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mixed methane/air mixtures in
a heated microchannel with different wall
temperature gradients

V. Ratna Kishore,a S. Minaev,b M. Akramc and Sudarshan Kumar*d

The observation of various flame propagation modes for externally heated tubes has led to many

fundamental studies aimed at understanding flame propagation in microtubes. During these studies, it

has been observed that for moderately low flow velocities, flames with repetitive extinction and ignition

(FREI) have been observed to exist in various experimental, theoretical and numerical studies. The

formation of these FREI flame modes depends on various parameters such as channel dimensions, wall

temperature gradient, flow rates and mixture type. In the present work, an effort has been made to

understand the effect of the wall temperature gradient on the FREI phenomenon through a 1 mm

diameter circular tube using 2D numerical studies with detailed GRI Mech3.0 for premixed methane/air

mixtures. The different wall temperature gradients analyzed are varied from 33.3–1 K mm�1, with an

upper range corresponding to experimental conditions. Five different phases of flame propagation have

been observed during the FREI flame propagation mode. The entire fuel gets consumed during the cycle

and a significant amount of unburned CO remains during the weak reaction phase, towards the

extinction of FREI mode. The effect of the wall temperature gradient on the FREI ignition phenomenon

has been investigated to understand the development of ignition kernels. It is observed that the ignition

happens at the axis and not at the wall of the channel. This happens due to a boundary-layer

phenomenon discouraging ignition at the wall. It has been observed that a decrease in the temperature

gradient results in movement of the ignition point towards the low-temperature region. The peak CO

value increases with a decrease in the wall temperature gradient.
1. Introduction

There is a recent trend in the development and miniaturization
of various mechanical and electromechanical systems. The
miniaturization of these devices, such as micro-robots, micro-
airplanes, and micro-pumps, is limited due to the higher
weight of electrochemical batteries.1 The development of
microcombustors is being pursued to address the needs of high
energy density power sources for miniature devices like micro
chemical reactors, micro-thrusters, micro-robots, and micro-
pumps. Despite various advantages associated with combus-
tion based micro power generators, the ame propagation and
its dynamics for various premixed fuel–air mixtures in meso/
microscale channels and ducts are not fully understood. Due
to an increased surface area-to-volume ratio, the ame-wall
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coupling increases, which leads to the phenomena of wave
propagation, pattern formation, and ame front instabilities in
such micro combustion devices.1 A ame stabilized in a narrow
channel experiences heat transfer to and from walls, boundary
layer development, thermal-diffusive instabilities, radical
quenching, and hydrodynamic ame wall interaction due to
wall friction.1 The understanding of certain critical phenomena
like ame front instability, wave propagation, and pattern
formation are complex processes and they are governed by uid
dynamics, chemical reaction, heat and mass transfer properties
of fuel and oxidizer.1,2

Several experimental and numerical studies on premixed
microscale combustors have been reported in the literature with
an aim to understand ame dynamics in such small combus-
tion systems.2–13 Maruta et al.4–7 have examined the fundamen-
tals of micro combustion with heat recirculation by employing
a heated microchannel. The channel is externally heated to
create a positive temperature gradient along the direction of
uid ow for straight tubes to simulate heat recirculation
through solid walls. Similar studies have been widely reported
by various researchers to achieve a stable ame in such
microchannels. Large surface area-to-volume ratio signicantly
affects the ame stability in such channels. Various ame
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Computational domain and grid details (b) wall temperature
profiles for each temperature gradient case.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 5
/5

/2
02

6 
2:

04
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
propagation modes such as FREI instability,8 spiral ames9–13

and spinning instability14 have been observed in such micro-
channels with premixed fuel–air mixtures. Theoretical investi-
gations of various researchers15–18 showed the existence of
a bifurcation and splitting phenomena for these propagating
ames in microtubes with a wall temperature gradient.

Nakamura et al.19 have discussed the dynamics and ame
response for methane/air mixtures with a simple 1D case. The
study showed the existence of a steady premixed ame at high
and very low mixture velocities and unstable ame propagation
modes at moderately low velocities. Similar ame propagation
modes were reported for dimethyl ether (DME),20 n-heptane21

