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The production of aviation fuel from lignocellulose is inexpensive and has high selectivity and atom economy.
The authors reproduced a mixed fuel of a bio-jet fuel candidate, which was obtained from lignocellulose using
the hydropyrolysis vapor upgrading process. The combustion characteristics of this fuel have not been studied
yet, so the laminar burning velocity and explosion characteristics of the fuel were investigated under a wide
range of conditions in a constant volume combustion chamber at initial pressures of 1, 2, and 4 bar, initial
temperatures of 400, 435, and 470 K, and equivalence ratios of 0.7-1.4. The results show that the laminar
burning velocity of the fuel is maximum at the equivalence ratio of 1.1-1.2, which is close to that of RP-3 and Jet
A-1 but smaller than that of bio-jet fuels produced through hydroprocessed esters and fatty acids. The simulation
shows good agreement with experiment at elevated temperatures. The explosion intensity increases with an
increase in the equivalence ratio under elevated initial pressures due to pressure oscillation. The dominant
frequency of the pressure oscillation is slightly higher than that of the brightness oscillation, both of which are
between 2500 and 3000 Hz The reduction of Markstein length is correlated with pressure oscillations and

brightness oscillations.

1. Introduction

Air transportation has increasingly become important in world
tourism and trade. Recently, the International Civil Aviation Organiza-
tion adopted a Long-Term Aspirational Goal to achieve net zero CO2
emissions by 2050 [1]. The industry expects sustainable aviation fuel or
the so-called bio-jet fuel to play a significant role in decarbonizing
aviation. As the only renewable carbon resource, biomass is considered a
potential substitute for fossil fuels due to its large output, high organic
content, strong sustainability, low cost, and low greenhouse gas emis-
sions [2]. Lignocellulose is the most abundant biomass resource on
earth, with an annual output of approximately 17 billion tonnes. How-
ever, humans do not use more than 5 % of the lignocellulose produced
for various purposes [3]. In recent years, the direct catalytic conversion
of lignocellulose into aviation fuel has attracted extensive attention due
to its advantages of low raw material cost, mild reaction conditions, and
high selectivity of the desired products [4,5].

Aviation kerosene is a complex mixture composed of thousands of
hydrocarbons, including straight-chain alkanes, branched-chain al-
kanes, cycloalkanes, and aromatics. However, most bio-jet fuel is
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currently synthesized through the hydroprocessed esters and fatty acids
(HEFA) pathway [6], and the product is mainly paraffin, lacking
cycloalkanes and aromatics. While high levels of aromatics can increase
soot formation, aromatics are necessary to avoid leaking fuel system
seals [7]. In addition, cycloalkanes help to lower the freezing point of
fuel and increase fuel density and thermal stability [8]. In this regard,
lignocellulose can achieve the production of all basic components of
aviation fuel, more specifically, cellulose and hemicellulose can produce
paraffin, and lignin can produce cycloalkanes and aromatics, thereby
achieving high atom economy [4]. This will help solve the current sit-
uation where bio-jet fuel can only be mixed with aviation kerosene for
use, thereby contributing to achieving net zero carbon emissions in the
aviation industry.

The urgent demand and rapid development of bio-jet fuels have
attracted many researchers to study the combustion characteristics of
bio-jet fuel to gain an in-depth understanding of their feasibility and
impact on combustion systems. Currently, many researchers have
studied the basic combustion properties of different bio-jet fuels. The
flame speed of fuel is an important indicator that affects the flamma-
bility inside the combustor [9]. Laminar burning velocity (LBV) is the
speed of a steady one-dimensional adiabatic free flame propagating in
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Nomenclature

Symbols

c Sound velocity of the combustion gas (m/s)
D Diameter of the combustion chamber (m)
dp/dt Pressure rise rate (bar-s™ 1)

(dp/dt),ne Maximum pressure rise rate (bar-s™")
fmn Resonant frequency of the mode (m, n) (Hz)
K Flame stretch rate (1/s)

Ly Markstein length (m)

P Pressure (bar)

Do Initial pressure (bar)

Dr Reference pressure (bar)

DPmax Maximum Explosion pressure (bar)
Dmax/Po  Normalized maximum explosion pressure
Ty Flame radius (m)

Sg Unstretched flame speed (m/s)

Sy Stretched flame speed (m/s)

St Laminar burning velocity (m/s)

t Time after ignition (ms)

t; Explosion time (ms)

T Temperature (K)

To Initial temperature (K)

