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The management of internal features of a cavity structure for channels offers the possibility
of inherently effective operation within the flammable limits of a combustible fluid stream
while preserving high stability for the flame. However, the precise mechanism by which the
cavity method generally provides increased flame stability for millimeter-scale systems
remains unclear. The combustion characteristics of methane-air mixtures in millimeter-
scale systems with a cavity structure were investigated experimentally and numerically to
gain a greater understanding of the mechanisms of flame stabilization and to gain new
insights into the characteristics of combustion within spaces with extremely small
dimensions. The quenching distance was determined both experimentally and
numerically. Stable temperature profiles were obtained from thermographic
measurements using infrared radiation. The measurements were compared with the
model predictions. Subsequent model calculations demonstrate the effects of
variations in wall thermal conductivity, heat losses, flow velocity, equivalence ratio, and
channel dimensions. Design recommendations were made. The experimental and
numerical results indicated that the quenching distance is slightly larger than
commonly believed. The cavity structure has little effect on the quenching distance,
but can improve the efficiency and performance of the systems considerably. The
cavity structure can effectively extend flammability limits, with an increase of about
18% in the operating range defined by the equivalence ratio of the mixture. The length
scale of the systems plays a vital role in stabilizing the flame. The thermal conductivity of the
solid material is vital in determining the efficiency and performance of the systems. The
design with anisotropic thermal conductivity has significant performance advantages. The
flow velocity of the fluid and the equivalence ratio of the mixture are important factors
affecting the efficiency and performance of the systems.
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HIGHLIGHTS

• The quenching distance is slightly larger than commonly
believed.

• The cavity structure has little effect on the quenching
distance.

• The length scale of the systems plays a vital role in
stabilizing the flame.

• The design with anisotropic thermal conductivity has great
performance advantages.

• Important factors affecting performance are determined for
the systems.

INTRODUCTION

The trend toward the miniaturization of electromechanical
devices and the increased demand for micro-power generation
with long-life, low-weight devices have resulted in the
development of the field of micro-scale combustion. The
concept behind this field is that a miniaturized power-
generating system will lead to reduced weight and increased
lifetime of an electromechanical device that currently requires
batteries for power (Dunn-Rankin et al., 2005; Walther and Ahn,
2011). In addition to the interest in miniaturization, the field is
also driven by the potential fabrication of electromechanical
devices using micro-system technology or rapid prototyping
techniques, with their favorable characteristics for low cost
and mass production (Dunn-Rankin et al., 2005; Walther and
Ahn, 2011). The field of micro-power generation is still in the
feasibility stage. Currently, there is consensus that combustion
within a micro-scale space is possible with proper chemical and
thermal management (Jiaqiang et al., 2021; Jiaqiang et al., 2022).
As the length scale of the devices is reduced, the surface-to-
volume ratio increases, which eventually leads to heat loss effects

becoming significant at the boundaries or surfaces of the devices
(Jiaqiang et al., 2021; Jiaqiang et al., 2022). Significant heat loss
effects may become problematic due to flame quenching.
Consequently, thermal management becomes essential in order
to improve flame stabilization by reducing heat losses.

Flame stabilization is a common problem in combustion
systems (Jeong et al., 2017; Grib et al., 2020). A flame will
propagate through a fuel-air mixture only when certain
conditions prevail. Initially, a minimum percentage of fuel
must be present within the fuel-air mixture to make the fuel-
air mixture flammable, i.e., the lean flammability limit
(Mendiburu et al., 2017; Wang et al., 2021). Similarly, a
maximum percentage of fuel must be present within the fuel-
air mixture wherein greater than this percentage will prevent
burning, i.e., the rich flammability limit (Mendiburu et al., 2017;
Wang et al., 2021). The flammability range of a fuel-air mixture is
that range of the percentage of fuel within the fuel-air mixture
between the lean flammability limit and the rich
flammability limit.

One reason that flame stabilization is required in combustion
systems is to prevent the flame front frommoving upstream from
the combustion zone toward the source of fuel, i.e., a flashback
(Jeong et al., 2017). During a flashback event, the heat of
combustion moves upstream and may damage numerous
structures within the fuel and air mixing region of the
combustor (Hatem et al., 2018; Zangeneh and Alipoor, 2021).
Flashback may occur due to auto-ignition of a fuel-air mixture
caused by a residence time of the fuel-air mixture in a region
upstream of the combustion zone that exceeds the auto-ignition
delay time of that fuel-air mixture at the temperature and
pressure of that region.

Flame stabilization also is dependent upon speed of the fuel-air
mixture entering the combustion zone where propagation of the
flame is desired (Wan and Zhao, 2020a; Choi et al., 2020). A
sufficiently low velocity must be retained in the region where the
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flame is desired in order to sustain the flame. As is known, a
region of low velocity in which a flame can be sustained can be
achieved by causing recirculation of a portion of the fuel-air
mixture already burned thereby providing a source of ignition to
the fuel-air mixture entering the combustion zone (El-Asrag and
Menon, 2007; Fugger et al., 2020). However, the fuel-air mixture
flow pattern, including any recirculation, is critical to achieving
flame stability. Improvements in flame stability would be
desirable and may be especially advantageous in applications
in which reduced emissions are needed (Cam et al., 2017;
Pashchenko, 2020). Various attempts have been made to
achieve such improvements. More specifically, various
methods have been tried either commercially or
experimentally (Bychkov and Liberman, 2000) and many
different structures have already been designed (Shanbhogue
et al., 2009). The typical method includes the use of
recirculation regions to provide a continuous ignition source
by mixing the hot combustion products with the cold incoming
fuel and air mixture. Structural devices have been commonly
employed to establish a recirculation region for improving the
stability of the flame during ignition and operation, such as
swirlers (Yilmaz et al., 2020), bluff bodies (Jeong et al., 2017;
Fugger et al., 2020), cavities (Yilmaz et al., 2017), and rearward
facing steps (Yilmaz et al., 2017). The challenge, however, is
presented with respect to the structure of a flame stabilizer that
ensures high combustion performance, including improved flame
stability and acceptable emissions (Khateeb et al., 2020; Khateeb
et al., 2021) while reducing capital and operating costs.
Consequently, it would be desirable to provide a flame
stabilizer for a combustion system, specifically including a
combustion chamber structure that enables the system to
maintain high stability of the flame under certain conditions
while reducing the emission of undesirable products of
combustion such as nitrogen oxides, carbon monoxide, and
partially oxidized hydrocarbons.

In conventional lean-premixed combustion, a swirler would
typically be used to inject the fuel-lean mixture into the
combustor (Broda et al., 1998; Kim and Santavicca, 2013).
When a swirler is used, the flame is anchored because the
swirler induces recirculation of hot combustion products
within the combustor (Panda et al., 2019; Han et al., 2020).
The recirculating, hot combustion products continuously contact
and ignite the incoming fuel-air mixture, thus anchoring the
flame in the vicinity of the recirculation zone. An additional effect
of the swirler is to direct the incoming fuel-air mixture outwards
toward the walls of the combustor, thus rapidly diffusing the
mixture into the combustor, making effective use of the
combustor’s volume (Broda et al., 1998; Kim and Santavicca,
2013). As also is known, adding a swirl component to the flow
pattern is beneficial, either axial or radial swirl. The designation of
a swirl number for a particular type of swirler is known (Kim and
Santavicca, 2013): a swirl number less than around 0.4 indicates a
weak swirl and no recirculation is obtained; a swirl number
between 0.4 and 0.6 indicates a moderate swirl and no
recirculation is obtained but the streamlines diverge; and a
swirl number greater than 0.6 indicates a strong swirl and
recirculation is obtained.

Another method known for causing recirculation is the
placement of a bluff body in the flow path of the fuel-air
mixture within the combustion zone (Michaels and Ghoniem,
2018; Morales et al., 2019). A bluff body typically defines a leading
edge and a trailing edge, and separation of a mixture passing over
the bluff body occurs at the trailing edge of the bluff body thereby
forming a wake downstream of the trailing edge. The velocity of
the mixture in the wake region is much lower than the velocity of
the mixture flowing in the main stream around the bluff body
thereby supporting recirculation.

