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Abstract

This study employs numerical simulations to systematically investigate the combustion
characteristics of methane/ethanol blended fuel–air mixtures under non-premixed tur-
bulent conditions. The effects of the methane blending ratio on the flow-field structure,
flame morphology, NO emissions, and combustion efficiency are analyzed. The results
show that, with increasing methane blending ratio, the recirculation mechanism gradually
shifts from near-field local entrainment to far-field transport, accompanied by a reduction
in local shear intensity. Methane addition enhances flame intensity, accelerates combustion,
shortens flame length, mitigates heat transfer limitations, and reduces combustion delay.
At the initial 10% and the final 20% of the methane blending range, the combustion process
exhibits pronounced instability. Methane addition significantly suppresses NO formation,
with temperature being the dominant controlling factor, while fuel composition also plays
an important role. The overall combustion efficiency is improved. However, a slight
decrease is observed at low blending ratios (0–0.1), and the enhancement becomes marginal
when the methane blending ratio exceeds 0.6.

Keywords: ethanol; methane blending; non-premixed combustion; flow field structure;
instability characteristics

1. Introduction
In recent years, with the increasing instability of global fossil fuel supply and the

growing severity of greenhouse gas emissions, the development of clean and efficient
alternative fuels has become an important research direction in the field of combustion.
Ethanol, as a typical biomass fuel, possesses the advantages of wide availability and strong
renewability [1–8], demonstrating promising application prospects in transportation and
industrial combustion systems. However, ethanol fuel still exhibits certain limitations in
practical applications. For example, its flame propagation speed is relatively low, and under
non-premixed combustion conditions, it is highly sensitive to flow structures and mixing
states, which may result in reduced combustion efficiency and insufficient combustion
stability [9–12]. To improve the combustion characteristics of ethanol, extensive studies
have been conducted in recent years through approaches such as fuel blending.

Blending ethanol with highly reactive fuels, such as hydrogen, has been considered an
effective approach to improving the combustion characteristics of ethanol. Zhou et al. [13]
reported that the addition of hydrogen to ethanol flames can significantly enhance the lam-
inar burning velocity. However, Li et al. [14] found that hydrogen addition to ethanol/air
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premixed flames markedly intensifies the intrinsic instability of the flame. With the increase
in hydrogen blending ratio, flame cracks and cellular structures appear earlier, and the
critical instability radius decreases significantly.

Methane, as the primary component of natural gas, possesses the characteristics of
a high hydrogen-to-carbon ratio, clean combustion, and relatively low carbon dioxide
emissions [15–18]. It is therefore regarded as an important transitional fuel for achieving
low-carbon energy utilization, and its blended combustion with ethanol has attracted
increasing attention in recent years. Blending methane with ethanol can not only alleviate
the slow combustion characteristics and insufficient flame stability of ethanol, but also
combine the advantages of renewable liquid fuels and clean gaseous fuels. Therefore,
methane–ethanol blended fuels exhibit considerable application potential in industrial
combustors, gas turbines, and dual-fuel combustion systems. Wang et al. [19] experimen-
tally and numerically investigated ethanol/hydrogen/methane ternary blended fuels and
demonstrated that fuel composition exerts a significant influence on the laminar burning
velocity. An increase in ethanol content reduces the laminar burning velocity and shifts
the peak value toward a higher equivalence ratio. Furthermore, Chen et al. [20] further
extended this research using the spherical expanding flame method. By introducing a
virtual species, FH2, to quantitatively separate the chemical contribution of hydrogen,
they found that hydrogen mainly promotes radical generation through key elementary
reactions, such as R1 (H + O2 = O + OH) and R2 (O + H2 = H + OH), thereby accelerating the
combustion process. Their results also confirmed, from a chemical kinetics perspective, that
increasing the ethanol proportion leads to a reduction in laminar burning velocity and a
shift toward higher equivalence ratios. Lee et al. [21] employed the OpenFOAM platform to
systematically investigate the mechanism by which ethanol blending affects soot evolution
in methane laminar diffusion flames. The results showed that ethanol addition regulates
the chemical formation fluxes of C2H2 and polycyclic aromatic hydrocarbons (PAHs) on
the fuel side, thereby increasing the soot volume fraction and particle number density
in diffusion flames. This trend reveals the chemical regulatory effect of ethanol on soot
formation in diffusion flames. Fang et al. [22] reported that the introduction of methane
into ethanol fuel exhibits a pronounced non-monotonic influence on thermoacoustic oscil-
lation intensity. Under premixed combustion conditions, the pressure fluctuation intensity
reached its maximum when the methane blending ratio increased to 30%, whereas when
the methane blending ratio further increased to 50%, the blended flame exhibited relatively
stable combustion behavior under all tested conditions.

