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• Three
propagation patterns depend on channel geometry and equivalence ratio.
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• Heat loss and ﬂame stretch causes ﬂame extinction in converging-diverging channels.
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Propagation and extinction behavior of a CH4/air premixed ﬂame passing through straight and convergingdiverging (C-D) microchannels (diameters ranging from 1 to 10 mm) were investigated both experimentally and
numerically. The dynamic behavior of ﬂame propagation inside the channels was experimentally studied by
using CH∗ chemiluminescence and direct imaging. Three patterns of ﬂame propagation were observed, i.e., the
ﬂame can survive, partially extinguish and then re-ignite downstream, or completely extinguish. Regime diagrams showing these diﬀerent patterns as functions of channel geometry and equivalence ratio were generated
for both the straight and C-D channels. Numerical simulations were carried out to explain the experimentally
observed ﬂame dynamics inside the channels using detailed CH4/air chemistry. In general, ﬂames were easier to
extinguish in C-D channels than in straight channels for a ﬁxed channel diameter and equivalence ratio.
Additionally, ﬂames were harder to survive in C-D channels with larger exit-to-throat area ratios. Both heat loss
and ﬂame stretch were key factors that can generally cause ﬂame extinction in narrow C-D channels. Heat loss
was found to be the primary reason for ﬂame extinction inside the microchannel in comparison with the stretch
eﬀect.

1. Introduction
Combustion at small scales (micro and mesoscales) is gaining increasing attention these days due to the wide spectrum of potential
applications in sensors, actuators, portable electronic devices, rovers,
robots, unmanned air vehicles, thrusters, industrial heating devices,
and furthermore, heat and mechanical backup power sources for airconditioning equipment in hybrid vehicles, direct ignition (DI) engines
as well [1–3]. Combustion of hydrocarbon fuels is more attractive to
manufacturers of miniature power devices because the energy density
of hydrocarbons is several times higher than modern batteries [4].
Microscale combustion physics is quite diﬀerent from those at larger
length scales. For example, ﬂame propagation through narrow channels
has unique characteristics, e.g., the increasing eﬀects of ﬂame–wall
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interaction and molecular diﬀusion [5–9]. In small-scale combustion
systems, the surface-to-volume (S/V) ratio is large, which leads to more
heat loss and thus causes ﬂame extinction more easily.
The present investigation of ﬂame propagation through microchannels was motivated by the previous work on ignition of ultra-lean
mixtures by using a turbulent hot jet [10–17]. Pre-chamber hot jet ignition has been used for heavy-duty natural gas engines, as well as in
pulse detonation engines, where a small-diameter oriﬁce (or nozzle) is
used to connect a pre-chamber with the main combustion chamber.
Depending on the characteristics of the hot jet issued from the prechamber, either a ﬂame jet (if the pre-chamber ﬂame survives heat loss
and high stretch when passing the oriﬁce) or a hot jet containing the
combustion products only (if the pre-chamber ﬂame extinguishes when
passing the oriﬁce) can ignite the main chamber [10–13]. The
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motivation of the current study was to explore the C-D nozzle behavior
to better understand the hot jet characteristics for turbulent jet ignition.
Our previous study [13] showed that for AR 4 and 9, the hot supersonic
jet was able to extend the lean ﬂammability limit of premixed hydrogen/air. Thus, to explore the eﬀect of ﬂame behavior in a C-D microchannel, we focus on these two AR values 4 and 9.
A better view of the combustion chamber and the microchannel are
shown in Fig. 1(b)–(d). The combustion chamber on the left-hand side
of Fig. 1(b), which mimics a pre-chamber in gas engines with a turbulent jet ignition system, was used to generate a stably propagating
laminar ﬂame entering the microchannel. The CH4/air mixture in the
combustion chamber was ignited by using an electric spark created by a
0–40 kV capacitor discharge ignition (CDI) system. The inlet of the
microchannels had a bell-shaped opening to accommodate smooth entrance of the ﬂame. The cubic-shaped chamber on the right-side was the
settling chamber, which was ﬁlled with inert gasses and served to release pressure after combustion. A ball valve located at the entrance of
the settling chamber was closed during the experiment. Thus, the
combustion chamber and the microchannel essentially formed a constant volume system.
High-speed CH* chemiluminescence, high-speed direct luminosity
imaging, and infrared imaging were used to visualize ﬂame propagation
in the combustion chamber and the microchannel. A high-speed camera
(Vision Research Phantom v7.1), along with video-scope gated image
intensiﬁer (VS4-1845HS) with 105 mm UV lens, were utilized to detect
CH* signals at a narrow band 431 ± 12 nm detection limit. The intensiﬁer was externally synced with the camera via a high-speed relay
and acquired images at the same frame rate (up to 16,000 fps) with the
Phantom camera. The pressure of the combustion chamber and the
pressure at the microchannel exit were recorded using high resolution
(∼10 kHz) Kulite (XTEL-190) pressure transducers combined with NI9237 signal conditioning and pressure acquisition module via the
LabVIEW software.