and hydrogen–air mixtures.22 For varying inlet mixture velocities
and channel heights, 3D computations of Pizza et al.22 with
detailed chemistry for H2–air mixtures have shown the existence
of various unsteady ame structures such as periodic extinction
and ignition, symmetric V-shaped ame, asymmetric ame,
oscillating and pulsating ame for lean premixed hydrogen/air
mixtures. Further investigations of Pizza et al.23 for ame prop-
agation in microscale channels showed the existence of six
different ame propagation modes i.e. mild combustion, igni-
tion and extinction, closed steady symmetric ames, open steady
symmetric ames, oscillation and asymmetric ames. The effect
of tube diameter on ame dynamics has been studied by Pizza
and his co-workers22,23 and found that diameter has signicant
effect on dynamics of the propagating ame kernels. Miyata
et al.24 have performed 2D FREI simulations with detailed
chemistry for a circular channel of 0.5 mm radius withmethane–
air mixtures. They conducted computations for various high wall
temperature gradients and inlet temperatures and observed that
a particular phase during FREI phenomenon has negative values
of total heat transfer rate through the wall resulting in the heat
recirculation for preheating the incoming fresh mixture. Maruta
et al.4 have shown that the ignition of FREI occurs near the
downstream side because of high wall temperature and ignition
front propagates upstream. It has been reported by Kumar et al.12

and Fan et al.16 that in radial channels, there is the formation of
various ame patterns rotating with a frequency of 20–70 Hz.
The formation of these patterns also affects the combustion
efficiency and fuel leakagemay increase pollutant emissions due
to incomplete combustion.

FREI occurs only in microchannels due to strong a thermal-
wall coupling which occurs due to large surface area-to-volume
ratio of these microchannels. Analyzing the phenomena of FREI
helps understand more about the ignition characteristics of the
fuel–air mixtures i.e. initiation of ignition kernels and their
subsequent development into a full-edged ame front and
ame extinction in the upstream. The variation in ame struc-
ture occurs due to the presence of FREI phenomenon in
a heated microchannel, which increases the amount of
unburned fuel and CO in the burned gas. A study on FREI
propagation mode with one-dimensional framework has been
analyzed by Nakamura et al.19 for a particular case of the
temperature gradient. However, the characteristics of FREI
propagation mode are expected to signicantly vary with a wall
temperature gradient and two-dimensional studies would help
understand the various important aspects related to ignition
This journal is © The Royal Society of Chemistry 2017
kernel development during FREI mode and its propagation
characteristics.

Although signicant experimental work has been reported in
the literature on ame stabilization in micro- and mesoscale
channels, many of the studies are focused on limited conditions
of channel dimensions and mixture equivalence ratios. No
signicant studies focusing on ame dynamics under ames
with repetitive extinction and ignition (FREI) conditions are
available for methane–air mixtures. Therefore, there is a serious
need of understanding the effect of wall temperature gradient
on the formation of FREI ame modes in mesoscale channels
with methane–air mixtures, as wall temperature gradient ratio
is one of the ve important parameters (channel dimension,
temperature gradient, inlet velocity, equivalence ratio and
mixture combination) on which the dynamics of the FREI ame
mode depends.

For the present study, 2D axisymmetric numerical simula-
tions have been carried out to analyze the FREI phenomenon
and formation of ignition kernels with stoichiometric methane/
air mixture in a heated microchannel for different wall temper-
ature gradients. The wall temperature is varied from 300 to
1300 K with a linear temperature gradient of 33.3 K mm�1, 10 K
mm�1, 5 Kmm�1, 2 Kmm�1 and 1 Kmm�1 for various studies. A
xed inlet velocity of 0.15 m s�1 for methane/air mixture is
employed. Dynamics of FREI propagation mode has been
investigated with a perspective to understand the effect of wall
temperature gradient for an inlet mixture velocity of 0.15 m s�1.

2. Computational details

Fig. 1(a) shows the details of the computational domain and
grid employed for present computational studies. A 2D
axisymmetric grid is used in the present studies. Due to the
space constraint, a small portion of the channel is shown along
the x-direction. The diameter of the channel was 2 mm. The
length of the channel for the temperature gradients cases of
RSC Adv., 2017, 7, 2066–2073 | 2067
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Fig. 2 (a) Heat release rate variation along the axis for two different
grids. (b) Validation of present computations with experimental work
of Nakamura et al.19 for wall temperature gradient of 33 K mm�1.
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33.33 Kmm�1, 10 K mm�1, 5 K mm�1, 2 K mm�1 and 1 Kmm�1

are 100 mm, 170 mm, 270 mm, 570 mm and 1070 mm
respectively. It should be noted that temperature gradient starts
at a point 30 mm from the inlet. Initial 30 mm length is
assigned a boundary condition of Twall ¼ 300 K. An upper value
of wall temperature gradient of 33.33 Kmm�1 has been taken to
match the experimental conditions to that of Maruta et al.4,19

