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Abstract: The combustion behavior of blended petroleum—biofuel mixtures has increasingly been investigated as
interest grows in low-toxicity, biodegradable, and energy-dense biomass-derived fuels. Among higher alkanols,
n-butanol is recognized for its favorable physicochemical properties and its compatibility with gasoline-range
hydrocarbons (HC) such as iso-octane. In this context, a systematic evaluation of laminar flame propagation
and instability characteristics is essential for understanding the combustion performance and operational safety of
blended fuels. In the present study, the laminar burning velocity (LBV) and cellular instability of premixed iso-
octane/n-butanol/air flames were quantified for a wide range of equivalence ratios (0.7-1.5) at an initial temperature
of 423 K and ambient pressure. It was observed that the LBV increased consistently with the addition of n-butanol,
whereas the Markstein length (L) decreased. Analysis of cellular structures revealed that diffusive-thermal instability
strengthened monotonically as the equivalence ratio increased, resulting in more unstable flame propagation under
fuel-rich conditions. In contrast, the hydrodynamic instability exhibited a non-monotonic trend, first intensifying
and subsequently diminishing with increasing equivalence ratio. The critical Peclet number decreased continuously
across the equivalence-ratio range, while the critical flame radius varied non-monotonically. The incorporation of
n-butanol was found to enhance both diffusive-thermal and hydrodynamic instabilities and to reduce the critical
Peclet number and critical flame radius. These findings underscore the need for careful control of combustion
stability in practical applications involving iso-octane/n-butanol mixtures and provide fundamental insight into the
flame-structure evolution associated with next-generation alternative fuels.
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1 Introduction

Currently, 80% of the world’s energy demand is met by fossil fuels such as coal, oil, and natural gas. However, the
environmental problems caused by fossil fuel combustion, rising prices, and the depletion of natural energy sources
like oil reserves have encouraged researchers to seek alternative energy sources that are cost-effective, sustainable,
renewable, and efficient [1, 2]. According to a report by the U.S. Energy Information Administration, global energy
consumption will increase by 71% between 2000 and 2030, and carbon dioxide (CO5) emissions are expected to
rise by approximately 35% during the same period. To limit the use of fossil fuels and reduce the greenhouse gases
released by their combustion, the exploration of renewable energy sources has attracted growing attention. The
proposal of the “dual carbon” goals (carbon peaking and carbon neutrality) indicates that China’s energy system is
in urgent need of establishing a new pattern of low-carbon development. The fundamental path to carbon neutrality
lies in the orderly phasing-out of fossil energy, and renewable fuels are regarded as the optimal alternative. On
June 1, 2022, the “14™ Five-Year Plan for Development of Renewable Energy” was jointly issued by the National
Development and Reform Commission, the National Energy Administration, and other relevant departments, which
requires steadily advancing the diversified development of biomass energy and vigorously developing non-grain
biomass liquid fuels.

Biomass fuels, derived from biological products and matching the performance of petroleum and diesel, are
known as biodiesel [3]. Compared with fossil fuels, biomass fuels can protect the environment by reducing the
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emissions of greenhouse gases such as CO5, carbon monoxide (CO), sulfur dioxide (SO5), and hydrocarbons (HC).
Therefore, they are regarded as clean energy and have attracted attention in the global fuel market owing to their low
toxicity and high biodegradability, aiming to address issues like the energy crisis and environmental pollution. The
components of biomass fuels belong to the alkanol category, among which methanol, ethanol, and butanol are the
most representative in sequence [4]. Ethanol has advantages such as high octane value and high vaporization heat,
and is commonly mixed with gasoline for use in many countries. It holds the largest market share which is growing
rapidly. Compared with ethanol, butanol is considered to have a higher energy content and can allow for a longer
driving range. Despite the growing interest in alternative fuels, achieving the goal of carbon neutrality still requires
comprehensive planning and orderly advancement. Currently, petroleum fuels remain dominant, and biomass fuels
are usually blended with traditional petroleum-based fuels in practical applications. Petroleum fuels are complex
mixtures of different types of HC, including normal alkanes, isoparaffins, alkenes, cycloalkanes, and aromatics. To
improve sustainable gasoline combustion technology in the face of economic, technological, and social challenges,
it is necessary to thoroughly understand the physical and chemical kinetic properties of blended fuels.