Although the aforementioned studies have made important progress in the kinetic
characteristics and pollutant formation mechanisms of ethanol-blended combustion, exist-
ing research has mainly focused on the combustion characteristics of premixed laminar fuel–
air flames. Systematic investigations of the flow-field characteristics, flame structure, and
overall combustion performance of ethanol–methane blended fuels under non-premixed
turbulent combustion conditions remain relatively limited. Therefore, the present study
employs numerical simulations to systematically investigate the effects of different methane
blending ratios on the flow-field characteristics, flame structure, and overall combustion
performance within the combustion chamber. Particular attention is paid to the coupling
among fuel composition, flow-field evolution, and combustion characteristics over the
entire range of methane blending ratios. Furthermore, the sensitive blending-ratio ranges
associated with combustion instability are identified and analyzed. The results provide new
insights into the combustion mechanisms of methane–ethanol dual-fuel systems and offer
theoretical support and engineering guidance for the efficient and low-emission application
of ethanol–methane blended fuels in industrial combustors.

https://doi.org/10.3390/fuels7030052

https://doi.org/10.3390/fuels7030052


Fuels 2026, 7, 52 3 of 19

2. Computational Domain and Computational Methods
The computational domain model consists of a fuel inlet, an air inlet, a combustion

reaction zone, and an outlet. The specific structural dimensions are shown in Figure 1,
and the three-dimensional model is shown in Figure 2. The velocity vector plots and
temperature contours presented below are all taken from the X–O–Z cross-section of the
three-dimensional model.

Figure 1. Computational domain.

Figure 2. Three-dimensional model.

In the numerical simulation, the Realizable k–ε turbulence model, the Eddy Dissipation
Concept (EDC) combustion model, and the CKL1.1 mechanism were employed. The
CKL1.1 mechanism was constructed based on the minimized reaction network method,
applies to high-temperature combustion processes of C0–C4 fuels, and its satisfactory
reliability has been validated against experimental data [23]. For the definition of boundary
conditions in the computational domain, the fuel and air inlets were set as velocity inlets,
and the combustion chamber outlet was set as a pressure outlet. The inlet velocities
were determined according to the stoichiometric combustion relationship of ethanol, with
approximately 10% excess air supplied to ensure complete combustion and sufficient
oxygen availability. The inlet boundary conditions were kept unchanged for all operating
conditions. The numerical simulation was performed with an air inlet velocity of 1 m/s
and a fuel inlet velocity of 5.1 m/s. To handle the pressure–velocity coupling in solving
the Navier–Stokes equations, the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm was adopted to balance stability and memory efficiency. The spatial
discretization of the convective terms in the governing equations was carried out using a
second-order upwind scheme [24].

https://doi.org/10.3390/fuels7030052

https://doi.org/10.3390/fuels7030052


Fuels 2026, 7, 52 4 of 19

According to the law of conservation of mass, momentum, and energy, the flow
process in the cylinder is described by a set of partial differential equations.

Continuous equation of component M [25]:
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Multicomponent Fickian diffusion flux equation:

ρYiVi = −ρYi

N

∑
j=1

Dijdj = −ρYi

N−1

∑
j=1

(
Dij − DiN

)
dj (4)

where ρ is the mixture density, Yi is the mass fraction of each component, Vi is the diffusion
velocity vector, Dij is the multicomponent diffusion coefficient, and dj is the diffusion
driving force vector, given by dj = ∇Xj, the gradient of the component mole fraction.

Combustion efficiency, η, is an economic indicator that characterizes the conversion of
fuel chemical energy into effective thermal energy. Its core calculation model is based on
the principles of carbon balance and energy conservation, and its equation is given by [26]

η =

1 −
∑i

(
qm,i · LHVi

)
qm,fuel · LHVfuil

 (5)

In the equation, the numerator corresponds to the energy loss term of the un-
burned components, where qm,i is the mass flow rate of the escaped unburned com-
ponent i (CO, HCHO, CH3CHO, CH4, and C2H5OH). The lower heating value (LHV)
here represents the residual chemical energy of the incomplete combustion products,
with LHVco = 10.1 MJ/kg, LHVHCHO = 17.3 MJ/kg, LHVCH3CHO = 24 MJ/kg,
LHVCH4 = 50 MJ/kg and LHVC2H5OH = 26.8 MJ/kg [27]. The denominator corresponds
to the theoretical energy input term of the fuel, where qm,fuel is the sum of the mass flow
rates of the blended fuel, and its corresponding lower heating value is given by

LHVfuil = XCH4 · LHVCH4 +
(
1 − XCH4

)
· LHVC2H5OH (6)