The use of a swirler, a bluff body, or a combination of both to
cause recirculation is typical in conventional combustion systems
(Tong et al., 2018; Gatti et al., 2019). In a micro-combustion
system, however, the use of a swirler is undesirable since all fuel
and air would typically be premixed upstream of the combustion
system and the combustion reaction takes place in the system
with typical lateral dimensions below 1 mm (Ju andMaruta, 2011;
Kaisare and Vlachos, 2012). On the other hand, one problem
associated with using a bluff body as a flame holder for a micro-
combustion system is that the flame is anchored to the flame
holder and the excessive heat is life-limiting.

One solution that does not require a swirler or a bluff body is
the use of cavities. This approach will become increasingly
attractive. A number of different suggestions have been made
for facilitating a cavity structure in a micro-combustion system
(Wan et al., 2015; Fan et al., 2018; Linhong Li et al., 2019; Zhang
et al., 2020a; Zhang et al., 2020b; Xu et al., 2021). The inside
surface of a micro-combustion system has a plurality of cavities
which are spaced apart from one another. Strong combustion can
be initiated in the cavities, and the cavity structure can provide for
a more compact primary reaction region and for stable flame
holding (Wan et al., 2015; Fan et al., 2018). The cavity structure
can also cause an increase in residence time for a portion of the
mixture, thereby avoiding instability of the flame. Additionally,
the utilization of cavities can initiate recirculation of the fuel and
air mixture while promoting micro-scale vortex breakdown and
enhancing heat and mass transfer (Wan et al., 2015; Fan et al.,
2018; Linhong Li et al., 2019; Zhang et al., 2020a; Zhang et al.,
2020b; Xu et al., 2021), therefore making the combustion process
more stable. More particularly, this method generally comprises a
plurality of cavities arranged on the inside surface of a micro-
combustion system, thereby providing increased flame stability
for the downstream combustion of the premixed fuel and air
stream. A further feature provided by the cavity structure is that
hot gas and chemically active species can be more easily
transferred into the unreacted inlet gas stream for improved
performance. More specifically, the free radicals and heat
produced by the reaction process can be transported back
upstream in the recirculation region to mix with and initiate
combustion of the un-reacted fuel and air mixture. The design,
however, is quite complex, and the optimization may account for
a plurality of factors including the thermal conductivity of the
wall material (Wan et al., 2015), the chemically inert gaseous
species (Fan et al., 2018), the shape and configuration of the cavity
(Linhong Li et al., 2019), the channel structure of the system
(Zhang et al., 2020a), and the synergistic effect of cavities and
bluff bodies (Zhang et al., 2020b; Xu et al., 2021). For instance,
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high thermal conductivity materials confer advantage in terms of
improved heat transfer properties, but the cavity structure does
not necessarily offer unique performance advantages (Wan et al.,
2015). The shape and configuration of the cavities are critical to
the function and effectiveness of the structure (Linhong Li et al.,
2019). The performance of the system may be largely determined
by the structure of the channel, such as an axisymmetric bluff
body situated closely behind or in front of a cavity (Zhang et al.,
2020a; Xu et al., 2021). For example, the hydrodynamics of the
system may be significantly altered by the coupling of cavities
with bluff bodies (Zhang et al., 2020a), and bluff bodies can
beneficially affect the hydrodynamics involving cavities for use in
association with the system (Zhang et al., 2020a; Xu et al., 2021),
resulting in significantly greater stability of the flame.

Flame stabilization criteria are even more important when the
system operates under small-scale conditions (Wan and Zhao,
2020b; Yakovenko and Kiverin, 2021). It would be especially
desirable for combustion systems operating under such
conditions to have flame stabilizers that would be highly
resistant to external flow field dynamics and perturbations.
Under small-scale conditions, efficient methods have been
developed for reducing combustion instability, such as a spiral
heat exchanger structure (Fan et al., 2017), a counter-flow heat
exchanger structure (Zuo et al., 2018; Yan et al., 2019), oxygen
enriched air (Qingqing Li et al., 2019), a porous medium for use
in thermal recirculation (Yilmaz, 2019), a flame holder design
(Wan and Zhao, 2020c), and especially a cavity structure (Wan
et al., 2015; Fan et al., 2018). Cavities present unique advantages
of the improvement in flame stability. The cavity structure may be
advantageously employed for the purpose of miniaturization.
More specifically, this approach is particularly advantageous
for promoting a stable flame in a micro-combustion system
(Ju and Maruta, 2011; Kaisare and Vlachos, 2012). Such a
cavity can obstruct a flow path to create a recirculation zone
for flame stability (Wan et al., 2015; Fan et al., 2018). This in turn
causes an increase in residence time for a portion of the fuel-air
mixture. A cavity of a particular configuration provides flame
holding and initiates recirculation of the fuel and air mixture in a
downstream combustion zone, thereby avoiding any issue from
flame stability events as much as possible previously described in
the literature (Fan et al., 2017; Zuo et al., 2018; Qingqing Li et al.,

2019; Yan et al., 2019; Yilmaz, 2019; Wan and Zhao, 2020c), such
as flame quenching (Qingqing Li et al., 2019; Yan et al., 2019) and
blowout (Fan et al., 2017; Qingqing Li et al., 2019; Yan et al., 2019;
Wan and Zhao, 2020c). In this manner, it is possible to maintain
the stability of the flame in amicro-combustion system at a higher
level than otherwise obtainable, and to obtain higher performance
in operation.

Despite extensive efforts over many years, there remains a
need for combustion methods that have high performance and
stability at various conditions of operations in millimeter-scale
systems with a cavity structure. It is essential to maintain
combustion characteristics in such a manner that facilitates
flame holding in a reliable manner, and minimizes heat loss
while maximizing system efficiency. The flame could optimally be
as robust as possible in an effort to maximize the efficiency and
performance of the systems (Gupta et al., 2020; Abdallah et al.,
2021). A fundamental understanding of the stabilization
mechanisms of a flame within very small spaces by the cavity
method is of both fundamental and practical significance.
However, the precise mechanism by which the cavity method
generally provides increased flame stability for millimeter-scale
systems remains unclear and warrants further study. While high
stability of the flames within the systems is desirable, the
efficiency and performance can depend on such factors as the
overall design of the system, and the potential role of cavity
structure in the stabilization mechanism of the flames is poorly
understood.

This study relates to the essential characteristics of combustion
in millimeter-scale systems with a cavity structure. The
quenching distance was determined both experimentally and
numerically, and stable temperature profiles were obtained
from thermographic measurements. A computational fluid
dynamics model was developed to describe the reactive flow.
The model combined a detailed chemical kinetic reaction
mechanism and a steady treatment of the fluid mechanics.
Numerical simulations were conducted to gain insights into
system performance such as flames, temperatures, species
concentrations, and reaction rates. Methods of applying a
cavity structure to channel walls were developed, which may
be utilized with presently existing designs of micro-combustion
systems. The factors affecting flame stability and combustion
characteristics are determined for the systems. The objective of
this study is to investigate the characteristics of combustion in
millimeter-scale systems with a cavity structure so as to better
understand the stabilization mechanisms of a flame within spaces
with extremely small dimensions. Particular focus is placed on
determining essential factors for design considerations of
millimeter-scale systems with improved flame stability and
combustion characteristics, and investigating the potential role
of cavity structure in the stabilization mechanism of the flames in
order to operate the systems more efficiently.

EXPERIMENTAL METHODS

The system configured to combust methane is illustrated
schematically in Figure 1. The system comprises two parallel

FIGURE 1 | Schematic representation of the system comprising two
parallel fused-quartz plates with intersecting trapezoidal cavities. The system
is configured for operation with methane.
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fused-quartz plates that are 50.0 mm in length, 13.0 mm in width,
and 3.0 mm in thickness. The thermal conductivity of the plate
material is 1.4 W/(m·K), since fused-quartz is a form of silica, also
known as silicon dioxide. A flow channel is formed between the
two parallel plates. The millimeter-scale channel has a minimum
dimension of 5.0 mm or less, and a length that is, far greater than
the minimum dimension. The channel can have any length unless
restricted by design requirements. The spacing distance between
the two parallel plates is 3.0 mm, which defines the characteristic
length of the system. This value is chosen primarily because the
spacing distance is slightly greater than the critical distance
between the two parallel plates through which the methane
flame will not propagate (Jarosiński, 1983; Jarosinski, 1986).
This critical dimension can be defined as the quenching
distance. In practice, the quenching distance is dependent on
many factors, for example, the thermal characteristics of the
surrounding material, the composition of the fuel stream, and the

shape of the channel (Jarosiński, 1983; Jarosinski, 1986). The
distance between the two parallel plates varies from 2.0 to 5.0 mm
in order to accurately determine the quenching distance for the
system at the given reference conditions.