T, Reference temperature (K)

u, Reference laminar burning velocity (m/s)
Greek Symbols

a Temperature exponent

B Pressure exponent

@ Equivalence ratio

Nn Dimensionless number of modes (m, n)
Pb Density of burned gas (g/cm®)

Pu Density of unburned gas (g/cm3)
Abbreviations

13DMCH 1,3-dimethylcyclohexane

135TMB Mesitylene

AtJ-SPK  Alcohol-to-Jet Synthetic Paraffinic Kerosene
CVCC Constant volume combustion chamber

DEC Decalin

HEFA Hydroprocessed esters and fatty acids
LBV Laminar burning velocity

NHED  n- hexadecane

TEL Tetralin

the doubly infinite domain [10]. It can provide verification targets for
chemical kinetic mechanisms, and affect combustion efficiency and
emissions at a practical level. Ultimately, it contributes to engine design
and optimization [11]. Hui et al. [12] measured the LBV of a camelina-
derived hydroprocessed renewable jet (CHRJ) at an initial pressure of 1
bar and an initial temperature of 400 K and 470 K. The results showed
that there was no significant difference between traditional jet fuel and
synthetic jet fuel. In Munzar’s study [13,14], certain proportions of
HEFA biomass fuel were blended with Jet A-1. It was revealed that the
LBV of the 20 % blending ratio of CHRJ was similar to that of Jet A-1. In
addition, they emphasized the importance of obtaining accurate LBVs at
high temperatures and pressures. Liu et al. [15,16] studied the LBV of
two RP-3/microalgae oil mixed fuels and analyzed the influence of
different microalgae oil addition ratios. The addition of microalgae oil
increases the LBV of the mixed fuel and also changes the flame stability
and the sensitivity of LBV to equivalence ratio and temperature. Richter
et al. [17] measured the LBV and ignition delay time of AtJ-SPK and
proposed a new chemical mechanism for the fuel. However, research on
the combustion characteristics of bio-jet fuel produced from lignocel-
lulose is very scarce. Xu et al. [18] obtained a bio-jet fuel candidate rich
in cycloalkanes by performing hydrodeoxygenation on corn stover
lignin and measured its LBV and explosion characteristics.

In addition, during fuel processing, storage, transportation, and use,
explosions may occur when leaked or spilt fuel forms a combustible
mixture with air and encounters a strong ignition source [19]. Explosion
parameters are also beneficial for assessing combustors performance.
Zhang et al.[20] used n-hexane as a surrogate fuel for aviation kerosene
and studied the effect of different initial temperatures and pressures on
the explosion characteristics of n-hexane in a cylindrical container. They
found that the maximum explosion pressure and maximum pressure rise
rate increased with the increase of initial pressure and the decrease of
initial temperature. In their subsequent study [21], they explored the
effect of hydrogen addition on the explosion characteristics of n-hexane.
Xuetal. [22] used n-decane as a surrogate fuel for aviation kerosene and
studied the effect of hydrogen addition on its explosion characteristics.
However, research on the explosion characteristics of bio-jet fuel re-
mains insufficient. Recently, the author’s team prepared a bio-jet fuel
candidate through the hydropyrolysis vapor upgrading process of
lignocellulose [23]. Poplar wood was used as the biomass raw material.
The fuel calorific value is 46.2 MJ/kg. More detailed process of fuel

production can be seen in [23]. It should be noted that the composition
of this fuel is higher in cycloalkanes, lower in alkanes, and has similar
levels of aromatic hydrocarbons compared to conventional jet fuels. The
GCMS spectrum and detailed compositional information can be found in
the Supplementary Material. A mixed fuel was build composed of 54 %
1,3-dimethylcyclohexane (13DMCH), 9 % n- hexadecane (NHED), 12 %
mesitylene (135TMB), 10 % tetralin (TEL) and 15 % decalin (DEC) in
mole ratio was reproduced using standardized methods [24]. The fuels
involved in the mixed fuel are typical components of aviation kerosene
or automotive oil, and are supported by corresponding chemical kinetics
research [25-27].

Generally, bio-jet fuel would be beneficial to realize carbon
neutrality in the aviation industry. Although lignocellulose-derived bio-
jet fuel is a promising aviation fuel due to its low cost, high selectivity,
and high atom economy, and also contains aromatics and cycloalkanes,
there is a lack of research on its combustion and explosion characteris-
tics. In this work, in order to investigate the effects of different initial
temperatures and pressures on the combustion characteristics of
lignocellulose-derived bio-jet fuel at different equivalence ratios, the
laminar burning velocity and explosion characteristics have been
experimental studied in a constant volume combustion chamber at the
initial pressures of 1, 2 and 4 bar, the initial temperatures of 400, 435
and 470 K, and the equivalence ratios of 0.7-1.4, with an interval of 0.1.
And the developed reaction mechanism was used to simulate the
laminar burning velocity. This work will be beneficial for the application
of lignocellulose-derived bio-jet fuel in engines and the safety of pro-
duction and use processes.