In the equation, XCH4 denotes the mass fraction of CH4.
The computational model employed a Tet/Hybrid mesh. According to the intensity

of flow-field variations within the combustion chamber, a non-uniform mesh refinement
strategy was implemented. Four mesh schemes with different resolutions, consisting of
approximately 1.52 million, 2.04 million, 2.55 million, and 3.10 million cells, were generated
for grid independence verification. Finally, considering the optimal balance among numeri-
cal accuracy, computational cost, and result reliability, the mesh with 2.55 million cells was
selected for subsequent simulations.
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3. Results and Discussion
3.1. Structural Characteristics of the Combustion Chamber Flow Field Under Different Methane
Blending Ratios

In this study, the methane blending ratio is defined as the molar fraction of methane
in the methane/ethanol blended fuel, ranging from 0 (pure ethanol) to 1 (pure methane).
As shown in Figure 3, the flow field in the combustion chamber exhibits a dual-driving
structure jointly dominated by a central high-velocity jet and a pair of internal recirculation
vortices on both sides. A certain number of small-scale vortical structures are distributed in
the corner regions near the top of the combustion chamber. As shown in Figure 3a, under
pure-ethanol conditions, the flame deviates from the central axis, with a relatively low peak
velocity and weak flame intensity. As shown in Figure 3f, at a methane blending ratio of
0.4, the flame gradually contracts toward the central axis, and the peak velocity increases
to 6.22 m/s, indicating enhanced combustion stability. As shown in Figure 3i, when the
methane blending ratio reaches 0.7, the peak velocity further increases to 6.41 m/s, the
strength of the internal recirculation vortices increases, and the high-temperature reaction
zone extends downstream. As shown in Figure 3l, under pure methane conditions, the
flame tip is the most concentrated, the flame intensity is the strongest, and the small-scale
vortices are the most fragmented. In addition, with the increase in methane blending
ratio, the vortex core region as a whole moves toward the outlet and expands toward both
sidewalls of the combustion chamber, and the radial distance between it and the central jet
region gradually increases. This evolution indicates that the recirculation mechanism has
shifted from the initial near-field local entrainment mode to a far-field transport-involved
mode at a larger spatial scale. Methane blending affects the flow distribution in the
combustion chamber by altering the spatial extent of the internal recirculation vortices.

Figure 3. Velocity vector diagrams under different conditions.
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Figure 4 presents the axial variation in temperature in the combustion chamber under
different methane blending ratios. As shown in Figure 4a, under pure-ethanol conditions,
the flame deviates from the central axis and exhibits a relatively long flame length. Heat
accumulation occurs near the outlet and develops radially toward both sidewalls of the
combustion chamber, forming a heat transfer stagnation region (HTSR). This region causes
heat to be transported back upward to the combustion reaction zone, resulting in a relatively
large heat recirculation gradient that sustains the heat required for combustion. As shown
in Figure 4f, at a methane blending ratio of 0.4, the flame deviation is nearly eliminated,
the flame length is shortened, and the HTSR is reduced to a certain extent. As shown in
Figure 4i, at a methane blending ratio of 0.7, the flame length is further shortened, the
HTSR is further reduced, and the heat recirculation gradient is significantly decreased. As
shown in Figure 4l, under pure methane conditions, the flame combustion enhancement is
the most concentrated, the flame length is the shortest, the HTSR nearly disappears, and
the heat recirculation gradient is the smallest, allowing heat to be effectively transferred
outward. With the increase in methane blending ratio, the flame intensity is improved, the
HTSR is reduced, the heat recirculation gradient decreases, and the combustion chemical
reactions are enhanced.

Figure 4. Temperature contours under different conditions.

As shown in Figure 5, within the range of z = 0–0.1 m along the central axis, the
temperature curves corresponding to different methane blending ratios are arranged from
top to bottom in the following order: 0.9, 0.8, 0, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 1, and 0.05.
Within the range of z = 0.1–0.325 m, the vertical ordering of the temperature curves is
exactly reversed, namely: 0.05, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 1, 0.8, and 0.9. The reversal
of the temperature ranking is closely associated with the shortening of the flame length.
As the methane blending ratio increases, the flame length gradually decreases, and the
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high-temperature region becomes increasingly concentrated toward the combustor inlet,
resulting in higher temperatures for high-methane cases in the upstream region. In contrast,
in the downstream region, the temperature gradually becomes lower than that of the low-
methane and pure ethanol cases because the spatial extent of the high-temperature zone is
reduced. The region z = 0–0.1 m corresponds to the stage from initial combustion to the most
intense chemical reaction. The temperature along the central axis exhibits an oscillatory
and rapid increase, reflecting the extreme instability of the flame combustion chemical
reaction process. This unstable oscillatory behavior promotes mass transfer and accelerates
the flame combustion chemical reactions. The region z = 0.1–0.15 m corresponds to the
intensified chemical reaction zone, where the central-axis temperature under each condition
successively reaches its peak value. For z > 0.15 m, the flow enters the energy transfer
region, where the combustion reactions are essentially completed, temperature fluctuations
gradually decay, and the temperature curves decrease smoothly. However, under the
conditions with methane blending ratios of 0.05 and 0.9, the central-axis temperature still
exhibits a certain degree of oscillatory behavior after z > 0.15 m. The chemical reaction
process of methane/ethanol flame combustion is an unstable oscillatory process.