As one of the key parameters describing the propagation characteristics of laminar premixed flames, the LBV
integrates information on chemical reactions, mass diffusion, and heat release. It serves as a characteristic parameter
for describing turbulent flame structures and can be used as an important input for turbulent combustion modeling.
The unstretched LBV is an intrinsic property, which is only related to the composition and initial state of the premixed
combustible gas. Giilder [5] conducted research on the mixtures of iso-octane and ethanol for the first time. Since
then, researchers have typically studied such mixtures using the combustion bomb flame method or the heat flux
method. To better understand the combustion speed of alternative fuels, Van Lipzig et al. [6] carried out studies on
the mixtures of n-heptane and ethanol, as well as the mixtures of iso-octane, n-heptane and ethanol, and established
empirical mixing rules for the LBV of gasoline-ethanol blended fuels. Dirrenberger et al. [7] were the first to
measure the burning velocities of commercial gasoline and its alternative mixtures (including n-heptane, iso-octane,
toluene and ethanol mixed) using the heat flux method. Mannaa et al. [8] investigated different but similar gasoline
alternative fuels in spherical flames, formulated by blending toluene and ethanol. Meng et al. [9] determined the
combustion speed of the surrogate fuels where the contents of iso-octane, toluene and 1-hexene were each 1/3 and
were mixed with ethanol in different proportions.

Cellular instability is an inherent characteristic of laminar premixed flames. Under the influence of instability
and disturbances, a certain number of cracks and wrinkles form on the flame front. As the flame propagates, these
wrinkles and cracks continue to split and become denser, presenting cell morphology with different structures. The
cellular structures on the flame front split at an accelerated rate with the expansion of the flame, eventually reaching
a state of complete instability and even developing into a self-turbulization phenomenon [10]. Cellular instability
and the critical state of instability serve as a transition from laminar flow to turbulence. In-depth research on the laws
governing fuel flame instability and its critical state holds strong theoretical significance for studying fire phenomena
such as turbulence and deflagration, which can provide practical data support for the safe development of alternative
fuels as well. An explicit expression for the critical flame size was proposed by Bechtold and Matalon [11] with
respect to physicochemical parameters in a spherically expanding flame. Addabbo et al. [12] conducted a theoretical
investigation on the onset of the instability and subsequent development of cells on spherically expanding flames.
Studies have been carried out to investigate the cellular instabilities of various combustible mixtures, including
hydrocarbon-air and oxygenated fuel-air flames [13—15].

The objectives of this study focus on the LBV and cellular instability of premixed iso-octane/n-butanol-air flames.
Flames with various mixing ratios at different equivalence ratios were predicted at an initial temperature of 423 K
and pressure of 1 atm. The unstretched LBV was first investigated. Then the analysis of Markstein length (L;) was
conducted to characterize the sensitivity of flame propagation to local stretch. Finally, the cellular instability was
discussed and stated through two significant instabilities, namely the diffusive-thermal instability and hydrodynamic
instability, and the critical condition at which the flame status turns stable into unstable was also evaluated.

2 Numerical Method
2.1 Kinetic Modeling

The detailed chemical kinetic models proposed by Ranzi et al. [16] and Li et al. [17] were employed in this
study. The Ranzi Kinetic Model was constructed for the pyrolysis and combustion of a large variety of fuels
at high-temperature conditions. This sophisticated mechanism contains 249 species and 8153 reactions and its
comprehensive nature has been emphasized by researchers. The Li Kinetic Model of n-butanol/iso-octane blends
comprises 133 species and 923 reactions, which has been validated against laminar flame speeds and ignition delay
times, and proved to be applicable and reliable. Numerical simulations were carried out using the premixed laminar
flame speed model in Chemkin-Pro software, with mixture-averaged transport and the Soret effect adopted.

Before setting the grid parameters to obtain the final solution, grid independence verification was first conducted.
As shown in Figure 1 , when the number of grid points increases from 760 to 1590, the difference in the laminar
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flame propagation speed is 0.29 cm/s by 0.53%, which can be almost negligible. Obviously, when the number of
grid points is sufficiently large, the laminar flame propagation speed obtained from the simulation remains almost
constant. Therefore, it can be considered that the final number of grid points which ranged approximately 700 in this
study is adequate to ensure a fully converged solution.
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Figure 1. Variation of laminar flame propagation speed of iso-octane—air flames with the number of grid points

2.2 Data Processing Method

The LBV can be calculated via mass conservation as follows:
LBV =8 - py/pu =Sy /o )]

where, SY is the unstretched laminar flame propagation speed, p, and p,, are the densities of burned and unburned
mixtures, respectively, and o is the density ratio.