characteristics of the jet issuing from the pre-chamber depend on the
pre-chamber initial conditions and the nozzle geometry such as nozzle
length, diameter, and length to diameter (L/D) ratio. If the pre-chamber
ﬂame survives heat loss and high stretch rate inside the nozzle, a ﬂamejet comes out. Otherwise, the pre-chamber ﬂame extinguishes inside the
nozzle, and a hot jet containing only combustion products comes out to
ignite the main chamber mixture. These two fundamentally diﬀerent
ignition mechanisms motivated the authors to investigate how ﬂame
propagates through microchannels. The key question is – will the ﬂame
survive or extinguish while passing through a C-D nozzle? Thus,
studying the ﬂame dynamics through C-D microchannels is of great
importance for the understanding of mechanisms of turbulent hot jet
ignition by using C-D nozzles. The nozzles used in practical natural gas
engines have diameters ranging from 0.5 to 2 mm. Nevertheless, the
term “microscale combustion” is often used when the characteristic
length scale is on the same order as the “quenching distance” which is
typically a few millimeters [5,18]. Since most of the channel diameters
are within 1–4 mm in the present study, we have used the term “microchannel” throughout this paper.
Previous experimental, computational and theoretical work have
revealed the rich physics of micro and mesoscale ﬂame propagation.
Many interesting phenomena have been observed, such as ﬂame bifurcation, dynamic oscillating ﬂame, and spinning ﬂames [19–24].
Nevertheless, to the authors’ knowledge, near all previous studies on
ﬂame propagation in narrow channels were focused on straight channels or slightly curved channels [25–27]. Very few have examined
converging-diverging (C-D) channels [28]. In a recent study by Biswas
and Qiao [11,13], it was found that using supersonic hot jets generated
by using C-D nozzles can ignite leaner mixtures in the pre-chamber hot
jet ignition system, leading to ultra-low emissions and higher combustion eﬃciency. Thus, it is important to explore the ﬂame propagation
behavior through C-D channel. The main purpose of this paper was to
conduct this study of ﬂame dynamics through C-D microchannels.
Straight microchannels will also be used for comparative studies.
Furthermore, the knowledge obtained from in this study is not just
limited to turbulent jet ignition. C-D microchannel ﬂame propagation
has vast wide-spread potential in areas such as micro-air propulsion
systems, ﬂow actuators, portable electronic devices, rovers, robots,
unmanned air vehicles, thrusters, industrial heating devices. Thus, the
context and the ﬁndings of the present work carries key information.
An experiment was developed to study CH4/air premixed ﬂames
passing through straight and C-D microchannels. The primary goal was
to ﬁnd out whether the ﬂame can survive or extinguish while passing
through the channels. The inﬂuences of the equivalence ratio and
channel geometry were studied. Dynamic behavior of ﬂame propagation inside the channels was determined using direct imaging and highspeed CH* chemiluminescence, where ﬂame shape, propagation speed,
cyclic oscillatory motions, and local extinction behavior were observed.
Numerical simulations of the ﬂames passing through the microchannels
were also performed, and the results were used to explain the experimental observations and to help identify ﬂame extinction mechanisms.

2.2. Numerical models
To complement the experimental studies of the dynamics and extinction mechanisms of ﬂames passing through the microchannels, we
numerically simulated the transient combustion process inside the
combustion chamber and the microchannel. The computational domain
is shown in Fig. 2. A number of assumptions and simpliﬁcations were
introduced in the simulations for simplicity and for a reduced computational cost. Since the focus of the study was mainly on the ﬂame
dynamics inside the microchannels, the simulation in the combustion
chamber (as shown in Fig. 1) was simpliﬁed into a two-dimensional
axisymmetric simulation by transforming the cubic combustion
chamber into a cylinder with the same volume. This simpliﬁcation
signiﬁcantly reduced the computational cost while having a negligible
eﬀect on the ﬂame propagation along the centerline inside the combustion chamber. Such a negligible eﬀect was conﬁrmed by the accurate prediction of the ﬂame propagation along the centerline inside the
combustion chamber in comparison with the experimental data as will
be discussed in Figs. 3 and 4. Only laminar ﬂames were considered in
the simulations. The experiments did show a possible transition of a
laminar ﬂame to a turbulent ﬂame when a large channel diameter
d = 10 mm was used (see Section 3.2). Laminar-to-turbulence transition
was generally very challenging for the numerical modeling, and hence
we did not attempt its modeling. Instead, we focused only on the laminar cases in the simulations and relied solely on the experiment to
study the transitioning ﬂames. We have neglected the eﬀect of gravity
in the numerical simulation since from the experiments we observed
that there is little asymmetric behavior of the ﬂame front. With the
above simpliﬁcations and assumptions, the governing equations for the
ﬂame propagation in the 2D axisymmetric cylindrical coordinate are
listed in Table 2.
In the above equations, (x , r ) represent the axial and radial locations