Figure 5. Temperature distribution curves of the central axis under different conditions.

The so-called comprehensive combustion characteristics refer to the combined effects
of multiple factors, including the diffusion rates of reactive species, fuel heating value,
combustion rate, and the combustion sequence among different components. This concept
is introduced to investigate the roles of intrinsic fuel combustion characteristics under
different blending ratios. As shown in Figure 6, within the initial 10% range of methane
blending ratio (0–0.1), the peak temperature decreases sharply from 2052.04 K under pure-
ethanol conditions to 1987.03 K at a blending ratio of 0.1. Due to the small size of methane
molecules, they are easy to transmit. The mole fraction gradient of methane and ethanol is
large, which leads to an accelerated diffusion speed of methane molecules. This results in a
non-uniform distribution of methane in the reaction zone, thereby delaying the combustion
rate of ethanol. In addition, the relatively low molar heating value of methane weakens the
combustion intensity of the methane–ethanol mixture, leading to a rapid decrease in the
peak temperature along the central axis. The temperature decrease observed at a methane
blending ratio of 0.05 precisely demonstrates the abrupt and drastic nature of this process.
Within the blending-ratio ranges of 0.1 to 0.8, the peak temperature along the central axis
increases gradually, influenced by the heating value per unit mass of the fuel components.
At a methane blending ratio of 0.8, under the combined influence of multiple factors associ-
ated with the comprehensive combustion characteristics, the peak temperature reaches a
maximum value of 2081.66 K. This indicates that an appropriate methane blending ratio
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can effectively enhance the peak temperature of the methane/ethanol blended fuel system.
Although the peak temperature curve exhibits certain fluctuations within the blending-ratio
ranges of 0.1 to 0.8, a regression analysis was specifically conducted on the above data to
enable rapid prediction of the peak temperature under different methane/ethanol blending
ratios. The corrected temperature equation is expressed as Equation (7):

F1(x) = −102x2 + 220.41x + 1966.85 (7)

where F1 denotes the central-axis temperature, and x is the methane blending molar ratio,
ranging from 0.1 to 0.8.

Figure 6. Peak temperatures of the central axis under different conditions.

When the methane blending ratio falls within the last 20% range (corresponding to
an ethanol blending ratio of 0–0.2), the peak temperature along the central axis decreases
sharply again, dropping from 2081.66 K at the 0.8 condition to 2039.94 K at the 0.9 condition.
Owing to the larger molecular size of ethanol, its diffusion rate is lower than that of
methane, resulting in an abrupt change in the peak central-axis temperature. Subsequently,
the peak temperature increases from 2039.94 K at the 0.9 condition to 2049.66 K under
pure methane conditions. Within the initial 10% and final 20% ranges of the methane
blending ratio, the peak centerline temperature exhibits pronounced nonlinear variations
rather than a monotonic dependence on methane composition. This behavior indicates the
existence of blending-ratio-sensitive regions in the methane–ethanol fuel system, where the
combustion characteristics are highly sensitive to changes in fuel composition. Similarly,
Fang et al. [22] reported that variations in methane blending ratio significantly affect
the combustion stability of ethanol–methane flames, with distinct combustion behaviors
observed at different blending ratios. However, the locations of the sensitive blending-
ratio ranges identified in the two studies are not entirely consistent. This discrepancy
may be attributed to differences in combustion mode, flow-field structure, and fuel–air
mixing mechanisms.