Two trapezoidal cavities are provided in the flow path, as
depicted in Figure 1, and the flow is subjected to a sudden
expansion in the flow channel to induce disturbances in the flow.
The cavities are 1.5 mm in height, 4.0 mm in short base length,
and 7.0 mm in long base length, with a distance of 10.0 mm from
the flow inlet. In addition, the cavities are designed with an angle
of 135° relative to the localized horizontal plates at the points of
intersection. The cavities have a rectangular cross-section at any
selected station along the flow path, and can be adjusted in
position with respect to the flow inlet. In order for flame
holding to occur, methane and air must be premixed and
provided a low velocity region to reside. Therefore, a low flow
velocity of the fluid is used at the flow inlet. In most cases, the flow

FIGURE 2 | (A)Optical and thermographic images showing laminar premixed methane flames and temperature variation in the system under different flow velocity
conditions. The flow velocity of the fluid at the flow inlet is given as follows: (a) 0.3 m/s, (b) 0.5 m/s, and (c) 0.7 m/s. A thermographic camera is used to detect infrared
radiation in a way similar to the way an ordinary camera detects visible light. The system is designed in stoichiometric operation; (B) Stable fluid centerline temperature
profiles determined from thermographic measurements using infrared radiation. The system is designed in stoichiometric operation.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8079025

Chen and Li Combustion Characteristics in Millimeter-Scale Systems

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


FIGURE 3 | (A) Optical and thermographic images showing laminar premixed methane flames and temperature variation in the system under different equivalent
ratio conditions. The equivalent ratio of the mixture at the flow inlet is given as follows: (a) 0.4, (b) 0.6, (c) 0.8, (d) 1.0, and (e) 1.2. The flow velocity of the fluid is 0.3 m/s at
the flow inlet; (B) Stable exterior wall temperature profiles determined from thermographic measurements using infrared radiation. The flow velocity of the fluid is 0.3 m/s
at the flow inlet; (C) Effect of equivalence ratio on the quenching distance of the methane flame at normal ambient temperature and pressure. The quenching
distance of the methane flame is determined experimentally as described in the ASTM International standard test methods (ASTM International, 2016; ASTM
International, 2021).
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velocity of the fluid is 0.3 m/s at the flow inlet. A premixed
methane-air mixture is fed to the system with a temperature of
300 K. Methane and air are perfectly premixed before they enter
the system prior to combustion. The system is designed in
stoichiometric operation, because an equivalence ratio of unity
is the most reactive mixture composition. Experimental data are
therefore obtained based on an initial temperature of 300 K and
an equivalence ratio of unity. An ordinary camera is used to form
an image using visible light. A thermographic camera is used to
create an image using infrared radiation, similar to the ordinary
camera that forms an image using visible light. Both emissivity
and reflected temperature are adjusted in the thermographic
camera to achieve the most accurate thermal image and to
determine the corrected temperature. To obtain optimum
thermal images, the emissivity of the material surface must be
adjusted on the thermographic camera. Correct emissivity
adjustment is especially important since the difference in
temperature between the measurement environment and the

measured object is large. The thermographic camera is
precisely calibrated to ensure that the captured pixel values
properly correlate to temperatures of the imaged scene.
Calibration is performed under controlled conditions with a
large number of blackbody reference sources. The
thermographic camera is calibrated by the camera
manufacturer to factory specifications. Calibration checks are
performed by measuring objects with known temperatures and
comparing the measured temperatures with the known
temperatures. The adjustment to the spacing distance between
the two parallel plates is made to determine the flame quenching
distance of the system.

The thermographic camera can achieve a resolution of 640 ×
480 pixels, and a temperature difference of 1.0 K at the scene
induces a maximum temperature difference of 0.02 K at the
sensor. The stable fluid centerline temperature profiles are
determined from thermographic measurements using infrared
radiation, and the thermographic camera is structured to capture

FIGURE 4 | (A) Typical meshes used in computational fluid dynamics simulations for the system designed without cavities and for the system designed with
cavities. More nodes are placed around the reaction regions and around the cavity structure; (B) Stable fluid centerline temperature profiles for meshes with different
nodal densities. The stable temperature profiles are presented along the fluid centerline of the system designed with cavities. Additionally, the flow velocity of the fluid is
0.7 m/s at the flow inlet, and the system is designed in stoichiometric operation.
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and transmit infrared images of the region of interest and to
collect temperature data. The fluid centerline temperature
measurement is performed in a direction perpendicular to the
direction of the flow of the fluid by the thermographic camera
from the sides of the system. The method allows the infrared
radiation along the fluid centerline to pass through and be
received by the thermographic camera, thereby enabling the
fluid centerline temperatures to be measured. To precisely
measure the distribution of temperature, the emissivity of each
material must be determined accurately. However, it is extremely
difficult to determine the emissivity of the flame in the system.
The total emissivity of the flame is composed of 2.7, 4.3, and
15.0 μm wavelength bands. The emissivity of the flame is
predicted using the Schmidt’s theory for the outer region of a
flame sheet in thermal equilibrium, followed by an iteration
scheme with a wide-band model theory (Schmidt, 1909). More
specifically, the empirical correlations suggested by Char and Yeh
(1996) are used to predict the cross-section emissivity of the flame
by performing a statistical analysis with a dimensionless position
parameter. Additionally, both optically thick and optically thin
theories are used to make more accurate predictions.

The experiments must be repeated in order to produce data
that has acceptable error levels. It is important that the
experiments should be repeatable, which is of great
importance to the reliability of the experiments and the
conclusions supported by the experiments. Experiments are
conducted at different times under the same operating
conditions, and the number of repetitions of the experiments
performed varies from two to six times, depending on the
operating conditions applied to the experiments. Such
experiments yield almost the same results, which means that
the results almost do not change in different trials under the exact
same conditions. For example, there is almost no change in
temperature while performing the multiple independently-
repeated experiments under identical conditions. More

specifically, the maximum difference in temperature between
different experiments is less than 20 K when the system
operates under the same conditions. Error bars can be
valuable for understanding the results presented in this study,
but they are not shown herein for simplification due to the
insignificant difference between the measurement data under
the exact same conditions.

EXPERIMENTAL RESULTS AND
DISCUSSION

Effect of Flow Velocity
The thermographic images acquired in the infrared spectral
region are presented in Figure 2A for different flow velocities
at the flow inlet, wherein the optical images in the visible spectral
region are also presented, thereby allowing for comparisons
between different flow velocities in a more intuitive manner.
The system is designed in stoichiometric operation. The flow
velocity of the fluid varies from 0.3 to 0.7 m/s at the flow inlet. The
flow velocity plays a significant role in determining the location of
the flame in the system. As the flow velocity increases, the
location of the flame moves downstream due to the reduced
mean residence time. This means that the location of the flame is
very sensitive to changes in the flow velocity, and the flame has a
tendency to move downstream when the flow velocity is high, as
presented in Figure 2A. Additionally, the rate of heat generation
within the system increases with increasing the flow velocity. As a
result of the competition between the reduced mean residence
time and the increased heat generation rate with increasing the
flow velocity, the location of the flame shifts downstream within
the system. The stable fluid centerline temperature profiles
determined from thermographic measurements using infrared
radiation are shown in Figure 2B. As the flow velocity increases,
the location of the peak temperature moves downstream
significantly, which shows good agreement with the results
obtained for the location of the flame. However, because the
location of the flame is determined by the flow velocity being
utilized, the system must be specifically configured or designed
for use within a particular range of flow velocity. This imposes
significant limits on the flow velocities that can be employed.