2. Experimental methods and numerical models
2.1. Experimental methods
The schematic of the experimental setup is shown in Fig. 1(a) and
(b). Two identical cubic-shaped carbon steel chambers (3″×3″×3″) were
connected by a transparent cylindrical quartz micro-tube (type GE124,
86% UV transparent) of 10 cm length. The internal diameter, d of the
quartz tubes/channels was varied from 1 mm to 10 mm. A section view
of the C-D channel is shown in Fig. 1(c). The channel dimensions
(channel diameter, d , channel length, L , and throat diameter, dt for C-D
channels) are listed in Table 1. For each channel diameter, both a
straight channel and a C-D channel were tested. For the C-D channels,
two diﬀerent exit-to-throat area ratios (AR) of 4 and 9 were used. The
1396
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Fig. 1. (a) Schematic of the experimental setup for ﬂame propagation through the C-D microchannel, (b) the combustion chamber and the settling chamber, (c)
section view of the C-D channel, (d) image of the combustion chamber and microchannel assembly.

temperature, ϕj is the mass fraction of the jth species, and E is the total

Table 1
Dimensions of the microchannel.

energy. The total energy is deﬁned as E = h −

Channel #

d (mm)

L (cm)

dt (mm)

Area ratio (AR)

1
2
3
4
5
6

1
2
3
4
6
10

10
10
10
10
10
10

0.5
1
1.5
2
2
5

4,
4,
4,
4,
4,
4,

enthalpy is h = ∑j ϕj hj with hj =

9
9
9
9
9
9

T
Tref

∫

p
ρ

+

2
→
v
2

and sensible

cp, j dT and Tref = 298.15K . The

∂ϕj
∂ϕj
→
1 ∂
∂
term ∇ · − ∑j hj Jj = ∑j ⎡ ∂x hj ρΓj ∂x + r ∂r rhj ρΓj ∂r ⎤ in Eq. (5) is
⎦
⎣
→
the energy change due to species diﬀusion and the term ∇ ·(¯τ¯· v ) is the
energy dissipation term where τ̄¯ is the stress tensor. The transport
properties in the equations include the dynamic viscosity μ , molecular
diﬀusivity Γj , and thermal conductivity k . The Eqs. (1)–(6) are solved
using the ANSYS Fluent 17.1 with the pressure-based solver. For more
details about the numerical methods, the readers are referred to the

(

in the 2D cylindrical coordinate, vx and vr are the axial and radial velocity components, respectively, ρ is density, P is pressure, T is
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Combustion Chamber
Channel Wall

Fig. 2. The computational domain and the mesh for the microchannel ﬂames with conjugate heat transfer.

described by GRI-Mech 1.2 [30,31] which had 32 species and 175 reactions. In situ adaptive tabulation (ISAT) [32] was used to accelerate
the numerical integration of chemical reactions with an error tolerance
10−4 . Second order accurate numerical schemes were chosen for the
temporal and spatial discretization in the numerical simulations.
To conﬁrm the adequacy of the used grid resolution, a grid convergence test is done for the case with a straight microchannel with the
diameter d = 4mm and the equivalence ratio ϕ = 0.9. The convergence
results are reported in Fig. 3. Five diﬀerent grids were used with
ncell = 31, 175, 71,224, 128,179 (current), 200,234, and 291,023. In the
left subplot of Fig. 3, the proﬁles of the ﬂame tip displacement speed
against the centerline ﬂame displacement are shown. The displacement
speed is nearly constant around 1.9 m/s at the initial stage, decreases
when the ﬂame is getting closer to the channel entrance, and has a
sudden increase after the ﬂame enters the channel. The result with the
current grid (ncell = 128, 179 ) shown by the blue dash-dot line with
diamonds shows reasonable grid independence with the maximum
error of about 10% relative to the ﬁnest grid result with ncell = 291, 023.
The second-order grid convergence is conﬁrmed in the right subplot of
Fig. 3 where the ﬂame tip displacement speeds at selected ﬂame tip
displacement locations (30 mm, 50 mm, 60 mm and 70 mm) are shown
against 1/ ncell . The linear convergence behavior of the simulation results
against 1/ ncell (excluding the coarsest grid results) indicates the secondorder grid convergence since the grid size is proportional to 1/ ncell .
The observed second-order convergence is consistent with the order of
accuracy of the employed numerical methods and hence veriﬁes the
current numerical simulations. The speciﬁed grid with ncell = 128, 179
for all the following numerical studies is found to be able to yield a
reasonably accurate ﬂame tip displacement speed with a feasible
computational cost.