As shown in Figure 7, with the increase in methane blending ratio, the position of
the peak temperature along the central axis exhibits a trend of shifting toward the inlet.
However, within the initial 10% range of methane blending ratio, due to the influence
of the diffusion rate of the low-fraction methane component, the peak position remains
nearly unchanged at approximately z = 0.144 m. Under this condition, the flame length
is the longest, and the flame intensity is the weakest. Within the methane blending-ratio
ranges of 0.1–0.9, the peak temperature position along the central axis shifts overall toward
the inlet, reaching the shortest distance of z = 0.1 m at the 0.9 condition. At this point,
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the flame length is the shortest, and the flame intensity is the strongest. Within this
range, the peak temperature position along the central axis is mainly governed by the
molar heating value of the fuel components. Similarly, in order to rapidly predict the
peak temperature position under different methane/ethanol blending ratios, a regression
analysis is performed based on the above data, and the corresponding corrected position
equation is expressed as Equation (8):

F2(x) = −0.04826x + 0.1482 (8)

where F2 denotes the axial position (z-coordinate) of the peak temperature along the central
axis, and x is the methane blending molar ratio, ranging from 0.1 to 0.9.

Figure 7. The peak position of the center axis temperature under different conditions.

Within the last 20% range of the methane blending ratio, the position of the peak
temperature along the central axis increases from z = 0.1 m at the 0.9 condition to z = 0.11 m
under pure methane conditions, due to the influence of the diffusion rate of the low-fraction
ethanol component. Correspondingly, the flame length exhibits a certain degree of increase.

As shown in Figure 8, within the range of z = 0–0.0025 m, the center axis velocity of
each condition rapidly increases and quickly reaches its peak. The velocity peak of the
pure-ethanol condition is the lowest. Within the range of z = 0.0025–0.03 m, the central-axis
velocities for different blending ratios are ranked from high to low as follows: 0.9, 0.8,
0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 1, 0.05, and 0. Under pure-ethanol conditions, the velocity
remains relatively low and varies smoothly, indicating that the combustion chemical
reaction in this region is relatively slow and delayed. This behavior can be attributed to
the relatively complex molecular structure of ethanol, whose decomposition and oxidation
processes involve more intermediate reaction steps. In addition, the diffusivity of ethanol
is lower than that of methane, resulting in slower fuel–air mixing and consequently a
noticeable delay in heat release. In contrast, under methane-blended conditions, this
smooth transition region disappears. The addition of methane significantly enhances
the combustion reaction rate of ethanol. As a small-molecule fuel, methane possesses
a higher diffusion rate, enabling faster interaction with air and earlier participation in
combustion reactions. Meanwhile, it promotes the formation of local high-temperature
regions, thereby shortening the ignition-delay period of ethanol combustion and advancing
the onset of the combustion process. The higher diffusivity of methane enhances the
turbulent mixing efficiency between fuel and air, bringing the local mixing timescale
closer to the chemical reaction timescale. Meanwhile, methane addition promotes the
formation and transport of reactive radicals such as H, O, and OH, thereby accelerating
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local oxidation reactions, which strengthens the coupling between turbulent mixing and
chemical reactions. Within the range of z = 0.03–0.05 m, the central-axis velocity under pure-
ethanol conditions increases again and becomes higher than that under methane-blended
conditions. Within the range of z = 0.05–0.325 m, the velocity curves gradually decrease
smoothly. The central-axis velocities are ranked from high to low as follows: 0, 0.05, 1,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9. This indicates that methane addition not only
increases the combustion reaction rate of ethanol but also causes the main reaction zone to
shift upstream, resulting in a more concentrated distribution of the high-temperature and
heat-release regions. As the combustion process is completed earlier, the velocity gradients
and reaction-intensity fluctuations in the downstream region are weakened, leading to a
smoother variation in the velocity curves. This indicates that methane blending improves
the matching between turbulent mixing and chemical kinetics, reducing the sensitivity
of the combustion process to local flow disturbances and consequently resulting in more
stable combustion characteristics. Therefore, methane addition enhances the intensity of
ethanol combustion chemical reactions, alleviates its inherently slow combustion behavior,
improves the relative ranking of combustion velocity, and promotes a more stable behavior
in the later stages of the chemical reaction process.

Figure 8. Velocity distribution curves of the central axis under different conditions.

Vorticity is defined as the curl of the velocity field and characterizes the local rotational
intensity of fluid elements. The magnitude of vorticity is closely related to the shear
intensity between the fuel jet and the surrounding fluid, as well as the mixing strength.
As shown in Figure 9, along the central axis of the combustion chamber, the vorticity
distribution exhibits two peak regions, one larger and one smaller. The first peak region
appears near the junction of fuel and air at approximately z = 0.0025 m. It is mainly
influenced by the density gradient and fluid expansion induced by combustion, as well
as the shear effect between the high-velocity fuel jet and the low-velocity air. The second
peak region appears near z = 0.03 m in the upper part of the combustion chamber. This
region corresponds to the interaction zone between the internal recirculation vortices and
the central jet, where a velocity gradient is formed between the recirculating flow and the
jet, resulting in a vorticity peak. However, under pure-ethanol conditions, the second peak
region does not appear, and the intensity of the combustion chemical reaction is relatively
low. Therefore, the addition of methane promotes the formation of a stronger recirculation–
jet shear layer in the upper part of the combustion chamber, thereby enhancing local mixing
in this region.
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Figure 9. Vorticity distribution map of the central axis under different conditions.

