14], uj and or
are correlated as following:

U = 7.486¢" — 36.504¢° + 64.684* — 49.41¢ + 14.215 (4)

or = —50.671¢* + 227.45¢° — 370.26¢* + 259.36¢
— 64.389 (5)

The values of U and gp are shown in Table 2.

As shown in Fig. 8, laminar flame speeds peak near an equiva-
lence ratio of 1.2. The peak position moves slightly to the rich mix-
ture side with the increase of initial temperature. Laminar flame
speed increases with the increase of initial temperature and de-
creases with the increase of initial pressure. The laminar burning
flux increases with the increase of initial temperature and pres-
sure. Both laminar flame speed and the density of the unburned
mixture vary with initial temperature and pressure. With the in-
crease of initial temperature, the increase of laminar flame speed
is dominant over the decrease of the density of the unburned mix-
ture. Meantime, the increasing density of the unburned mixture
with the increase of initial pressure is more obvious compared to
the reduction of the laminar flame speed. Thus, the combined

Fig. 7. Schlieren images of flames for D20-air mixtures at the equivalence ratio of 1.2 and the initial temperature of 393 K at three different initial pressures.
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Fig. 8. Laminar flame speed (solid line) and laminar burning flux (dash dot line) of
D20-air mixtures versus equivalence ratio at different initial temperatures (a) and
pressures (b).

effects of these two aspects contribute to the increase of the lam-
inar burning flux with the initial temperature and pressure.

Fig. 9 shows laminar flame speed of different fuels versus equiv-
alence ratio at atmospheric pressure. The results show that the
laminar flame speeds of iso-octane-air mixtures are higher than
those of the DMF-air mixtures at equivalence ratio less than 1.1
and but lower at equivalence ratio larger than 1.1. The peak value
of laminar flame speed for iso-octane is presented at equivalence
ratio of 1.1 while the laminar flame speed of DMF and D20 give
their peak at equivalence ratio of 1.2. The possible reason is that
the oxygen in the fuel will promote the reaction rate at rich mix-
ture side. Thus, adding DMF into iso-octane may increase the lam-
inar flame speeds. This effect is obvious only when the equivalence
ratio is greater than 1.2 where D20 has a higher laminar flame
speed than iso-octane. When the equivalence ratio is less than
1.2, the laminar flame speed of D20 is lower than that of iso-octane.
In Ref. [42], the blends of methanol and iso-octane gave lower lam-
inar flame speed than both pure fuels. This is mainly due to the
chain transfer between alkyl radicals and formaldehyde formed

Table 2

Values of U and Bp.
@ 0.9 1.0 1.1 1.2 13 14 1.5
U, 0.42 0.46 0.50 0.51 0.48 0.39 0.34
Bo -0.279 -0233 -0.173 -0.190 -0.208 -0.162 -0.204
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Fig. 9. Comparison of laminar burning velocities for different fuels at elevated
initial temperature and ambient pressure.

during oxidation which reduces the reaction rate. Reported data
of ethanol/butanol and iso-octane blends showed that laminar
flame speeds of the fuel mixture were higher than pure iso-octane,
but lower than pure ethanol/butanol [26]. In Ref. [19], the results
showed that iso-octane and 90% iso-octane/10% n-heptane-air
mixtures have similar laminar flame speeds. In [43], the laminar
flame speeds of M15 and M30 (15% an 30% methanol in gasoline
by volume, respectively) at the equivalence ratio of 1.3 is larger
than that of gasoline and methanol. The inhibition and/or promo-
tion mechanism resulting from blending two different fuels con-
tributes to the decrease and/or the increase of laminar flame
speed. Detailed chemical kinetics of DMF, which is currently
unavailable, coupled with the chemical kinetics of iso-octane will
help to explain the phenomenon observed in this study.

5. Conclusions

Laminar combustion characteristics of D20-air mixtures were
studied at elevated temperatures and pressures over wide range
of equivalence ratios. The main conclusions are summarized as
follows:

(1) Laminar flame speed of D20-air premixed mixtures peaks
near an equivalence ratio of 1.2. It increases with increasing
initial temperature and decreasing the initial pressure.

(2) Adiabatic flame temperature peaks near the equivalence
ratio of 1.1 due to the product dissociation and reduced
amount of heat release. The adiabatic flame temperature
increases with the increase of initial temperature and is
insensitive to initial pressure at rich mixture side.

(3) Markstein length decreases with the increase of equivalence
ratio and initial pressure, while it increases with the increase
of initial temperature. Cellular structures appear at rich mix-
ture flame front of D20-air mixture at high initial pressure
due to the combined effect of diffusional-thermal and
hydrodynamic instabilities.

(4) Laminar burning flux peaks near an equivalence ratio of 1.2
and increases with the increase of initial temperature and
pressure.

(5) Adding small ratio of DMF into iso-octane will increase lam-
inar flame speed when the equivalence ratio is greater than
1.2 and decrease laminar flame speed at equivalence ratio
less than 1.2, compared to the laminar flame speed of iso-
octane.
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