Fluent User’s Guide.
The employed computational domain and mesh are shown in Fig. 2.
A non-uniform mesh was used which had a high grid resolution
(Δx = 0.072~0.2 mm) around the C-D nozzle and was stretched to the
combustion chamber (Δx = 0.24 mm) and to the end of the microchannel (Δx = 0.63 mm). In total, the computational mesh consisted of
ncell = 128, 179 grid cells for the simulation results presented in the
paper. The grid convergence is examined later in Fig. 3. In the area of
main interest near the C-D nozzles, there were about 10 grid cells inside
the ﬂame to resolve the ﬂame front. The time step size used in the
simulations was Δt = 10−5 s which was chosen to balance the computational cost and the accuracy to capture the premixed ﬂame propagation.
The heat loss from the microchannels was generally expected to
have a signiﬁcant eﬀect on the microchannel ﬂame propagation and
extinction because of the relatively large surface-area/volume ratio in
small scale. Such an eﬀect was diﬃcult to examine by using the current
experiments. Thus we relied on the simulations to help examine the
eﬀect of heat loss on the ﬂame propagation. To do so, we used in the
simulations two diﬀerent thermal boundary conditions to the walls of
the microchannels, an adiabatic condition or a conjugate heat transfer.
In the conjugate heat transfer simulations, the following physical
properties for the microchannel wall (fused quartz) were used: density
2200 kg/m3, thermal conductivity 1.38 W/m·K, and speciﬁc heat 740 J/
kg·K). The wall thickness is speciﬁed according to the experiment to be
δ = 1.5 mm for the microchannels of diameters d = 1 mm and d = 3 mm
and δ = 2 mm for the other microchannels. The convection heat
transfer coeﬃcient on the outer surface of the channel wall was estimated to be 10 W/m2-K based on a natural convection heat transfer
surrounding a cylinder [29], for imposing the thermal boundary condition for the conjugate heat transfer analysis.
To ignite the ﬂame in the simulations, we placed an initial hot spot
of 3 mm in diameter at the location (x , r ) = (3 mm, 0 mm) to mimic a
spark ﬂame ignition. The chemical mechanism for CH4 oxidation was

Fig. 3. Grid convergence study of the predicted ﬂame displacement speeds with diﬀerent grid resolutions ncell in a straight microchannel with d = 4mm and ϕ = 0.9.
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0 ms

2.8 ms

5.6 ms

8.4 ms

11.2 ms 14.0 ms 16.8 ms 19.6 ms 22.4 ms 25.2 ms

Fig. 4. High-speed CH chemiluminescence images of ﬂame propagation (top) and numerically simulated temperature contour (bottom) in the combustion chamber.
*

3. Results and discussion
3.1. Flame propagation in the combustion chamber
We ﬁrst examined the ﬂame behavior in the combustion chamber
before it entered the microchannel. The CH* chemiluminescence images
of ﬂame propagation in the combustion chamber are shown in Fig. 4
(top), and the simulated ﬂame temperature contours are shown on the
bottom of Fig. 4. As the spark, which was located on the center-left side
of the chamber, ignited the premixed CH4/air, a hemispherical shaped
laminar ﬂame was observed to propagate outwardly. Since CH* is
generated on the ﬂame front where heat release is maximum, the
strongest signals indicate the location of the ﬂame front. As the ﬂame
approached near the entrance of the microchannel, the ﬂame tip converted into an elongated-shaped ﬂame front. The simulation captured
the ﬂame front indicated by the temperature contour reasonably well.
Slight diﬀerence in the predicted ﬂame front curvature from the measurement is expected to be caused by the simpliﬁed 2D simulations
discussed in Section 2.2.
Fig. 5 compares the time history of the measured and simulated
ﬂame tip displacement for three equivalence ratios. After the initial
transient of spark ignition, the ﬂame propagated nearly at a constant
speed (laminar ﬂame speed) inside the chamber, as indicated by the
straight lines in the displacement-versus-time diagram for a time less
than 30 ms. The slope of the displacement-versus-time diagram is
higher for ϕ = 1.0 than ϕ = 0.9 and 0.8. This is expected since the laminar ﬂame speed is maximum near stoichiometric condition. As the
ﬂame entered the microchannel, however, the ﬂame tip velocity increased rapidly indicated by the curves above the “channel entrance”
line. This acceleration was caused by high-pressure combustion products pushing the unburned fuel/air mixture through the smaller diameter channel. The simulations accurately reproduced the measurements of the ﬂame tip displacement inside the combustion chamber,
which conﬁrms the minor eﬀect of using simpliﬁed 2D simulations for
the combustion chamber.