To understand how to design the system with improved flame
stability, it is necessary to determine the quenching distance for
the system. The quenching distance varies with mixture
composition, thermodynamic conditions, and channel wall
characteristics (Jarosiński, 1983; Jarosinski, 1986). The spacing
distance between the two parallel plates varies from 2.0 to 5.0 mm
to determine the quenching distance. The measurement results
indicate that the flame is stable when the spacing distance
between the two parallel plates is larger than 2.5 mm, and
combustion cannot be sustained when the spacing distance is
less than 2.5 mm. Based on this flame stability criteria, the critical
value for the quenching distance takes 2.5 mm, which is the
minimum allowable distance that ensures flame propagation at
the specified composition and thermodynamic conditions. It has
been commonly believed that the quenching distance of the
methane flame varies from 2.0 to 2.5 mm under stoichiometric

FIGURE 5 | Stable fluid centerline temperature profiles determined from
thermographic measurements using infrared radiation and predicted by the
model using computational fluid dynamics. The system is designed in
stoichiometric operation.
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conditions, depending on the cavity structure and dimensions.
The use of cavities may provide improved flame stability for the
downstream combustion of the stream (Wan et al., 2015; Fan
et al., 2018; Linhong Li et al., 2019; Zhang et al., 2020a; Zhang
et al., 2020b; Xu et al., 2021). However, the quenching distance
determined for the system is almost identical to that determined
for a smooth system designed without cavities. Therefore, the
cavity structure has little effect on the quenching distance.

Effect of Equivalence Ratio
The thermographic images acquired in the infrared spectral
region, and the optical images in the visible spectral region,
are presented in Figure 3A for different equivalence ratios of
the mixture at the flow inlet. The stable exterior wall temperature
profiles determined from thermographic measurements using
infrared radiation are shown in Figure 3B. The flow velocity
of the fluid is 0.3 m/s at the flow inlet. The equivalence ratio of the
mixture varies from 0.4 to 1.2 at the flow inlet.

In all the cases, the mixture is ultimately raised to a
temperature at which the combustion reaction occurs in the
entire gas stream, as presented in Figure 3A. Strong
combustion is initiated in the cavities. The cavity structure
provides for a more compact primary reaction region and for
stable flame holding that is, especially desirable over an extended
operating range. This is principally because the structural
arrangement increases the intensity of combustion through
enhanced heat and mass transfer (Wan et al., 2015; Fan et al.,
2018), making the combustion process more stable. A further
feature provided by the cavity structure is that some combustion
products, such as hot gas and chemically active species, in the
primary reaction region are more easily transferred into the
unreacted inlet gas stream for improved performance. As a
result, the structural arrangement creates small recirculation
regions for additional mixing of the hot and chemically
reactive combustion products into the incoming channel flow,
thereby improving the stability of the flame. Consequently, the
utilization of cavities can initiate recirculation of the fuel and air
mixture, thereby enhancing heat and mass transfer and providing
increased flame stability for the downstream combustion of the
premixed fuel and air stream.

The system fueled by methane is capable of operating over a
large range of equivalence ratios, such as operation with the
mixture that is, as lean as two fifths of stoichiometric fuel, as
presented in Figure 3A. At the lowest equivalence ratio, the flame
is less intense, and the large amount of excess air reduces the peak
flame temperature, thus causing a reduction of thermal efficiency.
All the mixtures will burn if the fuel concentration lies within the
equivalence ratio range. However, the maximum temperature is
reached for a stoichiometric mixture, as shown in Figure 3B. The

FIGURE 6 | (A) Contour plots of temperature in the system designed in
different geometrical configurations. The system is configured (a) without
cavities and (b) with cavities. The system is designed in stoichiometric
operation, the exterior heat loss coefficient is 20 W/(m2·K), and the flow
velocity of the fluid is 0.3 m/s at the flow inlet. The thermal conductivity of the
solid material is 1.4 W/(m·K), which is in consistence with that of the fused-
quartz used in the experiments; (B) Temperature profiles along the fluid
centerline and on the exterior walls of the system designed in different
geometrical configurations. The system is designed in stoichiometric
operation, the exterior heat loss coefficient is 20 W/(m2·K), the flow velocity of
the fluid is 0.3 m/s at the flow inlet, and the thermal conductivity of the solid

(Continued )

FIGURE 6 |material is 1.4 W/(m·K); (C)Methane concentration profiles along
the fluid centerline of the system designed in different geometrical
configurations. The system is designed in stoichiometric operation, the
exterior heat loss coefficient is 20 W/(m2·K), the flow velocity of the fluid is
0.3 m/s at the flow inlet, and the thermal conductivity of the solid material is
1.4 W/(m·K).
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peak temperature is decreased as the mixture is made fuel-richer
or fuel-leaner. The flame is anchored to the duct between the two
cavities in all the cases. Consequently, the equivalence ratio has
little effect on the location of the flame in the system. In the
operation of the system, a back-flow region will be initiated by the
cavities due to a sudden change of cross section (Wan et al., 2015;
Fan et al., 2018; Linhong Li et al., 2019; Zhang et al., 2020a; Zhang
et al., 2020b; Xu et al., 2021), which serves to stabilize the flame for
the system. One problem associated with using cavities as a flame
holder for the system is that the excessive heat may be life-
limiting. Operation will not make the mixture flammable when
the mixture is as lean as one fifth of stoichiometric fuel, and
therefore the equivalence ratio in this case is less than the lean
flammability limit.

The fuel-air mixture will burn only if the concentration of the
fuel lies within well-defined lower and upper bounds determined
experimentally, referred to as flammability limits. The
measurement of flammability limits is performed in order to

appropriately design the system and to gain a fundamental
understanding of flammability properties of the mixture.
However, the characterization of the flammability envelope of
the mixture is time consuming and quite difficult through
experimental tests. The experimental results indicate that there
is a range of methane to air equivalence ratios within which
combustion can occur or be sustained within the millimeter-scale
systems. The lean and rich flammability limits expressed in terms
of the equivalence ratio of the mixture, which define the stable
combustion operating range, are 0.38 and 2.2 for the system
designed without cavities, and 0.32 and 2.6 for the system
designed with cavities. The cavity structure can effectively

FIGURE 7 | (A) Contour plots of temperature in the system under
different thermal conductivity conditions. The thermal conductivity of the solid
material is defined as follows: (a) 0.5 W/(m·K), (b) 1.4 W/(m·K), (c) 50 W/(m·K),
and (d) 50 W/(m·K) in the longitudinal direction and 0.5 W/(m·K) in the
transverse direction. The system is designed in stoichiometric operation, the
exterior heat loss coefficient is 20 W/(m2·K), and the flow velocity of the fluid is
0.3 m/s at the flow inlet; (B) Contour plots of methane concentration in the
system under different thermal conductivity conditions. The thermal
conductivity of the solid material is defined as follows: (a) 0.5 W/(m·K), (b)
1.4 W/(m·K), (c) 50 W/(m·K), and (d) 50 W/(m·K) in the longitudinal direction
and 0.5 W/(m·K) in the transverse direction. The system is designed in
stoichiometric operation, the exterior heat loss coefficient is 20 W/(m2·K), and
the flow velocity of the fluid is 0.3 m/s at the flow inlet.

FIGURE 8 | (A) Temperature profiles along the fluid centerline under
different thermal conductivity conditions. For the anisotropic solid material, the
thermal conductivity is 50 W/(m·K) in the longitudinal direction and 0.5 W/
(m·K) in the transverse direction. The system is designed in
stoichiometric operation, the exterior heat loss coefficient is 20 W/(m2·K), and
the flow velocity of the fluid is 0.3 m/s at the flow inlet; (B) Temperature profiles
on the exterior walls under different thermal conductivity conditions. For the
anisotropic solid material, the thermal conductivity is 50 W/(m·K) in the
longitudinal direction and 0.5 W/(m·K) in the transverse direction. The system
is designed in stoichiometric operation, the exterior heat loss coefficient is
20 W/(m2·K), and the flow velocity of the fluid is 0.3 m/s at the flow inlet.
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extend the flammability limits of the mixture, with an increase of
about 18% in the operating range defined by the equivalence ratio
of the mixture. Consequently, the cavity structure will lead to a
wider operating range in terms of the lean and rich flammability
limits, with improved flame stability.