2. Experimental and data processing specifications
2.1. Experimental setup

Fig. 1 shows a schematic diagram of the experimental setup used in
this study, where the constant volume combustion chamber (CVCC) was
self-made by the author and its verification can be found in the Sup-
plementary Materials. The system consists of a constant volume com-
bustion chamber, a high-speed Schlieren photography system, a
pressure acquisition system, an ignition control system, a heating sys-
tem, and intake and exhaust system. The CVCC is an octagonal prism
with an outer surface coated with insulation paint, and each side has a
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Fig. 1. Experimental setup.

window. Its inner cavity is approximately composed of a cylinder and its
volume is 17.1 L. 132 heating rods with a rated power of 60 W are evenly
distributed in the reserved holes of the CVCC. The K-type thermocouple
is used to measure the initial temperature and is heated to the set tem-
perature through a temperature controller. The pressure sensor (CY-YD-
200, SINOCERA PIEZOTRONICS, INC.) with the natural frequency of 75
kHz is used to measure the pressure rise during the combustion process
and record it through an oscilloscope, and a high-precision pressure
gauge is used to measure the initial pressure. A pair of quartz glass with a
diameter of 105 mm is installed on two sides of the CVCC to provide
optical access. The vacuum pump flushes the CVCC before the mixture is
injected to prevent residual combustion products from affecting the next
test. Two opposing electrodes of diameters 0.8 mm are used to provide
spark ignition with an ignition controller, and the ignition energy is
about 15 mJ. The ignition controller sends a synchronous signal to
control the high-speed camera (X213M, HF Agile Device Co., Ltd.) and
oscilloscope to record the flame image and pressure data during com-
bustion. The high-speed camera recorded the flames at a shooting speed
of 10,000 frames per second and a resolution of 1280 x 1024 pixels. The
detailed experimental steps can be found in previous research [28]. The
experimental validation is available in previous research [29-31].

Subtract
Background
Edge
detection

Original photo

preprocessed image

2.2. Data processing

The flame images were processed by Python code. As shown in Fig. 2,
after adjusting the grayscale of the original image, the background is
subtracted, the image is rotated 45° to eliminate the interference of
electrode wires, and the CANNY algorithm is used for edge detection.
The identified edge is enclosed with the smallest rectangle, the center of
the rectangle is defined as the center of the circle, and the average of the
rectangle’s length and width is represented as the radius.

According to Bradley’s theory [32], LBV can be obtained by flame
propagation. Therefore, the time-evolution of the flame radius r¢(t) is
extracted frame per frame. Hence, the stretched flame speed is

Sb :drf/dt (1)

where S, is the stretched flame speed, and ¢ is the time after ignition.
s —t data were smoothed by the Savitzky-Golay algorithm.
For a spherical flame, the flame stretch rate K is defined by Eq. (2).

(2)

Subsequently, the stretch effect could be extracted by plotting S,
versus K and the unstretched flame speed SY can be extrapolated by the
linear method in Eq. (3) or the nonlinear [33] method in Eq. (4).

K= ZSb/rf

Finding the
smallest
bounding
rectangle

Result image

Fig. 2. Schlieren image processing.



Q. Wang et al.
S) =Sy — LK 3)
(S5/S0)°1n(S/S0)* = — 2L,K/SY )

where L is the Markstein length.

Fig. 3 shows the extrapolation of unstretched flame speed using
linear and nonlinear methods under lean and rich combustion condi-
tions. Due to the influence of ignition and chamber wall confinement, a
radius of 8 ~ 25 mm is selected for the fitting. For high-pressure rich
burning flames, the fitting range is reduced to 8 ~ 16 mm because of the
influence of flame self-acceleration. In addition, the linear method flame
speed is larger than the nonlinear method speed under in lean mixture,
up to 7 %, while it is almost the same in a rich mixture. However, due to
the assumption of weak stretching, linear methods are not suitable for
strong stretching and unequal diffusion flames [35]. In this experiment,
the nonlinear method is chosen to obtain the unstretched flame speed.

The laminar burning velocity S, can be calculated by the law of
conservation of mass by Eq. (5).

1= Sppy/pu (5)

where p, and p, are the density of burned gas and unburned gas,
respectively, and they are obtained by CANTERA.