Fig. 5. Measured and simulated time history of ﬂame tip displacement through
d = 10mm for ϕ = 0.8, 0.9, and 1.0 .

geometry and the equivalence ratio, the ﬂame dynamics vary.
Fig. 6(a)–(f) compares the time sequence of CH* chemiluminescence
images of ﬂame propagation process through straight and C-D channels
with internal diameter, d = 10 mm, 2 mm, and 1 mm, respectively.
Fig. 6(a) shows ﬂame propagation through a 10 mm straight
channel. The ﬁnger-shaped ﬂame front steadily passed through the
channel. However, in the C-D channel of the same inlet diameter and
with AR = 4, as seen in Fig. 6(b), the ﬂame became unstable after
passing through the throat. The hemispherical shape of the ﬂame front
vanished, and the ﬂame became turbulent as evident from the CH*
emission. As a result of turbulent ﬂame propagation, the time to travel
through the entire channel length was shorter for the C-D channel
(2.3 ms) compared to the straight channel (4.2 ms).
Flame behavior changed with a decrease in channel diameter.
Fig. 6(c) and (d) presents ﬂame propagation under the stoichiometric
condition (ϕ = 1) through a 2 mm microchannel – both straight and CD. The ﬂames became weaker, as evident from the weaker CH* signals

3.2. Flame dynamics in microchannels
Once the ﬂame enters the microchannel, depending on the channel
Table 2
Governing equations used in the numerical simulation.
Continuity

∂ρ
∂t

x-momentum

∂
(ρvx )
∂t

+

∂
(ρvx vx )
∂x

+

1 ∂
(rρvr vx )
r ∂r

=−

r-momentum

∂
(ρvr )
∂t

+

∂
(ρvx vr )
∂x

+

1 ∂
(rρvr vr )
r ∂r

=−

∂
(ρϕj )
∂t

+

∂
(ρvx ϕj )
∂x

+

1 ∂
(rρvr ϕj )
r ∂r

=

∂
(ρE )
∂t

+

∂
(v (ρE
∂x x

Mass fraction of species
Energy
Equation of state

+

∂
(ρvx )
∂x

P = ρRT =

+

1 ∂
(rρvr )
r ∂r

(1)

=0

+ P )) +

(2

∂P
∂x

+

∂
⎡μ
∂x ⎣

∂P
∂r

+

∂
∂v
⎡μ x
∂x ⎣
∂r

(

∂ϕj
∂ ⎛
ρΓj ⎞
∂x
∂x

1 ∂
(rvr (ρE
r ∂r

⎝

⎠

+ P )) =

∂v x
∂x

+

−

2
3

∂vr
∂x

( +
) ⎤⎦ +
∂v x
∂x

1 ∂rvr
r ∂r

) ) ⎤⎦ +

1 ∂
⎡rμ
r ∂r ⎣

(2

∂vr
∂r

(

1 ∂
∂v
⎡rμ x
r ∂r ⎣
∂r

2
3

−

(

∂v x
∂x

+

+

∂vr
∂x

1 ∂rvr
r ∂r

) ) ⎤⎦ − 2μ

∂ϕj
1 ∂ ⎛
rρΓj ⎞
r ∂r
∂r

∂
∂x

(k ) + (rk ) + ∇·(− ∑ h →J + (¯τ¯·→v ) ) + S
∂T
∂x

⎠

1 ∂
r ∂r

+ Sj , j = 1, 2, ⋯, Ns
∂T
∂r

j

vr
r2

+

(

2 μ ∂v x
3 r ∂x

+

1 ∂rvr
r ∂r

)

(3)
(4)

+

⎝

(2)

) ⎤⎦

j j

h

(5)
(6)

ϕj
ρRu T ∑j
MWj
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Straight

C-D

(a)

(b)

(c)

(d)

ID = 10 mm

ID = 2 mm

ID = 1 mm

(e)
(f)
Fig. 6. The time sequence of CH* chemiluminescence images showing ﬂame propagation process through diﬀerent diameters of straight and C-D channels with
AR = 4, ϕ = 1.