As shown in Figure 10, the heat release rate along the central axis exhibits a distinct
multi-peak structure, where different peaks correspond to reaction processes occurring
at different spatial locations between the fuel and air. The first peak appears in the initial
interaction region between fuel and air. Under methane-blended conditions, the peak
position of the heat release rate is located near z = 0.0025 m. In contrast, under pure-ethanol
conditions, the peak position is located at z = 0.0097 m, with a maximum heat release rate
of 0.059 W. This indicates that heat release during pure ethanol combustion is relatively
slow and exhibits a noticeable delay. The addition of methane promotes the generation and
transport of chain-carrying radicals such as H, O, and OH, which accelerate the oxidation
reactions and increase the local heat release rate. Consequently, the combustion rate of
the flame is enhanced, effectively alleviating the delayed chemical reaction behavior of
pure ethanol combustion. The second peak appears in the upper region of the combustion
chamber (z = 0.03–0.04 m). Within the initial 10% range of methane blending ratio, the
heat release rate reaches its highest value. This is attributed to the high diffusion rate
of the low-fraction methane component, which enhances local mixing between fuel and
air. In contrast, the peak heat release rate under pure-ethanol conditions remains at a
relatively low level. The third peak is located in the middle region of the combustion
chamber (z = 0.11–0.17 m). With the increase in the methane blending ratio, the peak
position gradually shifts toward the inlet, consistent with the movement trend of the peak
temperature along the central axis. The order of peak appearance is: 1, 0.9, 0.8, 0.7, 0.6,
0.5, 0.4, 0.3, 0.2, 0, 0.1, and 0.05. The main reaction zone is compressed upstream, and the
peak position of the heat release rate becomes more concentrated toward the flame core.
Overall, an appropriate addition of methane effectively enhances the combustion rate of
the flame, alleviates the delayed chemical reaction behavior of pure ethanol combustion,
and promotes a more concentrated and intensified flame structure.

As shown in Figure 11, the flame thickness exhibits a non-monotonic variation with
increasing methane blending ratio, characterized by an initial increase followed by a
subsequent decrease. Under non-premixed fuel/air combustion conditions, the flame
thickness is governed by the combined effects of species diffusion and chemical reaction
rates. Within the methane blending-ratio ranges of 0–0.2, the addition of a low fraction
of methane enhances the diffusion capacity of the blended fuel, resulting in an increase
in flame thickness. Within the range of 0.2–1, as the methane blending ratio continues
to increase, the overall reactivity of the methane/ethanol mixture is enhanced, the core
reaction layer becomes narrower, the reaction zone becomes more concentrated, and the
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flame thickness decreases progressively. To facilitate rapid prediction of flame thickness, a
regression analysis is conducted based on the above data, and the corresponding corrected
flame thickness equation is given by Equation (9):

F3(x) = −4.995x + 26.15 (9)

where F3 denotes the flame thickness, and x is the methane blending molar ratio, ranging
from 0.2 to 1.

Figure 10. Distribution map of heat release rate along the central axis under different conditions.

Figure 11. Flame thickness under different conditions.

As shown in Figure 12, the vorticity distribution along line 1 exhibits a distinct double-
peak structure on both sides of the central axis. The left and right peak locations correspond
to the shear interaction regions between the large-scale vortical structures on both sides
of the central axis and the central jet. Due to the large velocity gradients in these regions,
relatively high vorticity is generated. At the central axis, the interaction between counter-
rotating vortices from both sides reduces the local velocity gradient, resulting in a low-
vorticity region. In comparison, the vorticity peak on the left side of the central axis is
higher than that on the right side, leading to a relatively higher residual vorticity near the
right wall of the combustion chamber. This asymmetric distribution of vorticity peaks on
both sides causes the large-scale vortices to transport recirculating reactants and products
from the left side to the right side through the flame core region via internal recirculation,
accompanied by mass and heat transfer. With the increase in the methane blending ratio,
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the vorticity peaks exhibit an overall decreasing trend. This indicates that the local shear
intensity between the central jet and the counter-rotating vortices on both sides gradually
weakens with increasing methane blending ratio.

Figure 12. Vorticity distribution map along line 1 under different conditions.