Explosion time (t)), maximum explosion pressure (Pmax), and
maximum pressure rise rate ((dp/dt),,,,) are important explosion char-
acteristic parameters obtained from Fig. 4. The pressure curve was
smoothed by the Savitzky-Golay algorithm. It is worth noting that the
pressure curve exhibits significant pressure oscillations. This will cause
the filtered maximum explosion pressure within the oscillating pressure
deviation. Here, we adjust the threshold of the filter so that the oscil-
lating pressure is evenly distributed on both sides of the filter pressure,
as shown in the Fig. 4. The oscillation pressure is obtained by subtracting
the filtered pressure from the original pressure, and the maximum value
is taken as the oscillation intensity.

2.3. Modelling of laminar burning velocity

The chemical kinetic mechanism of 13DMCH and 135TMB is from
Eldeeb [25] and Diévart [26], respectively. The chemical kinetic
mechanism of DEC, TEL and NHED is CRACK [27]. All mechanisms are
simplified through the widely used DGR method with target of LBV and
then merged. The merged mechanism has 187 species and 1817 re-
actions. The merging mechanism was tested using the LBV of 13DMCH,
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Fig. 3. Select experimental data for extrapolation.
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Fig. 4. Definition of explosion characteristics.

and the experimental results were in good agreement with the simula-
tion results as shown in Fig. 5.

2.4. Uncertainty analysis

The experimental system errors are caused by the uncertainty of the
initial temperature (AUr), initial pressure (AUp), mixture equivalence
ratio (AUf), number of pixels in the flame front (AU,) and pressure
measurement (AUy). The deviation of the initial temperature control at
the target temperature is + 2 K, with a maximum AUr of 0.5 %. The
deviation of the initial pressure control at the target pressure is & 0.02 bar,
so AUp no more than 2 %. The uncertainty of the equivalence ratio is
mainly caused by fuel injection. The fuel is measured using a glass syringe
with a capacity of 100 pL and a resolution of 2 pL, so AU is less than 3.5
%. For the measurement of LBV, the pixel error within the flame front in
the Schlieren images was approximately + 4 pixels, resulting in AU, of
approximately 1.0 %. In summary, the uncertainty of LBV

(\/ (AU7)? 4 (AUp)? + (AUF)? + (AU4)?) is within 4.2 %. As for the
measurement of explosion characteristics, the pressure measurement error
is due to filtering which is controlled within 3 %. Hence, the uncertainty of

1.0
13DMCH
T,=470K
0.8 Po=1 bar T

=3
(=)}
1

N
IS
1

Laminar burning velocity (m/s)
o
1

®  Experiments
Simulation
0.0 T T T T T T T T
0.7 0.8 09 1.0 1.1 12 13 14

Equivalence ratio

Fig. 5. Comparison between simulated LBV of merging mechanism and
experimental results.
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explosion characteristics (\/(AUT)2 + (AUp)? + (AUp)*+(AUM)Y) is
within 5.1 %. In addition, the experiments of each working condition were
repeated 3 times, and the results were averaged to eliminate random
errors.

3. Results and discussion
3.1. Flame morphology

Fig. 6 shows the flame morphology under different initial tempera-
tures and pressures. The images from left to right correspond to flame
radii of 10 mm, 20 mm, and 30 mm, and the post-ignition time is marked
above. Under most initial conditions, the flame surface is smooth, but at
elevated pressure and rich mixture, cracks or even cellular structures
appear on the flame surface. In addition, the flame propagation speed
decreases with increasing pressure in the lean mixture and at the
equivalence ratio of 1, but at the rich mixture, cellularization is observed
and the propagation velocity also increases. This is due to the self-
acceleration phenomenon caused by the cellularization of the flame
[34].

3.2. Laminar burning velocity

Fig. 7 shows the variation of LBV under various initial conditions.
The LBV first increases and then decreases, reaching the maximum value
at the equivalence ratio of 1.1 ~ 1.2. In addition, the LBV increases with
increasing temperature because of enhanced chemical reaction rate. As
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the pressure increases, LBV decreases due to an increase in burnt density
as the initial pressure increases. Three-body chain termination reactions
are also enhanced with the increase in pressure, the concentration of free
radicals in the flame decreases, and ultimately the LBV decreases [10].
The curve displays the results of simulations. The simulation results are
smaller than the experimental results and the maximum difference be-
tween the experimental and simulated results is no more than 20 %, and
the average is about 10 %, which is within the normal range. In a high-
temperature environment at 1 bar, the simulation results are closer to
the experiment, while in high-pressure rich combustion conditions, the
deviation is larger. Similar situations have appeared in the literature
[30]. On the one hand, unstable combustion is not considered in the
simulation. On the other hand, the original mechanism is constructed at
atmospheric pressure, and its prediction of pressure has not been fully
verified. Further optimization of the mechanisms of the mixed fuel and
its monomers are needed to achieve better prediction of experimental
LBV.