ﬂame barely passed and extinguished in most cases inside the 1 mm
microchannel. The ﬂame could not pass when ϕ < 0.9 or ϕ > 1.2 .
Unlike the 10 mm channel, for the 2 mm (as well as the 1 mm
channel), the time taken for the ﬂame to travel through the channel
length increased signiﬁcantly for the C-D channel (8.2 ms) compared to
the straight channel (1.3 ms). Due to the presence of the C-D section, it
was expected for the ﬂame to pass through the channel faster. This
holds true for higher channel diameter (10 mm). Passing through the CD section of the 10 mm channel, the ﬂame became turbulent and propagated faster. For 2 mm or 1 mm channel diameter, the ﬂame front
was stretched after passing through the throat. Higher stretch slowed
down the ﬂame after it passed the throat for the 1 mm and 2 mm C-D
microchannels.

and the shorter length of the reacted (burned) zone, likely due to both
increased heat loss to the channel walls and increased ﬂame stretch.
The ﬂame remained the ﬁnger-liked shape while passing through the
straight channel. After passing through the C-D section, however, the
ﬂame width shrunk, and it could not occupy the entire channel width.
This could be attributed to increasing stretch due to higher velocity at
the throat. Unlike the 10 mm case, the ﬂame remained laminar after
passing the throat. For straight channels, the propagation speed (location of ﬂame front as a function of time) was nearly constant. Nevertheless, for C-D channels, the ﬂame front location was not linear with
time, especially after passing through the throat the ﬂame slowed
down.
The time sequence of ﬂame propagation through a 1 mm microchannel is shown in Fig. 6(e) and (f). A thin, sharp-tip ﬂame passed
through the straight channel. Depending on the equivalence ratio, the
1400
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Extinction

C-D channel, AR = 4, ID = 3 mm,

Reignition

C-D channel, AR = 4, ID = 4 mm,

(a)

(b)

Fig. 7. The time sequence of CH* chemiluminescence images showing ﬂame extinction and reignition processes.

ﬂame behavior in the microchannel can be divided into three categories:
Passing: When a ﬂame runs through the entire channel stably
without any oscillations or retardation inside the channel.
Partially Passing: When a ﬂame passes the channel after retardation or oscillations. The ﬂame seems to stand still, oscillate or extinguish momentarily inside the channel and then reignites and passes
through the channel eventually. Oscillation in the ﬂame tip is evident
from Fig. 8.
Not Passing: When the ﬂame extinguishes in the channel and is
unable to pass the entire length.
Fig. 9 summarizes the three ﬂame passing behaviors as functions of
channel diameter and equivalence ratio for straight and C-D channels
with AR = 4 and 9, respectively. Overall, for both straight and C-D
channels, when the equivalence ratio and channel diameter decrease,
the ﬂame pattern shifted from passing to not-passing. Additionally, a
ﬂame could pass through a straight channel more easily than a C-D
channel for a given diameter and equivalence ratio. Moreover, as AR
was increased from 4 to 9, the region for passing became even narrower, indicating the ﬂame was more likely to extinguish at higher
values of AR. This was because as the throat diameter decreased, the
ﬂame was exposed to higher stretch, leading to extinction more easily.
The simulations with conjugate heat transfer conﬁrmed the identiﬁcation of the diﬀerent passing behaviors, and this will be discussed in
following sections.

3.3. Extinction and reignition phenomena
Flame dynamics becomes interesting as we move away from the
stoichiometric condition for smaller channels. Fig. 7 compares the
ﬂame propagation pattern through two C-D channels with the same
aspect ratio but diﬀerent diameters. The equivalence ratio for the two
cases was the same. For the 3 mm C-D channel (a), the ﬂame was extinguished after passing through the throat, likely due to heat losses and
high stretch. However, for the 4 mm C-D channel (b), the ﬂame extinguished partially just at the downstream of the throat. It was reignited again once it arrived at the straight section in the channel.
3.4. Three patterns: passing, partially passing and not passing
The ﬂame passing behavior in the microchannels depends on the
channel geometry and the equivalence ratio of CH4/air mixtures. Fig. 8
illustrates the time history of ﬂame tip displacement for three diﬀerent
geometric and mixture conditions. Numerical simulations closely match
with experimental results. Based on the distinct observations whether
the ﬂame will pass, pass after retardation/oscillations (partially passing) or extinguish inside the microchannel as seen from Fig. 8, the

3.5. Eﬀect of heat loss
As discussed earlier, heat loss and high stretch are the two mechanisms likely responsible for ﬂame extinction in the straight and C-D
microchannels. Fundamentally, when microchannel diameter decreased, both the eﬀects of stretch and heat loss increased to lead to
potential ﬂame extinction. In this section, we numerically examined the
eﬀect of heat loss on the ﬂame propagation process to isolate its eﬀect
from the stretch eﬀect during extinction. The test conditions marked by
a grey-shaded box in Fig. 9(b) were selected for simulations corresponding to a C-D channel with AR = 4. Two sets of simulations were
conducted, one with an adiabatic wall boundary condition and the
other considering heat loss through the channel wall using conjugate
heat transfer as discussed in Section 3. Fig. 10 compares the ﬂame
pattern diagram obtained from the simulations with and without heat