The effect of equivalence ratio on the quenching distance of
the methane flame is investigated at normal ambient
temperature and pressure in order to offer the possibility of
inherently safe operation within the flammability limits of the
mixture. The results are presented in Figure 3C, in which the
quenching distance of the methane flame is plotted against the
equivalence ratio of the fuel to air. Since the quenching distance
of the methane flame depends on a number of factors, such as
gas composition, thermodynamic conditions, and channel wall
characteristics, it is determined experimentally as described in
the ASTM International standard test methods (ASTM
International, 2016; ASTM International, 2021). The
quenching distance is the minimum spacing distance that
permits sustained propagation of the methane flame at the
specified temperature and pressure conditions. The
quenching distance depends heavily on the equivalence ratio
of the fuel to air over the entire range of variation, as shown in
Figure 3C. Additionally, the quenching distance increases with
increasing deviation from stoichiometry. Below the quenching
distance, ignition of the mixture will not develop into a methane
flame. As the spacing distance increases beyond the quenching
distance, propagation of the methane flame is possible within
the flammability limits.

NUMERICAL MODEL

Description of the System
The system is modeled as two parallel plates and two cavities with
dimensions described in detail above. The spacing distance
between the two parallel plates is 3.0 mm, unless the context
dictates otherwise. To model the combustion reaction of the
mixture, the system is simplified as a two-dimensional problem
due to the high aspect ratio of the system. It is worth noting that
the aspect ratio is the ratio of the height to the width of the
channel, and the height is the spacing distance between the two
parallel plates. However, to improve the realism of the model and
to resolve the combustion problem with greater accuracy
(Maruta, 2011; Pashchenko, 2017), further study is needed to
perform computational fluid dynamics simulations in three
dimensions.

Mathematical Model
The model is implemented in FLUENT (ANSYS, 2018), available
from ANSYS Inc., Release 19.2, to obtain the steady-state solution
for the reacting flow problem. FLUENT permits modeling of

FIGURE 9 | (A) Contour plots of temperature in the system under
different exterior heat loss conditions. The exterior heat loss conditions are
specified with the exterior heat loss coefficient as follows: (a) 10 W/(m2·K), (b)
20 W/(m2·K), (c) 40 W/(m2·K), (d) 60 W/(m2·K), and (e) 80 W/(m2·K). The
system is designed in stoichiometric operation, the thermal conductivity is
1.4 W/(m·K) for the solid material, and the flow velocity of the fluid is 0.3 m/s at
the flow inlet; (B) Temperature profiles along the fluid centerline under different
exterior heat loss coefficient conditions. The system is designed in
stoichiometric operation, the thermal conductivity is 1.4 W/(m·K) for the solid
material, and the flow velocity of the fluid is 0.3 m/s at the flow inlet; (C)

(Continued )

FIGURE 9 | Temperature profiles on the exterior walls under different exterior
heat loss coefficient conditions. The system is designed in stoichiometric
operation, the thermal conductivity is 1.4 W/(m·K) for the solid material, and
the flow velocity of the fluid is 0.3 m/s at the flow inlet.
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reacting flow (Wang and Fan, 2021) and related transport
phenomena (Yang et al., 2019; Yilmaz, 2019) in the
combustion process, and various modes of heat transfer can
be modeled (Peng et al., 2019; Zhao and Fan, 2020). The
continuity equation is given by

z(ρux)
zx

+ z(ρuy)
zy

� 0, (1)

where ρ is the density, ux is the axial velocity, and uy is the
transverse velocity.

The axial and transverse momentum conservation equations
are given by
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wherein μ is the dynamic viscosity, and p is the pressure.
The energy conservation equation can be written as follows:
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wherein h is the enthalpy, w is the mass fraction, k is the
thermal conductivity, V is the diffusion velocity, T is the

absolute temperature, and K is the total number of chemical
species present in the system. Species k is denoted by the
subscript k, and the gas mixture is denoted by the
subscript g.

For the combustion reaction occurring in the bulk gas phase,
the species transport equation can be written as follows:

FIGURE 10 | Reaction rate profiles along the fluid centerline under
different exterior heat loss coefficient conditions. The system is designed in
stoichiometric operation, the thermal conductivity is 1.4 W/(m·K) for the solid
material, and the flow velocity of the fluid is 0.3 m/s at the flow inlet.

FIGURE 11 | (A) Contour plots of temperature in the system under
different flow velocity conditions. The flow velocity of the fluid is defined at the
flow inlet as follows: (a) 0.1 m/s, (b) 0.3 m/s, (c) 0.5 m/s, and (d) 0.7 m/s. The
system is designed in stoichiometric operation, the exterior heat loss
coefficient is 20 W/(m2·K), and the thermal conductivity is 1.4 W/(m·K) for the
solid material; (B)Contour plots of methane concentration in the system under
different flow velocity conditions. The flow velocity of the fluid is defined at the
flow inlet as follows: (a) 0.1 m/s, (b) 0.3 m/s, (c) 0.5 m/s, and (d) 0.7 m/s. The
system is designed in stoichiometric operation, the exterior heat loss
coefficient is 20 W/(m2·K), and the thermal conductivity is 1.4 W/(m·K) for the
solid material; (C) Temperature profiles along the fluid centerline under
different inlet flow velocity conditions. The system is designed in stoichiometric
operation, the exterior heat loss coefficient is 20 W/(m2·K), and the thermal
conductivity is 1.4 W/(m·K) for the solid material.
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in which _ω is the net rate of production, and W is the
molecular mass.

The diffusion velocity of gaseous species k arises because of
gradients of both temperature and concentration, which can be
computed as follows:

�Vk � −Dk∇(ln(wk
�WW−1

k )) + (DT
kWk(ρwk

�W)−1)∇(lnT), (6)
wherein �V is the diffusion velocity vector, D is molecular
diffusivity, DT is the thermal diffusivity, and �W is mean
molecular mass.

The pressure is represented by the kinetic theory of gases:

p � ρRT �W
−1
, (7)

where R is the ideal gas constant.
For heat conduction in the solid region, the energy

conservation equation is given by
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The solid material is denoted by the subscript s.
At the gas-solid phase boundaries, the energy conservation

equation is given by

ks,y(zT
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− kg(zT

zy
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ξ−
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wherein _q is the heat flux. The phase boundaries are denoted by
the subscript ξ, and Radiation is denoted by the subscript r.

The equation for exterior heat losses is given by

_q � ho(Tw − Te) + εFw−∞σ(T4
w − T4

e), (10)
in which ho is the exterior heat loss coefficient, ε is the emissivity
factor, F is the view factor, and σ is the Stefan-Boltzmann
constant. The walls are denoted by the subscript w, the
environment is denoted by the subscript e, and the
surroundings are denoted by the subscript ∞. In most cases,
the exterior heat loss coefficient is 20W/(m2·K), which is a typical
example of natural convection.

Numerical Methods
The combustion process is modeled with GRI-MECH 3.0 (Smith
et al., 2000), and the detailed mechanism is invariably stiff
(Westbrook et al., 2005). The typical meshes used in
computational fluid dynamics simulations are illustrated in

FIGURE 12 | (A) Methane conversion at the flow outlet as a function of
the flow velocity of the fluid at the flow inlet. The system is designed in
stoichiometric operation, the exterior heat loss coefficient is 20 W/(m2·K), and
the thermal conductivity is 1.4 W/(m·K) for the solid material; (B)
Reaction rate profiles along the fluid centerline under different inlet flow velocity
conditions. The system is designed in stoichiometric operation, the exterior
heat loss coefficient is 20 W/(m2·K), and the thermal conductivity is 1.4 W/
(m·K) for the solid material; (C) Reaction rate profiles as a function of the

(Continued )

FIGURE 12 | streamwise distance at different transverse distances. The flow
velocity of the fluid is 0.3 m/s at the flow inlet. The system is designed in
stoichiometric operation, the exterior heat loss coefficient is 20 W/(m2·K), and
the thermal conductivity is 1.4 W/(m·K) for the solid material.
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FIGURE 14 | (A) Contour plots of temperature in the system under different
channel height conditions. The channel height is specified as follows: (a) 3.0 mm, (b)
4.0 mm, and (c) 5.0 mm. The system is designed in stoichiometric operation, the
exterior heat loss coefficient is 20 W/(m2·K), the thermal conductivity is 1.4 W/
(m·K) for the solidmaterial, and the flow velocity of the fluid is 0.3 m/s at the flow inlet;
(B) Contour plots of methane concentration in the system under different channel
height conditions. The channel height is specified as follows: (a) 3.0 mm, (b) 4.0 mm,
and (c) 5.0 mm. The system is designed in stoichiometric operation, the exterior heat
loss coefficient is 20 W/(m2·K), the thermal conductivity is 1.4 W/(m·K) for the solid
material, and the flow velocity of the fluid is 0.3 m/s at the flow inlet.