The LBV was compared with other aviation kerosene and alternative
fuels in Fig. 8 at an initial temperature of around 470 K and an initial
pressure of 1 bar. The LBV of the fuel ranges between the LBV of RP-3
and Jet A-1 when the equivalence ratio is less than 1.1 but is higher
than that of RP-3 and Jet A-1 when it is richer. Also, it is significantly
smaller than CHRJ because the fuel produced using HEFA is mainly
composed of alkanes, which have higher reactivity than cycloalkanes of
the same scale [36]. This result is similar to the results of Xu et al. [18],
but due to its high proportion of oxygen-containing compounds, it has a
slightly lower LBV compared to this experiment.

The quantitative impact can be calculated through the widely used

t=8.5ms

t=14.9ms

t=21.1ms

t=6.7ms

po=2 bar
To=400 K
¢=1.4

po=4 bar
To=400 K
o=1.4
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Fig. 6. Flame schlieren images under different initial temperatures and pressures.



Q. Wang et al. Fuel 383 (2025) 133834
0.7
— 0.8
(a) T;=400K (b) p,=1 bar
.
i 1 0.7
G ; z
}" 0.5+ ;0.6 4
E E
D 0.4+ o 0.5 %
I I
o o
g S04 ®
£03+ g
5 =03
< <
g 0.2 [] 1 bar g = —— 400K
g e —— 2bar =024 e —— 435K
= A —— 4bar = A —— 470K
0.1 Symbols: Experimental data 0.14 Symbols: Experimental data
Curves: Simulation data Curves: Simulation data
00 T T T T T T T T 00 T T T T T T T T
0.7 08 09 1.0 1.1 1.2 13 14 0.7 0.8 09 1.0 1.1 12 13 1.4
Equivalence ratio Equivalence ratio
Fig. 7. Laminar burning velocity of the fuel under different (a) initial pressures and (b) initial temperatures.
1.0 0.8
p,=1 bar
A 0.7
@ 0.8 a Ao A @
g g 0.6
~ A 1. A ~
8 0.6 S, # 805+
° A o °
> O >
éﬂ 9 g) 0.4 4
8= o (o) = . .
Eosd o hl g o~ A m —— 400K 1 bar, R*=0.9942
o [e) v o 0344 - - 2
5 (o) % Present work at 470 K 5 - ® - -- 400K 2 bar, R==0.9780
= O Xuetal HRD at473 K v £ - A - 400 K 4 bar, R*=0.9736
B s O Richter et al. AtJ-SPK at 473 K £ 02+ v —-—- 435K 1 bar, R%=0.9605
— Y= . —
A Huietal. CHRJ at 470 K o ® —— 470 K 1 bar, R>=0.9804
V Huang et al. RP-3 at 473 K ’ Symbols: Experimental data
¢ R LeDortz et al. Jet A-1 at 470 K| L .
Curves: Fitting correlation
00 T T T T T T T T T T T T T T T T T T T T T 00 T T T T T T T T
06 07 08 09 10 11 12 13 14 15 16 0.7 0.8 0.9 1.0 1.1 12 13 14

Equivalence ratio
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Huang et al. [37], R. Le Dortz et al. [38].

power-law correlation by Eq. (6), where u, is the reference LBV, T, (400
K) and po (1 bar) are the reference temperature and pressure, respec-
tively. a and f are the temperature and pressure exponents, respectively.
A 12-term burning velocity correlation shown in Egs. (6)-(9) can be used
to describe the dependence of LBV on temperature and pressure [39]. As
the results shown in Table 1 that temperature index a always positive,
indicating that temperature has a promoting effect on LBV. On the
contrary, the pressure index p always negative, indicating that
increasing pressure will slow down LBV. Fig. 9 compares the fitted

Table 1
Correlation coefficients and exponents of Eq. (8) for the fuel.
Equivalence ratio (¢) u, values (m/s) a values P values
0.7 0.407 1.578 —0.338
0.8 0.473 1.705 —0.269
0.9 0.531 1.694 —0.218
1.0 0.585 1.46 -0.173
1.1 0.605 1.465 —0.146
1.2 0.617 1.211 —0.142
1.3 0.603 0.585 —0.163
1.4 0.527 0.717 —0.095

Equivalence ratio
Fig. 9. Comparison of the fitting correlation (curves) with the experimental

data (symbols) for the fuel.

curves with the experimental data, demonstrating the significant con-
sistency between them. The maximum deviation between the fitting
correlation and experimental data is 5.39 %, and the average deviation
is 1.86 %.