Fig. 8. Three diﬀerent ﬂame passing patterns in the C-D microchannel.
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Fig. 9. Diagram of three diﬀerent ﬂame behaviors as functions of channel diameter and equivalence ratio for (a) straight channels, (b) C-D channels with AR = 4, (c)
C-D channels with AR = 9, based on the experimental observations.

the adiabatic case, the ﬂame passed through the channel smoothly and
the mass fraction of OH was high behind the ﬂame front. For the
conjugate heat transfer case, the ﬂame entering the channel seemed to
be separated from the combustion chamber combustion products as
seen from the OH contours. The annihilated OH behind the ﬂame front
in the conjugate heat transfer case was probably caused by the signiﬁcant heat loss to the wall. After the throat, the ﬂame front ﬂuctuated
for some time and eventually extinguished downstream for the conjugate heat transfer case, due to lack of weakened thermal support
behind the ﬂame front.

Fig. 10. Predicted ﬂame behavior with and without heat loss.

loss. From the experimental Fig. 9(b), it was observed that the critical
equivalence ratio moved toward ϕ = 1.0 when the channel diameter
decreased from 6 mm to 2 mm. Numerical modeling with conjugate
heat transfer was able to predict this similar trend while the adiabatic
case predicted passing for all conditions. In other words, pure stretch
eﬀect (without heat loss eﬀect) hardly aﬀects the ﬂame passing behaviors in Fig. 10. This implies that heat loss was a dominant factor to
cause the ﬂame to either partially pass or not pass through the C-D
microchannels.
To further illustrate the signiﬁcance of heat loss, Fig. 11 shows the
time sequence of predicted OH contours in the microchannel from two
simulations for a C-D channel with d = 3 mm, AR = 4 and ϕ = 0.8, with
adiabatic boundary condition and with the conjugate heat transfer. For

3.6. Eﬀect of stretch
From Section 3.5, we were able to identify the signiﬁcant eﬀect of
heat loss on ﬂame extinction when the channel diameter was reduced.
The eﬀect of ﬂame stretch seemed to be the secondary eﬀect on ﬂame
extinction for study cases. In this section, we isolated the eﬀect of
stretch on the ﬂame propagation pattern from the eﬀect of heat loss. We
compared three cases, of C-D microchannels of two diﬀerent area ratios,
and the other one was a straight microchannel. All the conditions such
as channel diameter and ϕ were kept identical, so that the heat loss
eﬀect can be approximately ﬁxed to isolate the eﬀect of stretch. We
expected the major diﬀerence between the two cases was the stretch
rate which was higher in the C-D channel than in the straight channel.
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Adiabatic case

Conjugate heat transfer case

OH mass fraction

Fig. 11. The time sequence of the computed OH contours showing the eﬀect of heat loss (C-D, ID = 3 mm, AR = 4, and ϕ = 0.8).

ﬂame shrunk the eﬀect of heat loss diminished and the ﬂame could be
stabilized by enhanced burning rate. This periodic behavior continued
until the ﬂame could not withstand the stretch or if it experienced excessive heat loss.
The experimental observations motivated the authors to construct a
stable ﬂame passing criteria using the ﬂame tip velocity near C-D
channel information presented in Section 3.4. Fig. 13 plots the outcomes of the ﬂames on the ﬂame tip velocity vs. equivalence ratio
diagram. As evident from Fig. 13(a), stable ﬂame propagation limit is a
strong function of the equivalence ratio. A stoichiometric ﬂame with a
ﬂame tip velocity of 35 m/s can stably pass through the channel. As the
equivalence ratio goes down, the critical ﬂame tip velocity to sustain a
stable ﬂame goes down as well. There exists a triangular region on this
velocity versus equivalence ratio diagram, within which stable ﬂame
propagation is possible. Fig. 13(b) presents the stable ﬂame propagation criteria for the C-D channel. At ﬁrst glance, it might seem that the
size of the stable ﬂame propagation zone decreases for C-D channels.
However, the ﬂame can withstand a greater velocity in the C-D channel.
As an example, when the stable passing limit in a straight channel is
35 m/s for ϕ = 1, it is 46 m/s for a C-D channel.