FIGURE 13 | (A) Contour plots of temperature in the system under
different equivalence ratio conditions. The composition of themixture is specified
with the equivalence ratio as follows: (a) 0.4, (b) 0.6, (c) 0.8, (d) 1.0, and (e) 1.2.
The thermal conductivity is 1.4 W/(m·K) for the solid material, the exterior
heat loss coefficient is 20 W/(m2·K), and the flow velocity of the fluid is 0.3 m/s at
the flow inlet; (B) Temperature profiles along the fluid centerline under different
equivalence ratio conditions. The thermal conductivity is 1.4 W/(m·K) for the solid
material, the exterior heat loss coefficient is 20 W/(m2·K), and the flow velocity of
the fluid is 0.3 m/s at the flow inlet; (C) Temperature profiles on the exterior walls

(Continued )

FIGURE 13 | under different equivalence ratio conditions. The thermal
conductivity is 1.4 W/(m·K) for the solid material, the exterior heat loss coefficient
is 20 W/(m2·K), and the flow velocity of the fluid is 0.3 m/s at the flow inlet.
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Figure 4A for the system designed without cavities and for the
system designed with cavities. More nodes are accumulated around
the reaction regions and around the cavity structure. In total, the
typical mesh consists of 28,000 nodes for the system designed
without cavities and 32,000 nodes for the system designed with
cavities. A mesh independence test is performed to assure
independence of the solution to the combustion problem. The
stable temperature profiles along the fluid centerline of the system
designed with cavities are presented in Figure 4B for meshes with
different nodal densities. As the mesh density increases, there is a
convergence of the solution. Solutions obtained with a mesh
consisting of 32,000 nodes are reasonably accurate. Larger mesh
densities, up to 64,000 nodes, offer no obvious advantage. The
specific heat of the mixture is defined as a function of composition,
and the specific heat of each species is defined as a piecewise-
polynomial function of temperature. The solution to the problem is
deemed to have converged when the residual is less than 10−6 for
each of the conservation equations described above.

Validation of the Model
The temperature profiles along the fluid centerline under different
flow velocity conditions are presented in Figure 5. The temperature
profiles are determined from thermographic measurements using
infrared radiation and predicted by the model. The system is
designed in stoichiometric operation. The model is in reasonable
agreement with the experimental measurements.

NUMERICAL RESULTS AND DISCUSSION

Effect of Cavities
The contour plots of temperature in the system are presented in
Figure 6A in different geometrical configurations. Accordingly,
the temperature profiles along the fluid centerline and on the
exterior walls are presented in Figure 6B for the system designed
in different geometrical configurations, and the methane
concentration profiles along the fluid centerline are presented
in Figure 6C. The system is designed in stoichiometric operation.
The thermal conductivity of the solid material is 1.4 W/(m·K),
which is in consistence with that of the fused-quartz used in the
experiments.

There is a sharp rise in temperature caused by the combustion
process, which is significantly affected by the geometrical
configuration of the system. Specifically, the temperature in
the system designed with cavities is much higher than that in
the system designed without cavities, as illustrated in Figure 6A
and shown in Figure 6B. The cavities result in a sudden
expansion in the flow domain. This sudden expansion of cross
section could potentially promote ignition by the flame front
propagating through the cavities immediately to upstream of the
expansion. Additionally, the sudden expansion of cross section
may induce disturbances in the flow region (Pan et al., 2019;
Huang et al., 2020) and the cavitated surfaces provide an
increased total heat transfer surface area in the region,
thereby enhancing heat transfer between the fluid and the
solid material and subsequently to the upstream structure of
the system by heat conduction through the channel walls. As a

result of this combination, the predicted temperature in the
system designed with cavities becomes much higher than that
in the system designed without cavities. This sharp rise in
temperature can raise the flame front speed and therefore may
lower the extinction limit temperature and could improve the
stability of the flame.

The absence of cavities can lead to sub-optimum
combustion. This in turn can be related to, for example,
incomplete combustion resulting in poor efficiency, as
shown in Figure 6C. In contrast, the intensity and
efficiency of combustion are enhanced through the use of
the cavity structure for the system. More specifically, the
system designed with cavities has the advantage of
substantially complete conversion of methane at the flow
outlet, as shown in Figure 6C. The intense combustion
activity serves as a mechanism to facilitate the interaction
between the hot combustion products and the cold incoming
fuel and air mixture, thereby improving the stability of the
flame. The importance of enhancing this interaction has been
clearly demonstrated in the literature (Wan et al., 2015; Fan
et al., 2018). As a result, the cavities can be configured to
provide flame holding and initiate recirculation of the fuel and
air mixture in a downstream combustion region. This in turn
causes an increase in residence time for a portion of the fuel-air
mixture, thereby avoiding instability of the flame. The
combustion is stabilized because the free radicals and heat
produced by the reaction process are transported back
upstream in the recirculation region to mix with and
initiate combustion of the un-reacted fuel and air mixture.
Stable combustion is therefore heavily dependent on the
recirculation of the hot and chemically active combustion
products back upstream. When the velocity of the
recirculated combustion products is increased, the flux of
combustion products upstream increases and the
combustion process tends to become more stable over a
wider range of operating conditions. However, flame
holding may cause serious damage to the system, since the
increased temperature within the cavities would exceed the
design temperature of the wall material.

The use of cavities fundamentally changes the stability of the
flame, as discussed above. The efficiency and performance of this
system can be further improved, since the number and position of
the cavities can vary depending upon the specific application and
the fluid used. Additionally, the shape of the cavities can be adapted
to further improve the recirculation of the hot and chemically
active combustion products and the stability of the flame.
Consequently, further optimization steps are required to fully
exploit the benefits of the cavity structure while providing
efficient and stable combustion. In this manner, it is possible to
maintain the stability of the flame within the system at a higher
level than otherwise obtainable, and to obtain higher performance
in operation.

Effect of Wall Thermal Conductivity
The millimeter-scale system with a cavity structure is designed in
stoichiometric operation. In order for flame holding to occur,
methane and air must be premixed and provided a low velocity
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region to reside. Therefore, a low flow velocity profile is specified
at the flow inlet. The contour plots of temperature and
methane concentration in the system are presented in
Figures 7A,B, respectively, under different thermal
conductivity conditions. Accordingly, the temperature
profiles along the fluid centerline and on the exterior walls
are presented in Figures 8A,B, respectively, under different
thermal conductivity conditions.

The thermal conductivity of the solid material has little effect
on temperature of the fluid, as shown in Figures 7A, 8A. This in
turn can be related to small differences in methane concentration
and conversion, and efficient combustion occurs with the mixture
in all the cases, as shown in Figure 7B. In contrast, the thermal
conductivity of the solid material has a significant effect on the
temperature of the channel walls, as shown in Figures 7A, 8B.
The wall temperature profile depends heavily upon the thermal
conductivity of the solid material. The temperature gradient is
steep within the channel walls with a low thermal conductivity.
The temperature of the exterior walls typically increases with
increase in the thermal conductivity of the solid material, as
shown in Figure 8B. An important feature of the solid material is
that high enough operating temperatures are achievable in the
combustion process to permit effective use of the fuel, as shown in
Figure 7B. A portion of heat of reaction is transferred to the
upstream structure of the system by heat conduction through the
channel walls and by radiation through the bulk gas phase. This is
necessary for ignition and flame stability (Norton and Vlachos,
2003; Norton and Vlachos, 2004). The solid material is
advantageously thermally conductive to permit a high wall
temperature with more uniform distribution, as shown in
Figures 7A, 8B. Higher thermal conductivity levels would be
advantageous to the system. For the solid material with a very low
thermal conductivity, it is possible to achieve essentially adiabatic
combustion in the system. If the thermal conductivity is low
enough for the solid material, the maximum temperature might
even approach the theoretical adiabatic flame temperature under
the specified operation conditions.