According to the cellular instability analysis theory [11, 12, 18], the instantaneous flame surface of a spherically
expanding flame can be expressed as 7 = R(t). When the flame front is disturbed, it can be expressed as:
r=Rp(t)[L+ A(t)Sn(0,¢)] 2

where, S,, denotes the spherical harmonic, n is the wave number, A is the disturbance amplitude, and 0 and ¢ are
the polar angle and azimuth angle in the spherical coordinate system, respectively [19].

Flame stability analysis was conducted to reveal the effect of equivalence ratio and mixing ratio on the cellular
instability of iso-octane/n-butanol-air flames, where the logarithmic growth rate of disturbance (A) is used to identify
the transition from stable to unstable status:

A(n, Pe) = dlnA/dinPe = w — )/ Pe 3)

where, Pe is the Peclet number which is the dimensionless flame radius normalized by flame thickness, w and 2
/ Pe denote the contribution of hydrodynamic and diffusive-thermal instability, respectively.
The parameter w is expressed as:

w= [—(b —a) (b—a)?— 4ac} /2a (€))
where, coefficients a, b and c are determined by o and n:

a=(c+1)n+1
b=2n?+ (4+50)n+4 5)
c=—[(c—1)/oln® +2n* + B(oc+1) — 1/o] n+2

The detailed expression of €2 is shown as:

Q=Q1+[Z(Leesy —1) /(0 =1)] Q2+ PrQs ©)
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where, (@1, Q2 and Q3 are parameters representing the effects of thermal, molecular and viscous diffusion,
respectively, which also depend on ¢ and n:
Q1= (n1/oA) [n* (o0 +1) + on®(2w +5) + n* (wo —20° + 0 — 1) + no(o — 7 — 3w — ow)
—20(1 4+ w)] + (v3/0A) [n (n* = 1) (n + 2)(0 — 1)]
Q2 = [v2(0 — 1)/2A] x {2n* + n®(2wo + 2w + 100 — 3) + n* 20w + (50 — 1)w + 30 — 20 —2]  (7)
+n [ow?(1 —40) — (140® + 1) w + 3 — 90 — 80?] — 20 (w® + 4w + 3) }
Qs = [20(n* 1) (0 = 1)/oA] X [(n+2) (\ = 15) = 3 (A — 1)]

where, \; indicates the thermal conductivity of the burned mixtures. A and 3 are calculated by:

A=2aw+b-—2a
o 8
vy = o //\(x)dx @
1

oc—1 z
Z is the Zeldovich number and Pr is the Prandtl number obtained respectively by the following formula:

Z = E. (T, — Ty,) /R°T?

Pr = uCp/\ ®

where, E, is the overall activation energy, 1 and 7, are the temperature of burned and unburned mixtures,
respectively, 1 is the kinematic viscosity, and C), is the heat capacity.
The effective Lewis number Le, ;¢ is computed via:

(Lep — 1)+ (Lep — 1) - [1 + Z(® — 1)]

141+ 2@ 1) (10)

Leeff =1+

where, L. is the Lewis number, with subscripts £ and D denoting the excess reactant and deficient reactant,
respectively, and ® is the ratio of the mass of excess-to-deficient reactants relative to their stoichiometric ratio.
The flame thickness d is acquired by:

 T,-T,
0= (aT/de)mam (D

where, (dT'/dX)mq, means the maximum temperature gradient.