81 = u(T/To)"(p/po)’ ©

where

u, =0.585+0.406(¢p—1)—0.895(¢p —1)* —1.001 (¢ —1)* —0.390(¢ — 1)*

)]
a=1561-1.890(p—1)—4.081(p — 1)*+7.422(p — 1)° ©)]
= —0.184+0.343(p— 1) — 0.470(¢pp — 1)* ©)

3.3. Explosion characteristic

Maximum explosion pressure quantifies the energy distribution of
combustion propagating waves. Therefore, it can be used to determine
the heat energy from the explosion. It has been found that the maximum
explosion pressure increases proportionally with the increase of initial
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Fig. 10. (a) The variation of maximum explosion pressure with initial pressure under different equivalence ratios, (b) The variation of normalized maximum ex-

plosion pressure with equivalence ratios.

pressure as shown in Fig. 10 (a). The R? values of the fitting are no less
than 0.99. This phenomenon has been confirmed in literature [40-42]
studying different fuels, and is believed to be caused by the corre-
sponding increase in fuel content and heat release with the increase of
initial pressure. In addition, the increased pressure will intensify the
collision of gas molecules, promoting the progress of the reaction [20]. It
is worth noting that the slope of the fitting increases with the increase of
equivalence ratio, indicating that the influence of initial pressure is
amplified with the increase of equivalence ratio. Obviously, this linear
relationship is conducive to predicting the combustion characteristics of
any equivalence ratio of the fuel at different temperatures and pressures,
which is very helpful for engine design and leakage risk assessment.

To facilitate the comparison of explosion pressures under different
pressures, the explosion pressures are normalized and shown in Fig. 10
(b). At 1 bar, the explosion pressure first increases and then decreases
with the increase in the equivalence ratio, attaining the maximum value
at 1.1 ~ 1.2, and decreases with the increase in temperature. This is
because an increase in temperature will reduce the overall amount of
fuel in the CVCC, resulting in a decrease in the total heat release and the
maximum explosion pressure [22]. In addition, an equivalence ratio that
is too rich or too lean will inhibit complete combustion and result in a
decrease in total heat release. It is worth noting that the increase in
equivalence ratio and pressure acting alone have different effects from
their combined effects. On the one hand, under high initial pressure, the
maximum pressure increases with the increase in equivalence ratio,
which is different from the case of low initial pressure. On the other
hand, the normalized maximum explosion pressure under high pressure
is similar or even smaller during lean combustion. As the equivalence
ratio increases, the normalized explosion pressure is significantly
greater than that of 1 bar. Similar phenomena have been observed in the
literature [43]. By observing flame images and pressure sensor data, it
was found that when both high pressure and rich combustion conditions
are met simultaneously, flame cellularity and pressure oscillations will
occur, resulting in a significant increase in the intensity of the explosion
[44]. Therefore, additional attention needs to be paid to the effect of a
significant increase in combustion intensity due to an increase in initial
pressure and equivalence ratio.

The explosion time describes the time to obtain maximum explosion
pressure, which is critical in the safety assessment and design of in-
cinerators. Fig. 11 shows the explosion time under different initial
conditions. In most cases, the explosion time decreases with increasing
temperature and increases with increasing pressure. This is because
initial temperature and pressure change the burning velocity, causing a
change in the time for the fuel to fully react. However, the effect of
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Fig. 11. Explosion time under different initial conditions.

equivalence ratio varies under different pressures. The explosion time
decreases with the increase of the equivalence ratio when the equiva-
lence ratio less than 1.1. When the initial pressure is 1 bar, it reaches the
minimum value when the equivalence ratio is between 1.1 and 1.2, and
then increases with the increase in the equivalence ratio. However, at
elevated pressure, the explosion time decreases as the equivalence ratio
increases. This is because cellularization of the flame during rich com-
bustion accelerates the flame speed and the process of reaction.

The maximum pressure rise rate reflects the pressure accumulation
during the fuel explosion process. The maximum pressure rise rate as
shown in Fig. 12 has the same trend with maximum explosion pressure,
and due to the proportional increase in maximum explosion pressure
with the initial pressure, while the explosion time remains at a similar
level, maximum pressure rise increases significantly with the increase in
initial pressure. In addition, during high-pressure rich combustion, the
explosion time decreases with the increase of equivalence ratio, which
leads to a continuous increase in the maximum pressure rise rate.
Although the total heat release is reduced at this time, the pressure can
be concentrated and released, reducing heat loss and maintaining the
maximum explosion pressure at a high level shown in Fig. 10 (b).
However, the maximum pressure rise rate increases slightly as the
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Fig. 12. Maximum pressure rise rate under different initial conditions.

temperature increases.