The term anisotropy indicated in Figures 8A,B is used to
describe direction-dependent thermal conductivity of the solid
material, and assumes different thermal conductivities in
different directions. In this case, the solid material conducts
heat in a way that is, anisotropic. For example, the materials
used to transfer and reject heat from the heat source in electronics
are often anisotropic (Tian et al., 2013; Kang et al., 2018). When
the solid material has anisotropic thermal conductivity, heat
conduction is anisotropic within the channel walls, as
illustrated in Figure 7A. Despite the short length of the
channel, heat losses to the surroundings may be substantial,
but can be reduced by the anisotropic solid material. More
specifically, the anisotropic solid material inhibits transverse
but allows longitudinal heat conduction, as illustrated in
Figure 7A. The channel walls permit heat flux in the
longitudinal direction to preheat the fluid, yet does not permit
heat losses in the transverse direction to the surroundings, which
can be accomplished by using anisotropic composite materials
(Wan et al., 2017; Wang et al., 2019) or forming vacuum
chambers within the channel walls.

Effect of Heat Losses
In practical operation of the system, there may occur considerable
heat losses to the environment, resulting in damage to the stability
of the flame, and unsatisfactory operation (Fernandez-Pello,
2002; Wan and Fan, 2021). Heat losses from the channel walls
may be significant due to the high aspect ratio of the system
(Sakurai et al., 2009; Wang et al., 2020). Operation of the system
with a low heat loss coefficient is desirable in order to reliably
avoid excessive heat losses. To better understand the underlying
cause for the stability of the flame, the effect of heat losses on the
temperature in the system is evaluated. The contour plots of
temperature in the system are presented in Figure 9A under
different exterior heat loss conditions. Accordingly, the
temperature profiles along the fluid centerline and on the
exterior walls are presented in Figures 9B,C, respectively,
under different exterior heat loss conditions.

An increase of the exterior heat loss coefficient leads to a
decrease of the temperature in the system, as illustrated in
Figure 9A and shown in Figures 9B,C. As the exterior heat
loss coefficient increases, the exterior heat losses are enhanced
through the undesirable heat conducting paths. These heat losses
result in a drop in the temperature in the system. The change in
temperature becomes significant at high exterior heat loss
coefficients. The underlying cause is due to the high aspect
ratio of the system. When the exterior heat loss coefficient is
high, a considerable amount of heat supplied by combustion is
dissipated to the surroundings, which could eventually lead to
unsatisfactory operation or even failure. At sufficiently high heat-
loss conditions, the temperature of the flame becomes sufficiently
low that the rate of heat losses to the surroundings exceeds the
release rate of combustion heat and the flame can no longer
sustain itself within the system. This condition is referred to as the
extinction limit of the flame and provides a higher boundary for
the exterior heat loss coefficient. The critical exterior heat loss
coefficient at which the flame cannot propagate within the system
is dependent on several factors, such as the equivalence ratio of
the mixture, the thermal conductivity of the solid material, and
the flow velocity of the fluid. When a set of specified values are
assumed for these factors, the critical exterior heat loss coefficient
can be accurately determined. For example, the critical exterior
heat loss coefficient is 97W/(m2·K) for the system, when the
system is designed in stoichiometric operation, the thermal
conductivity is 1.4 W/(m·K) for the solid material, and the
flow velocity of the fluid is 0.3 m/s at the flow inlet. The
system usually operates dangerously near to the extinction
limit. However, the disadvantage associated with the
significant heat losses from the system can be fully avoided by
the use of a solid material that has anisotropic thermal
conductivity. For example, undesirable heat losses are
effectively reduced by reducing the transverse thermal
conductivity but increasing the longitudinal thermal
conductivity, as discussed above.

The reaction rate profiles along the fluid centerline are
presented in Figure 10 under different exterior heat loss
conditions. When the exterior heat loss coefficient is low, a
desirably high reaction rate level is maintained within the
system and the system is capable of dissipating only a small
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amount of heat. As the exterior heat loss coefficient increases, the
rate of the combustion reaction falls rapidly and the occurring
heat losses increase significantly. In the present study, the exterior
heat loss coefficient can be equal to or less than 80W/(m2·K)
without causing the combustion reaction to be quenched, which
is higher than that the critical exterior heat loss coefficient
determined for a similar system but without cavities (Norton
and Vlachos, 2003; Norton and Vlachos, 2004). This is because
the utilization of cavities can enhance heat and mass transfer
(Wan et al., 2015; Fan et al., 2018; Linhong Li et al., 2019; Zhang
et al., 2020a; Zhang et al., 2020b; Xu et al., 2021), thereby
providing substantially increased stability for the flame. The
system designed with cavities makes possible an operation
with very high heat losses, in comparison with that designed
without cavities. In the practical design, it is desired to maximize
the rate of the combustion reaction without quenching the
reaction (Westbrook et al., 1981; Bradley et al., 2020). As the
system approaches extinction, the maximum reaction rate
decreases, but the reaction region does not shift downstream
and is not widely expanded spatially, as shown in Figure 10.
Interestingly, the location of the flame also does not move
downstream with increasing the exterior heat loss coefficient,
as illustrated in Figure 9A. At a sufficiently high exterior heat loss
coefficient, the combustion reaction is quenched, but without
leaving the system. Unstable combustion conditions resulting
from serious heat losses can be substantially reduced or
eliminated by using a solid material that has anisotropic
thermal conductivity, as discussed above. This advantageously
facilitates the use of the solid material.

Effect of Flow Velocity
Operation conditions in the system are normally dictated by
power requirements, which are limited by inlet conditions, such
as the flow velocity of the fluid at the flow inlet. The effect of flow
velocity is evaluated while maintaining a constant equivalence
ratio of the mixture at the flow inlet. The contour plots of
temperature and methane concentration in the system are
presented in Figures 11A,B, respectively, under different inlet
flow velocity conditions. Accordingly, the temperature along the
fluid centerline is plotted in Figure 11C against the streamwise
distance at different inlet flow velocity conditions.

The flow velocity plays a significant role in determining the
location of the reaction region in the system. As the flow velocity
increases, the location of the flame moves downstream
significantly, as illustrated in Figures 11A,B and shown in
Figure 11C. The flame is preferentially located as close as
possible to the cavities, because vortex breakdown occurs just
downstream of the cavities (Krishna and Ravikrishna, 2015;
Aravind and Deepu, 2020), thereby enabling flame holding to
be achieved in the system. An important metric taken into
consideration within the system is the flame which remains
stable over a range of flow velocities. At high flow velocities,
the flame may blow out of the system, so that no flame exists. The
problem of blowout limits the allowable flow velocities in the
system. For the system, proper selection of the flow velocity shifts
the flame location away from blowout, thereby allowing
operation of the system at the desired stable region. The

system makes impossible an operation with very high flow
velocities, as it usually operates dangerously near to the
blowout limit of the flame. Additionally, the front of the flame
is widely expanded spatially, as illustrated in Figures 11A,B, and
the flame is therefore unstable. Consequently, a high flow velocity
is to be avoided in order to ensure a stable operation for the
system. Care has to be taken here that the flow velocity of the fluid
is not too high, so that the flame does not blow out of the system,
which is essential for the function of the system.