3 Results and Discussion
3.1 System Validation
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Figure 2. Comparison of laminar burning velocity (LBV) of: (a) iso-octane—air flames; (b) n-butanol-air flames in
this study with literature data
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Figure 3. Comparison of LBV of: (a) iso-octane—air flames; (b) n-butanol-air flames by the Li Kinetic Model with
experimental data

To verify the reliability of the numerical simulation and the data processing method, the simulated LBV of iso-
octane—air flames and n-butanol-air flames at 423 K and 1 atm were compared with experimental data from previous
research [17, 20, 21], as shown in Figure 2. It is evident that the LBV obtained by the Li Kinetic Model is reasonable
in accordance with the experimental data, which validates the numerical simulation and the data processing method
used in this study. While the Ranzi Kinetic Model overestimates LBV, especially for stoichiometric mixtures, it costs
more time to complete the calculation due to more species and more reactions contained in this mechanism. As a
result, the Li Kinetic Model was chosen for further simulation, and a detailed comparison of LBV using this model
with experimental data by Broustail et al. [20] at 423 K is illustrated in Figure 3 with an error bar of residue, which
shows acceptable agreement between the two, except for the iso-octane—air flame under highly fuel-rich conditions.

3.2 Flame Propagation
3.2.1 Laminar burning velocity

The LBV of iso-octane/n-butanol-air flames at 423 K and 1 atm is plotted as a function of equivalence ratio in
Figure 4. The mixing ratio « is presented by the fraction of n-butanol in the blended fuel. It can be observed that the
maximum values of the LBV appear at the equivalence ratio of 1.1 and decrease basically in both the rich and lean
sides. Besides, the addition of n-butanol has a positive effect on LBV, especially near the stoichiometric condition.
For the ¢ = 1.1 condition, the LBV increases by 2.0%, 4.5%, 8.0% and 12.8% when 20%, 40%, 60% and 80%
n-butanol are added in the fuel mixture, respectively.
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Figure 4. LBV of iso-octane/n-butanol-air flames at 423 K and 1 atm
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3.2.2 Markstein length

As a dimensionless physical quantity that characterizes the sensitivity of flame propagation to local stretch, the
Ly, of burned mixtures is one of the important parameters in the study of fuel combustion characteristics. Based
on previous research, a positive L; indicates that the flame decelerates as the stretch rate increases, which tends
to propagate in a relatively stable state, whereas a negative L; means that the flame accelerates as the stretch
rate increases, leading to relatively unstable propagation and distortion [22]. Both experimental and simulated
investigations have been conducted to acquire the L; of HC and its oxygen-containing components as well as its
binary and ternary mixtures [23-25]. As depicted in Figure 5, the L; of iso-octane/n-butanol-air flames reaches its
minimum value at the equivalence ratio of 1.3, indicating the most unstable flame propagation at this point. It is
evident that n-butanol addition promotes the flame instability of iso-octane/n-butanol-air flames since L; decreases
as the mixing ratio increases.
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Figure 5. Markstein length (L) of iso-octane/n-butanol—air flames at 423 K and 1 atm

3.3 Flame Instability

According to a previous study of Law [26], there are three types of cellular instability in spherical flames: buoyant
instability, diffusive-thermal instability and hydrodynamic instability. As buoyant instability has been revealed to be
remarkable only when the LBV is less than 10 cm/s [27], this type of instability was ignored because the lowest LBV
in this study was 21.8 cm/s for iso-octane—air flames at the equivalence ratio of 1.5.

3.3.1 Diffusive-thermal instability and hydrodynamic instability

Lewis number (L.), as a parameter indicating the competition between heat conduction and reactant diffusion,
can be used to characterize the diffusive-thermal instability of a flame. Due to the different diffusivities of various
components in the mixture, the initial planar flame is disturbed into an alternately concave-convex flame propagating
toward the unburned side. For flames with a L. greater than 1 (L. > 1), combustion intensifies at the concave
parts and weakens at the convex parts, which tends to smooth out the wrinkles. Conversely, for flames with L, < 1,
the degree of wrinkling intensifies accordingly, leading to flame instability. Figure 6 illustrates the effective Lewis
number (Le, ¢) of iso-octane/n-butanol-air flames. Obviously, the Le. ¢y decreases monotonically with the increase
of equivalence ratio, suggesting that the flames of rich mixtures are more significantly affected by thermal-diffusive
instability than those of lean mixtures. For the same equivalence ratio, the addition of n-butanol causes the flame to
be more unstable with lower Le. .