3.4. Pressure fluctuations

Pressure fluctuation is one of the evaluation indicators of explosion
characteristics, as it often occurs in combustion. This is induced by flame
instability, leading to a sudden increase in pressure and explosion
severity [45]. Fig. 13 is a typical diagram of pressure oscillation with the
change of equivalence ratio, showing the variation of the original
pressure data when the initial pressure is 2 bar. It can be observed that
the location where pressure oscillations occur is near the peak of ex-
plosion pressure, and the condition where it occur is when the equiva-
lence ratio is greater than or equal to 1.0. From an equivalence ratio of
1.0 to 1.2, pressure oscillations significantly increase and remain at a
high level between equivalence ratios of 1.2-1.4.

What is more, it was found that under certain conditions where
pressure oscillations occur, the flame images may appear in a state of
flicker. To describe this phenomenon, the average grayscale of the
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window pixels was extracted as the image brightness, and the changes in
pressure were compared on the same timeline. It should be noted that in
order to eliminate the initial brightness difference in each experiment,
the flame image needs to be subtracted from the background image
when not ignited as the brightness result. In addition, since the window
only occupies a part of the photo, only the part inside the window is
taken for calculation to avoid dilution of brightness by information
outside the window. Fig. 14 shows the changes in pressure, flame image
and brightness with time under the initial condition of 400 K and 2 bar.
Due to the drastic changes in the density gradient of the cell and flame
front, the brightness drops to the extremely small value point t;. At this
point, the cellular flame front just reaches the edge of the window. Af-
terwards, the influence of the flame front is excluded, and the brightness
enters a relatively flat period. At tp, the flame front propagates to the
wall, and the flame cannot maintain a spherical structure, gradually
evolving into turbulence, causing the cell structure to be destroyed and
the brightness to decrease like the image shown at t3 and t4. Images with
time greater than 79.7 ms were not recorded, but it is expected that the
brightness will gradually decrease as the combustion ends.

The brightness oscillates near the pressure oscillation and they all
occur during the stage of fully cellular flames, which can be observed
from the images corresponding to t3 and t4 with alternating light and
dark. Flame emission mainly comes from blackbody radiation of soot
and chemiluminescence of free radicals, both of which are directly
related to temperature, and under constant volume condition, temper-
ature and pressure are directly related, hence pressure oscillations cause
local temperature changes, resulting in brightness oscillations [46]. The
brightness oscillation curve is obtained by the same method as the
pressure oscillation. It should be noted that under all current operating
conditions, brightness oscillations were only found under the condition
of an equivalence ratio of 1.4 at 2 bar and 4 bar. Considering that
brightness oscillations occur in rich combustion conditions, where the
unburned soot content in the flame is high and there are sufficient
blackbody radiation particles, while the concentration of free radicals is
low in rich combustion, it is inferred that the brightness of oscillations
mainly comes from the blackbody radiation of soot.

Fig. 15 shows the oscillation intensity under different initial condi-
tions, which can be used to determine the occurrence of pressure
oscillation. As the pressure increases, the equivalence ratio of pressure
oscillations occurrence significantly advances and the intensity of
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Fig. 13. Pressure oscillation with the change of equivalence ratio.
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oscillations increases. Also, the oscillation intensity generally increases
with the increase in equivalence ratio. The increase in temperature
causes oscillation to occur earlier but has slight effect on the intensity of
oscillation. During high-pressure rich combustion, the oscillation in-
tensity is significantly enhanced compare to other condition, which is
consistent with the aforementioned reduction in explosion time, in-
crease in maximum explosion pressure and maximum pressure rise rate.

A deep understanding of the modes of pressure oscillations in com-
bustion systems is crucial for safety, as thermal-acoustic excitation is
often observed, which may lead to strong resonance and combustion
instability [47]. Fig. 16 shows the frequency domain results of pressure
oscillations and brightness oscillations obtained by Fast Fourier Trans-
form. The dominant frequencies of brightness oscillation and pressure

oscillation are both between 2500 Hz and 3000 Hz. The dominant fre-
quency of pressure oscillation is greater than the dominant frequency of
brightness oscillation. This is consistent with the conclusion in the
literature [48].