As shown in Figure 13, although there are slight differences between the simulated
and experimental values of the average outlet velocity, the overall trends are consistent.
The average outlet velocity of the combustion chamber exhibits an overall decreasing trend
as the methane blending ratio increases. Under pure-ethanol conditions, owing to the
higher molar heating value of ethanol compared with methane, the overall energy input of
the system is greater under the same molar flow rate, resulting in a higher average outlet
velocity. Within the methane blending-ratio ranges of 0–0.1, the relatively low molar heating
value and rapid diffusion of methane lead to a sharp decrease in the average outlet velocity.
This indicates that the addition of a low fraction of methane has a significant influence on
the average outlet velocity. Within the range of 0.1–1, the average outlet velocity decreases
approximately linearly with increasing methane blending ratio. To enable rapid prediction
of the average outlet velocity, a regression analysis is conducted based on the above data,
and the corresponding corrected velocity equation is expressed as Equation (10):

F4(x) = −0.0588x + 0.2405 (10)

where F4 denotes the average outlet velocity, and x is the methane blending molar ratio,
ranging from 0.1 to 1.

Figure 13. Average outlet velocity under different conditions.
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As shown in Figure 14, the average outlet temperature agrees well with the experi-
mental values. The average outlet temperature decreases linearly with increasing methane
blending ratio. This indicates that the average outlet temperature is weakly affected by the
diffusion rates of the low-fraction methane/ethanol components and is mainly governed by
the molar heating value of the fuel components. To enable rapid prediction of the average
outlet temperature, a regression analysis is conducted based on the above data, and the
corresponding corrected temperature equation is expressed as Equation (11):

F5(x) = −247.825x + 1013.169 (11)

where F5 denotes the average outlet temperature, and x is the methane blending molar
ratio, ranging from 0 to 1.

Figure 14. Average outlet temperature under different conditions.

3.2. Overall Performance Characteristics of the Combustion Chamber Under Different Methane
Blending Ratios

As shown in Figure 15, along the central axis of the combustion chamber, the NO
mass fraction exhibits a trend of rapid increase followed by a gradual decrease. Within the
region of z = 0–0.025 m, the flame is still in the initial reaction stage, and the central-axis
temperature is relatively low, which is insufficient for NO formation; therefore, the NO
mass fraction is approximately zero. Within z = 0.025–0.1 m, as combustion develops,
the temperature increases progressively, resulting in a rapid increase in NO formation.
Within the region of z = 0.1–0.2 m, corresponding to the high-temperature reaction zone of
the flame, the NO mass fraction under different conditions successively reaches its peak
value. In conjunction with Figure 5, it can be observed that the temperature range of
approximately 1579–2049 K along the central axis corresponds to the rapid NO formation
region. High temperature provides the dominant driving force for NO formation. Among
all conditions, the peak NO mass fraction is highest under pure-ethanol conditions, while
methane addition significantly reduces the NO mass fraction. With increasing methane
blending ratio, the peak position of NO gradually shifts toward the inlet. Within the
region of z = 0.2–0.325 m, the decrease in temperature suppresses NO formation reactions,
while the dilution effect induced by flow mixing is enhanced. As a result, the NO mass
fraction gradually decreases and tends to stabilize near the outlet. The central-axis NO
mass fractions under different conditions are ranked from high to low as follows: 0,
0.8, 0.4, 0.6, 0.7, 0.5, 0.3, 0.2, 1, 0.1, 0.05, and 0.9. Therefore, the variation in NO mass
fraction along the centerline generally follows the temperature distribution, indicating that
temperature remains the primary controlling factor for NO formation. However, changes
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in the methane/ethanol fuel composition not only modify the temperature field but also
affect the local reaction environment and the concentration of reactive species, thereby
exerting an additional influence on NO formation.

Figure 15. Distribution curves of NO mass fraction along the central axis under different conditions.

As shown in Figure 16, within the initial 10% range of methane blending ratio, the
outlet NO mass fraction decreases sharply from 2.367 × 10−4 under pure-ethanol conditions
to 1.1 × 10−4 at a blending ratio of 0.1. As indicated in Figure 6, the rapid diffusion of
the low-fraction methane component leads to a rapid decrease in temperature, thereby
significantly reducing NO formation within the combustion chamber. Within the methane
blending-ratio ranges of 0.2–0.8, the peak temperature in the combustion chamber gradually
increases due to the influence of the heating value per unit mass of the fuel components,
resulting in an increase in NO formation and a corresponding gradual rise in the outlet
NO mass fraction. To enable rapid prediction of the outlet NO mass fraction, a regression
analysis is conducted based on the above data, and the corresponding corrected outlet NO
mass fraction equation is expressed as Equation (12):

F6(x) = 0.0004001x3 − 0.000658x2 + 0.000372x + 0.0000769 (12)

where F6 denotes the NO mass fraction at the outlet, and x is the methane blending molar
ratio, ranging from 0.1 to 0.8.