From the experimental results shown in Fig. 9, it was observed that for
the same channel diameter the critical equivalence ratio in the C-D
microchannel was closer to the stoichiometric condition compared to
the straight channel. This observation demonstrated the eﬀect of stretch
on ﬂame propagation behaviors. Flames subjected to a higher stretch
rate were more vulnerable to extinction. Similar eﬀect of stretch was
observed from the numerical simulations (results not shown). Fig. 12
compares experimentally measured ﬂame tip velocity magnitude for
two C-D channels with area ratio 4 and 9 and a straight channel with
the same internal diameter, d = 3 mm and equivalence ratio, ϕ = 0.8.
Since the stretch rate is proportional to the velocity gradient, the ﬂame
tip velocity provided a qualitative measure of the eﬀect of stretch. The
ﬂame tip velocity oscillations in the C-D channels were much higher
compared to the straight channel. Among two diﬀerent area ratios,
AR = 9 had higher velocity oscillations. Hence, the ﬂame in C-D
channel of AR = 9 was more susceptible to higher stretch rate. Oscillating ﬂame in microchannel had been observed by several researchers
[33,34]. Flame oscillation behavior in microchannel could be attributed
to the competition between wall heat loss and heat gain from upstream
combustion. Flame shrunk after losing heat through the wall. As the
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withstand slightly more strain near the stoichiometric condition. In oﬀstoichiometric condition, both straight and C-D channel ﬂames undergo
similar strain rates. However, for lower equivalence ratio, in C-D
channel even at a lower strain rate, ﬂame could not pass through the
channel. Fig. 14(c) shows the strain rate as a function of equivalence
ratio for AR = 9. The maximum strain rate at the stoichiometric condition for a higher area ratio, AR = 9, C-D channel is nearly same with
AR = 4. But the key observation is the shrinkage of the ﬂame passing
zone. At lower equivalence ratio, the ﬂame becomes extremely susceptible to any strain rate imposed on it. Thus, at lower equivalence
ratio even for a much lower strain rate than maximum strain imposed
on ϕ = 1, the ﬂame was unable to pass through the C-D channel.
From Sections 3.5 and 3.6, we were able to isolate the eﬀect of
stretch from heat losses to characterize ﬂame extinction behavior inside
the microchannels. Comparing the eﬀects of heat loss and stretch in the
microchannel ﬂames, heat loss had a more noteworthy inﬂuence on
ﬂame extinction, as discussed in Section 3.5.
4. Conclusions
Fig. 12. Flame tip velocity in C-D channels and straight channel for ID = 2 mm,
ϕ = 0.8.

This paper describes the dynamics of premixed CH4/air ﬂame propagation through straight and C-D microchannels. The key ﬁndings are
summarized below.

However, Fig. 13 has an inherent drawback. It is dependent upon
channel diameter. To remove this dependency on channel diameter, we
plotted the strain rate in Fig. 14. The strain rate tensor for a ﬂuid with
velocity u can be expressed as,

∊ij =

∂uj ⎞
1 ⎛ ∂ui
1 ⎛ ∂u
∂u ⎞
+
+
⎜
⎟ =
∂ui ⎠
2 ⎝ ∂x j
2 ⎝ ∂y
∂x ⎠
⎜

1. While a ﬁnger-shaped ﬂame passed through the straight channel,
the shape of the ﬂame passing through the C-D channels changed
with the diameter. For a higher channel diameter, the ﬂame became
turbulent passing through the divergent section. For a smaller diameter channel, the ﬂame remained laminar and was likely to extinguish near the throat and was reignited at the downstream.
2. Three ﬂame behaviors were observed – passing, partially passing,
and extinguish, depending on the channel geometry and equivalence ratio. In general, ﬂames were easier to extinguish in C-D
channels than in straight channels for a ﬁxed channel diameter and
equivalence ratio. Additionally, ﬂames were harder to survive in CD channels with larger exit-to-throat area ratio (higher contraction).
3. Both heat loss and ﬂame stretch were factors that could cause ﬂame
extinction in small C-D channels. Simulations with and without heat

⎟

(7)

We can safely assume there is no velocity gradient in the x-direction.
Thus, ∂u/ ∂x = 0 . Thus, strain rate can be expressed as,

∊=

1 ∂u
U
= C
2 ∂y
d

(8)

where Uc is centerline velocity of microchannel and d is channel
diameter.
Fig. 14(a) and (b) shows that ﬂame in the C-D channel can

Fig. 13. Stable ﬂame propagation limit (marked by colored zone) through (a) straight channels and (b) C-D channels on a ﬂame tip velocity (near C-D throat
entrance) versus equivalence ratio plot.
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Fig. 14. Strain rate as a function of equivalence ratio for (a) straight channels and (b) C-D channels with AR = 4, (c) C-D channels with AR = 9.
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