The mesh is generated using GAMBIT with a grid-size of Dx ¼
25 mm, Dr ¼ 25 mm (base grid in the ame zone) which gives
a sufficient number of grid points within the ame zone with
ame thickness df ¼ 0.39 mm, df/Dx ¼ 15.6. The grid in the axial
direction is expanded from the inlet to 30 mm and then it is
maintained uniform Dx ¼ 25 mm upto the outlet. The grid along
the radial direction is such that it is clustered towards the wall to
ensure better resolution of gradients near the wall. Grids of
similar sizes have been shown to provide grid-independent
results by various researchers for unsteady ame propagation
studies in the literature and the reported results have been shown
to be grid independent.26,27 The total numbers of grid points in
the meshes generated are 69 000, 121 000, 241 000, 621 000 and
1 221 000 for temperature gradients of 33.33 K mm�1, 10 K
mm�1, 5 Kmm�1, 2 Kmm�1 and 1 Kmm�1, respectively. Fig. 2(a)
shows the variation of heat release rate along the axis for the base
grid (Dx ¼ 25 mm, Dr ¼ 25 mm) and a rened grid of Dx ¼ 15 mm,
Dr ¼ 15 mm. It can be seen that the base grid results are
completely matching with rened grid indicating that the ob-
tained results are independent of the grid used for present
studies.26 Fig. 2(b) shows the variation ofame propagation speed
relative to local mixture ow velocity based on peak heat release
rate along with the experimental data of Nakamura et al.19 The x-
axis represents time from the start of ignition which is taken to
bez50 Kmore than that of corresponding wall temperature. The
propagation speed is S ¼ u � v, where u is local mixture ow
velocity (u ¼ uo � To/T) and v ¼ dx/dt is the velocity of propaga-
tion of heat release rate (HRR) peak. Nakamura et al.19 have re-
ported experimental investigations on the similar conguration
of 2 mm diameter tube, with inlet velocity of 0.15 m s�1 and
stoichiometric methane/air mixture with wall temperature
varying nearly linearly from 300 K to 1300 K (over 30 mm). Flame
propagation was recorded with 8000 fps high-speed camera and
uncertainty in the tracking the ame position is not presented.
With all these considerations, it can be seen that computed
propagation velocity match well with experimental results.

Combustion kinetics is modeled using detailed reaction
mechanism, GRI-MECH 3.0.25 The mechanism consists of 36
species and 219 reactions (excluding NOx mechanism part, not
of interest in the present work), also used by Nakamura et al.19

for their detailed 1D study. A highly nonlinear and coupled
system of governing equations for mass, momentum, energy
and species conservation has been solved with the help of
various boundary conditions. The boundary conditions applied
in the present work are

(1) Channel inlet: stoichiometric methane/air mixture with
uniform velocity of 0.15 m s�1, T ¼ 300 K.

(2) Outlet: pressure equal to atmospheric pressure.
(3) A linearly varying wall temperature prole from 300 K to

1300 K as shown in Fig. 1(b).
2068 | RSC Adv., 2017, 7, 2066–2073
(4) Axisymmetric boundary condition applied to the center-
line.

The details of numerical approach can also be seen else-
where.26 A weak ame (0.01–0.05 m s�1), ame with repetitive
ignition and extinction (0.05–0.38 cm s�1), and a normal ame
(0.38–0.9 m s�1) have been observed experimentally inside
a preheated tube. The mixture velocity was taken to be 0.15 m
s�1 as the present work focuses on FREI phenomenon. A
mixture velocity of 0.15m s�1 is chosen as same conditions were
experimentally investigated by Nakamura et al.19 for FREI
propagation and ow is considered to be laminar as Re ¼ 18.5.
Computations performed with a xed time step of 10 ms and 5
ms showed no signicant difference in results and hence all
results shown in the present work are obtained with 10 ms time
step. Wall reactions have been ignored as their contributions
have been found to be negligible for heated channels of similar
dimensions.28 Initially, the mixture is allowed to ow into
a heated tube with wall temperature gradient and when the
mixture reaches higher wall temperature, it automatically
ignites as the mixture reaches an autoignition temperature. To
avoid the effect of initial conditions on the computational
results, the results of rst FREI cycle are neglected. The results
for second FREI cycle are considered for further analysis and the
results of later cycles agree with the results of the second cycle
both quantitatively and qualitatively. The results of the rst
This journal is © The Royal Society of Chemistry 2017
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cycle of FREI are not considered as they might have the inu-
ence of the initial conditions.
3. Results and discussion