Figure 16. The mass fraction of NO at different conditions.
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Within the last 20% range of the methane blending ratio, the outlet NO mass fraction
decreases sharply from 1.6 × 10−4 at the 0.8 condition to 1.04 × 10−4 at the 0.9 condition,
under the influence of the diffusion rate of the low-fraction ethanol macromolecules.
Subsequently, it increases slightly to 1.14 × 10−4 under pure methane conditions.

As shown in Figure 17, within the methane blending-ratio ranges of 0–0.1, the combus-
tion efficiency exhibits a slight decrease. With a further increase in the methane blending
ratio, the combustion efficiency gradually increases. However, when the methane blending
ratio exceeds 0.6, the increase in combustion efficiency becomes limited. To enable rapid
prediction of combustion efficiency, a regression analysis is conducted based on the above
data, and the corresponding corrected combustion efficiency equation is expressed as
Equation (13):

F7(x) = 1.7344x3 − 4.2655x2 + 3.5776x + 98.9151 (13)

where F7 denotes the combustion efficiency, and x is the methane blending molar ratio,
ranging from 0.1 to 1.

Figure 17. Combustion efficiency under different conditions.

The above results indicate that methane blending enhances the combustion efficiency
of ethanol–air mixtures under non-premixed conditions. However, within the methane
blending-ratio ranges of 0–0.1, the combustion efficiency is reduced to a certain extent, and
beyond a blending ratio of 0.6, the improvement becomes limited.

In Table 1, R2 represents the coefficient of determination, Adj. R2 represents the
adjusted coefficient of determination, and p-value represents the significance probability.
As shown in Table 1, all regression equations exhibit high coefficients of determination
(R2 > 0.92) and adjusted coefficients of determination (Adj. R2 > 0.91), and all pass the signif-
icance test at the p < 0.05 level. These results indicate that the proposed regression models
possess good fitting accuracy and statistical significance and can adequately describe the
quantitative relationships among the variables.

Table 1. Statistical quality parameters of the regression equations.

Eq R2 Adj. R2 F-Value p-Value

Equation (7) 0.9816 0.97425 133.39598 4.59 × 10−5

Equation (8) 0.95603 0.94975 152.20081 5.28 × 10−6

Equation (9) 0.97351 0.96973 257.25429 8.90 × 10−7

Equation (10) 0.9841 0.9833 13,502.26864 3.36 × 10−14

Equation (11) 0.9873 0.9861 7887.97788 8.01 × 10−16

Equation (12) 0.9248 0.91839 16.39644 0.01033
Equation (13) 0.988 0.982 1664.7084 3.78 × 10−9
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4. Conclusions
(1) Methane blending affects the flow-field distribution within the combustion chamber.

With increasing methane blending ratio, the internal recirculation gradually transitions
from a near-field local entrainment mode to a far-field transport mode, thereby enhancing
the overall regulation of the reaction zone by the recirculation flow.

(2) Methane blending alleviates the delayed chemical reaction behavior of ethanol
combustion, enhances flame intensity, shortens the flame length, increases the combustion
rate, and reduces the heat transfer stagnation region. The overall combustion efficiency is
improved, although a decrease occurs within the low-blending-ratio ranges of 0–0.1, and
further increases become limited beyond a blending ratio of 0.6.

(3) Although methane improves the combustion characteristics of ethanol, a sensitive
interval of the methane blending ratio exists. Under the initial 10% and the final 20% ranges
of the methane blending ratio, the combustion process exhibits pronounced instability. The
comprehensive combustion characteristics of low-fraction methane or ethanol components
influence the instability of the combustion process.

(4) The addition of methane significantly reduces NO formation during ethanol com-
bustion. NO formation is affected by the comprehensive combustion characteristics of the
methane/ethanol system, with temperature playing a dominant role, while fuel composi-
tion also exerts an influence.

In summary, methane blending is an effective approach for improving the combustion
performance of ethanol-fueled systems. Within an appropriate blending range, methane
can enhance flame stability, accelerate combustion reactions, and improve combustion
efficiency. These characteristics are beneficial for industrial combustors, gas turbines, and
dual-fuel burner systems utilizing ethanol or alcohol-based fuels. However, the results
also indicate the existence of instability characteristics in the low-methane-fraction range
(0–0.1) and high-methane-fraction range (0.8–1.0). Therefore, these blending ranges should
be avoided as much as possible in practical applications. In addition, the present study was
conducted using a laboratory-scale combustor under fixed operating conditions. Further
investigations considering larger-scale systems, variable operating conditions, and fuel
supply fluctuations are still required.
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