According to the theory of gas oscillation in a cylindrical cavity, the
frequency of the resonant mode can be calculated using Eq. (10).

Clm,
fm.n = ﬂgn

(10

where fn,, is the resonant frequency of the mode (m, n), c¢ is the sound
velocity of the combustion gas, and D is the diameter of the combustion
chamber, 7, , is the dimensionless number of modes (m, n), which can
be obtained from literature [46]. Fig. 16 shows the distribution of the
first five modal frequencies in pressure oscillation and brightness
oscillation. There is a certain error between the theoretical and actual
values of the dominant frequency. For brightness oscillations, there is a
certain systematic error due to the theoretical frequency reflecting the
axial mode of the cylinder, while the actual measured image is radial.
For pressure oscillations, because pressure sensors can capture pressure
data in all directions, they exhibit a wider frequency band containing
peaks. This may also be the cause of the difference between the domi-
nant frequency of pressure oscillation and brightness oscillation. The
dominant frequency of brightness oscillation is close to (2,0). The fre-
quency band containing the peak of pressure oscillation is between (1,0)
and (0,1), and the dominant frequency is between (2,0) and (0,1).

Fig. 17 shows the dominant frequency and amplitude of the domi-
nant frequency under different initial conditions. Overall, the amplitude
of the dominant frequency of pressure oscillation increases with the
increase in pressure and it is insensitive to temperature. But in this
temperature range, the change in flame instability is not significant. As
the equivalence ratio increases, the amplitude of the dominant fre-
quency first increases and then stabilizes or decreases. The dominant
frequency tends to shift towards higher frequencies with the increase of
oscillation intensity. The dashed line represents the theoretical main
frequencies of (2,0) and (0,1) under initial conditions of 400 K and 4 bar,
and the experimental values are between them. Heat loss, cavity
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Fig. 16. Spectral analysis of pressure oscillation and brightness oscillation at an initial temperature of 400 K and initial pressure of (a) 2 bar, (b) 4 bar.

structure, and noise interference will all have an impact on the experi-
mental values [48].

3.5. Markstein length

Combustion instability is considered the main cause of pressure os-
cillations [48]. Markstein length embody premixture flame susceptibil-
ity to instability or stretch influence on the flame speed. When it is
negative, it represents flame instability caused by the preferential
diffusion effect [29]. Fig. 18 shows the variation of Markstein length
under various initial conditions. It can be seen that the Markstein length
decreases as the equivalence ratio increases, indicating increasing flame
instability. The Markstein length does not show a clear pattern with
temperature but decreases significantly with increasing pressure. This
indicates that pressure has a positive impact on thermal-diffusion
instability. Under high pressure and highly rich mixture, the

10

Markstein length is less than zero, which shows that the flame propa-
gation speed increases with the decrease in stretch rate. Hence, small
disturbances on the flame surface will be amplified, causing wrinkles on
the flame surface as shown in Fig. 6.

Comparing the Markstein length with the initial conditions for
pressure oscillation, it is found that when the Markstein length is less
than about 0.5 mm, pressure oscillation occurs and the initial condition
for the occurrence of brightness oscillation is the condition where the
Markstein length is less than zero. According to Fig. 16, an increase in
instability will result in longer frequency bands with higher amplitudes,
which means it can provide richer oscillation frequencies and trigger
brightness oscillations.

4. Conclusion

This study investigated laminar burning and explosion
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characteristics of a lignocellulose-derived bio-jet fuel. The main con-
clusions are as follows:

(€Y

(2)

The laminar burning velocity of the fuel first increases and then
decreases with the increase in equivalence ratio, obtaining the
maximum value at the equivalence ratio of 1.1-1.2. At 470 K and
1 bar, the laminar burning velocity was smaller than jet fuel
produced through the HEFA process and it was between RP-3 and
Jet A-1 burning velocity when the equivalence ratio was less than
1.1, but larger in rich flames.

When initial pressure is 1 bar, maximum explosion pressure, and
maximum pressure rise rate first increase and then decrease as
the equivalence ratio increases, reaching the maximum value
when the equivalence ratio is 1.1-1.2. However, under high-
pressure rich combustion conditions, the explosion intensity is
enhanced due to flame cellularization and pressure oscillations.
The maximum oscillation intensity can reach around 5 bar.
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(3) Brightness oscillation occurs when the equivalence ratio is 1.4 at
elevated pressure, and the dominant frequency of the pressure
oscillation is slightly higher than that of the brightness oscilla-
tion, but both are between 2500 and 3000 Hz. Also, the reduction
of Markstein length is correlated with pressure oscillations and
brightness oscillations.
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