The conversion of methane at the flow outlet is plotted in
Figure 12A against the flow velocity of the fluid at the flow inlet.
High flow velocities can lead to sub-optimum combustion. This in
turn can be related to, for example, incomplete combustion resulting
in poor efficiency, as shown in Figure 12A. A flow velocity less than
0.5m/s at the flow inlet ensures good operation performance for the
system. Blowout is a particular concern when high flow rates are
attempted. The problem of flame blowout has become increasingly
severe over a variety of systems (Chang et al., 2020; Wan and Zhao,
2020d), since they are required to achieve better performance and
meet severe operability constraints. The reaction rate profiles along
the fluid centerline are presented in Figure 12B under different inlet
flow velocity conditions.When the flow velocity of the fluid is 0.7 m/s
at the flow inlet, the position of the maximum reaction rate
approaches closely to the flow outlet, and the flame may blow out
of the system. The blowout limit is of major importance in operating
the system. At flow velocities higher than 0.7m/s at the flow inlet,
stable combustion cannot be achieved in the system. It is therefore not
desirable to operate the system in this regime. The rate of the
combustion reaction is plotted in Figure 12C against the
streamwise distance at different transverse distances. The reaction
rate approaching to the interior walls is much higher than that in the
other regions, and the cavities have a positive effect on the rate of the
combustion reaction. Interestingly, the cavity structure results in
reaction rate fluctuations under the operation conditions. These
reaction rate fluctuations may create significant problems for the
operation of the system.

Effect of Equivalence Ratio
The system can be designed for equivalence ratios significantly
less or greater than unity. However, the operation of the system is
required within the normal limits of flame stability. Methane is
therefore present within the fuel-air mixture between the lean
flammability limit and the rich flammability limit, and the overall
combustion stoichiometry is varied accordingly. The contour
plots of temperature in the system are presented in
Figure 13A under different equivalence ratio conditions.
Accordingly, the temperature profiles along the fluid centerline
and on the exterior walls are presented in Figures 13B,C,
respectively, under different equivalence ratio conditions.

Combustion cannot occur or be sustained when the equivalence
ratio is 0.2, but the fuel is flammable in the system for equivalence
ratios greater than or equal to 0.4, as illustrated in Figure 13A.
However,methane can be admixedwith a larger amount of air so as to
maintain the desired flame temperature in the system, for example,
equivalence ratios less than or equal to 0.8. In this case, the flame
temperature is reduced, and in particular, thermal production of
nitrogen oxides is minimal (Miller and Bowman, 1989; Bowman,
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1992). At the lower flame temperatures, however, flame stability
becomes problematic, as the rate of reaction may be insufficient
to prevent localized or global extinction. To increase the
temperature, the combustion reaction of methane with air
can be enhanced by increasing fuel lean stoichiometry close
to the stoichiometric value. More specifically, the temperature
increases with increasing the equivalence ratio of the mixture
from 0.4 to unity, as shown in Figures 13B,C. A fuel-rich or sub-
stoichiometric mixture contains less air than the amount
theoretically required for complete combustion, and therefore
has an equivalence ratio of greater than unity. Lower
temperatures are obtained, when the mixture to be
combusted is sub-stoichiometric. However, a fuel-rich
mixture will make the use of the system absurd due to the
increased noxious emissions (Kennedy et al., 2000; Song et al.,
2003). Preferentially, the system is designed in stoichiometric
operation, because a significantly higher temperature can be
reached. Specifically, the maximum temperature occurs at near
stoichiometric conditions, as shown in Figures 13B,C. The
amount of air provided can consume all the fuel completely
at an equivalence ratio of unity. As the equivalence ratio of the
mixture becomes less than or exceeds unity, the maximum
temperature decreases. For example, the maximum
temperature is decreased by adding excess air. The maximum
temperature becomes sufficiently low under sufficiently fuel-
lean conditions, for example, at an equivalence ratio of 0.5. In
this case, the rate of heat losses to the surroundings exceeds the
release rate of combustion heat and the flame can no longer
sustain itself within the system. This condition is referred to as
the extinction limit of the flame.

Effect of Channel Height
The system is designed in stoichiometric operation, because an
equivalence ratio of unity is the most reactive mixture
composition. In order for flame holding to occur, a low flow
velocity profile is specified at the flow inlet. The effect of channel
dimensions is evaluated to ensure the stable operation of the
system and to determine the quenching distance. The contour
plots of temperature andmethane concentration in the system are
presented in Figures 14A,B, respectively, under different channel
height conditions. The channel height is the spacing distance
between the two parallel plates, which is the characteristic length
of the system. The channel height varies from 2.0 to 5.0 mm to
determine the quenching distance while maintaining a constant
thickness of the channel walls. Similarly, the flow rate varies
depending upon the channel height while maintaining a constant
flow velocity of the fluid at the flow inlet.

As the spacing distance increases, the location of the flame
moves towards the channel walls, as illustrated in Figures 14A,B.
This is because a portion of heat of reaction during the
combustion process is transferred to the upstream structure of
the system by heat conduction through the channel walls, as
discussed above. As the spacing distance increases, the maximum
temperature decreases, as illustrated in Figure 14A, and
incomplete combustion occurs within the system, as illustrated
in Figure 14B. The length scale of the system is small enough in
the transverse direction, when the spacing distance is small. As a

result, the heat transfer in the transverse direction greatly affects
the temperature profile along the fluid centerline. In this case, the
temperature of the fluid is higher than that when the spacing
distance is large, and combustion is nearly complete within the
system.

As the spacing distance is decreased to 2.7 mm, the flame is
very unstable. As the spacing distance is further decreased to
2.5 mm, the flame cannot be sustained and flame extinction
typically occurs. Therefore, the quenching distance takes 2.5mm
for the system, which is in consistence with that determined by the
experiments, as described above. To make the system operate
effectively, there is a need to restrict the channel dimensions above
the quenching distance. The flame cannot be sustained when the
system operates near the extinction limit. As the spacing distance
decreases below the quenching distance, flame propagation is
impossible within the millimeter-scale system due to thermal and
radical quenching (Jarosiński, 1983; Jarosinski, 1986). The high
surface to volume ratio of the system will serve to inherently
suppress or partially quench the flame (Popp et al., 1996; Bai
et al., 2013). In contrast, the two trapezoidal cavities might
mitigate influences of thermal and radical quenching. However,
the results presented above indicate that the cavity structure has
little effect on the quenching distance.

CONCLUSION

This study was focused mainly upon the essential combustion
characteristics of methane-air mixtures in millimeter-scale
systems with a cavity structure. Combustion characteristics
and system performance were investigated both
experimentally and numerically. Stable temperature profiles
were obtained from thermographic measurements. Detailed
kinetics were used for modeling the system in computational
fluid dynamics. Numerical simulations were performed to better
understand the stabilization mechanism of a flame within spaces
with extremely small dimensions. Of particular concern were
the essential factors for design considerations of the millimeter-
scale systems with improved flame stability and combustion
characteristics. The following major conclusions can be drawn
from this study.

• The quenching distance of the methane flame is 2.5 mm for
the systems with a cavity structure, which is slightly larger
than commonly believed. The cavity structure has little
effect on the quenching distance.

• However, the utilization of cavities can improve the
efficiency and performance of the systems considerably,
including flame stability and temperatures.

• The cavity structure will lead to awider operating range in terms
of the lean and rich flammability limits, with improved flame
stability.

• The length scale of the systems plays a vital role in stabilizing the
flame within spaces with extremely small dimensions.

• The thermal conductivity of the solid material has a
significant effect on the efficiency and performance of the
systems. The solid material is advantageously thermally
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conductive to permit a high wall temperature with more
uniform distribution. The solid material with anisotropic
thermal conductivity prevents transverse heat losses but
allows longitudinal heat conduction, thereby further
improving efficiency and performance for the systems.

• Unstable combustion conditions resulting from serious heat
losses can be substantially reduced or eliminated by using a
solid material that has anisotropic thermal conductivity.
This design has great advantages in improving the efficiency
and performance of the systems.

• The flow velocity of the fluid is an important factor affecting the
efficiency and performance of the systems. stable combustion is
restricted to a relatively narrow range of flow velocities.

• There is necessity of maintaining the fuel-to-air equivalence
ratio in the flammable range, and consequently loss of flame
stability due to variations in the fuel-to-air equivalence ratio
can cause serious problems. Preferentially, the systems are
designed in stoichiometric operation.
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