Hydrodynamic instability is caused by the density step across the flame surface. It is prominently controlled
by flame thickness (¢) and density ratio (o), and thinner ¢ or higher o indicates stronger hydrodynamic instability.
Figure 7 depicts the simulated § and o of iso-octane/n-butanol-air flames, both of which exhibit non-monotonic
variation with equivalence ratio. The § first decreases and then increases as the equivalence ratio elevates, whereas
an opposite trend is seen with regard to the 0. Therefore, the hydrodynamic instability of iso-octane/n-butanol—air
flames first rises and then declines with the increase of equivalence ratio. On the other hand, the ¢ decreases as
the proportion of n-butanol in the mixture increases, promoting the hydrodynamic instability, whereas the o keeps
almost unchanged.
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Figure 7. Flame thickness (§) and density ratio (o) of iso-octane/n-butanol-air flames at 423 K and 1 atm

3.3.2 Critical Peclet number

Law et al. [13] proposed an asymptotic theory for the evolution of cellular structures on the flame surface,
and the dimensionless Pe was defined as the characteristic parameter for the critical instability state. Bradley and
Harper [18] conducted experimental studies on the cellularization process of spherically expanding flame surfaces.
It was found that as the flame expands, a small number of cracks gradually form on the initially smooth flame
surface, which gradually extend and split at high curvature locations to form new cracks when the flame size further
increases, eventually evolving into a cellular structure that covers the entire front surface, and the flame propagation
speed increases significantly accordingly. The critical Pe was defined in their study, based on the flame size when
cracks initially appear. By setting the logarithmic growth rate of disturbance (A) to 0, the dimensionless neutral
stability curve of premixed iso-octane/n-butanol—air flames at 423 K and 1 atm was obtained, as shown in Figure 8.
As shown in the figure, the plot is divided into two regions bounded by a curve, which is composed of two upper and
lower branches, representing the effects of thermal diffusion and hydrodynamics, respectively. The region where A
< O represents a stable flame, while the region where A > 0 indicates that the flame propagates in an unstable mode.
The critical point (Pe, n.) where A transitions can be acquired from the vertex of the curve.

Figure 9 illustrates the calculated critical Pe of iso-octane/n-butanol-air flames at 423 K and 1 atm. It can be
observed that the critical Pe decreases monotonously with increasing equivalence ratio, indicating that the fuel-rich
mixtures tend to suffer cellular instability earlier than fuel-lean mixtures. Meanwhile, the critical Pe is also sensitive
to the mixing ratio, and flame instability is promoted by the addition of n-butanol in the fuel mixture.
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3.3.3 Critical flame radius

The calculated critical flame radius (.), used to measure the timing of the onset of cellular instability in spherical
flames, can be obtained by the product of the critical Pe and §. Figure 10 depicts the R, of iso-octane/n-butanol-air
flames at 423 K and 1 atm. It is evident that the R. changes non-monotonically with the increase of equivalence
ratio and the minimum value appears approximately when ¢ = 1.3. This is caused by the non-monotonic change of
0, as shown in Figure 7. Whereas the value of the R, is decreased when the mixing ratio is increased, indicating that
more n-butanol addition can promote the occurrence of cellular instability to a smaller radius.

4 Conclusions

The LBV and cellular instability of premixed iso-octane/n-butanol-air flames with various mixing ratios were
investigated for a wide range of equivalence ratios (0.7—-1.5) at an initial temperature of 423 K and ambient pressure.
The main conclusions of this study are summarized as follows:

(a) With the addition of n-butanol, the LBV increases while the L; decreases. The maximum value of LBV
appears at the equivalence ratio of 1.1 and the minimum value of L; appears at the equivalence ratio of 1.3 at a fixed
mixing ratio.

(b) The diffusive-thermal instability enhances with increasing equivalence ratio, indicating that flame propagates
in a more unstable state at the fuel-rich side, whereas the hydrodynamic instability first rises and then declines with
the increase of equivalence ratio. Addition of n-butanol promotes both the diffusive-thermal instability and the
hydrodynamic instability.

(c) The values of the critical Pe decrease monotonically with increasing equivalence ratio, but the R, changes
non-monotonically with the increase of equivalence ratio. The values of Pe and R, decrease when more n-butanol
is added to the fuel mixture.

(d) As a typical representative component of biomass fuels, n-butanol effectively improves the laminar flame
speed, which is conducive to accelerating the combustion process and enhancing the power performance of engines.
In contrast, the addition of n-butanol intensifies flame instability, and this is particularly prominent under fuel-rich
conditions. Hence, more attention must be paid to combustion stability during practical operation to avoid incomplete
combustion, reduced power output, or even engine failure caused by instability.
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