The present studies are focused on investigating the effect of
wall temperature gradient on the ignition phenomenon of FREI
with methane/air mixtures. The basic characteristics of ignition
phenomenon in a heated channel are discussed in the rst
section for 33.33 K mm�1. The effect of wall temperature
gradient on ignition phenomenon is thereby explained with the
help of various temperature and CO/OH species proles.
3.1 Flame ignition phenomenon in a heated channel

Fig. 3(a) and (b) show the proles of temperature and CO species
at different instances in a FREI cycle for 33.33 K mm�1 wall
temperature gradient case. The entire FREI propagation cycle has
been divided into 5 phases, such as (i) initiation phase (0 ms), (ii)
ignition phase (22.3 ms), (iii) propagation phase (27 ms), (iv)
weak reaction phase (43.5 ms) and (v) owing phase (47 ms) as
already stated byNakamura et al.19 for 1D case and Nair et al.26 for
2D case with premixed H2–air mixtures. In Fig. 3(a), the
temperature plots till weak reaction phase are shown because,
Fig. 3 Profiles of temperature and CO species for different modes in
a FREI propagation cycle with a temperature gradient of 33.33 K mm�1

(a) temperature profiles (b) CO species profiles.

This journal is © The Royal Society of Chemistry 2017
for owing phase, the temperature prole becomes similar to
that of initiation phase.

i. Initiation phase. In the initiation phase, there is no
signicant consumption of CH4 and the temperature at axis and
channel wall remains the same. Since both the temperature
proles are same, the wall temperature prole is not shown in
Fig. 3. A small peak of CO is observed even though ignition has
not happened as shown in Fig. 3(b). This small peak of CO
results from the accumulation of CO from the previous cycle of
FREI which remains in the unburnt mixture as the mixture
ows downstream during the owing phase aer the extinction
of the FREI at an upstream location due to lower wall temper-
ature and insufficient heat release from the propagating ame.

ii. Ignition phase. In this phase, the fuel/air mixture is
consumed vigorously and this leads to ignition of the fuel–air
mixture. It can be seen from Fig. 3(a) that a small peak in
temperature prole appears at 22.3 ms indicating that ignition
of the mixture has happened near a downstream location of the
channel. The ignition of the ame for 33.33 K mm�1 case is
observed to occur at 1300 K. The mole fraction of CO species in
unburnt mixture increases signicantly as compared to initia-
tion phase. The mixture is considered to be ignited when Tg �
Tw z 50 K.

iii. Propagation phase. In the propagation phase, at 27 ms,
a signicant consumption of methane/air mixture can be
observed due to which, a peak value of CO mole fraction is
observed as compared to other modes as seen from Fig. 3(b).
Since the maximum consumption of fuel occurs in this phase,
there is a signicant increase in CO mole fraction. The
temperature prole slowly moves towards the upstream direc-
tion of the channel as shown in Fig. 3(a) and maximum peak
temperature is reported during propagation phase of a FREI
cycle.

iv. Weak reaction phase. The peak temperature slowly
reduces as the ame propagates to the upstream direction of
the channel, and the weak reaction phase starts. In this phase,
at 43.5 ms, the ame slowly extinguishes due to increased heat
loss to the walls and the reaction rates reduce drastically. It can
be seen from Fig. 3(a) that the temperature prole slowly
reduces in the low-temperature region and there is a signicant
reduction in the value of CO mole fraction during this phase.

v. Flowing phase. The temperature prole during the
owing phase remains same to that of initiation phase. There-
fore, the temperature prole for owing phase is not shown in
Fig. 3(a). The owing phase is observed at 47 ms during the
FREI cycle. In this phase, the ame has already extinguished,
however, some amount of unburnt CO still remains in the
channel as shown in Fig. 3(b). A signicant amount of CO is
observed in this phase because the conversion rate from CH4/

CO is relatively faster compared to CO / CO2 conversion. The
CO remains unreacted as the local temperature falls suddenly
due to ame extinction at the upstream location. Due to this,
unburnt CO always remains during the owing phase of a FREI
cycle. This unburnt CO is carried downstream on to the next
FREI cycle. Aer a certain time interval, the fresh unburnt fuel/
air mixture along with unburnt CO reaches the ame ignition
point at a downstream location. The ame ignites again near
RSC Adv., 2017, 7, 2066–2073 | 2069
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Fig. 5 (a) Heat release rate (HRR) contour at ignition phase for
different temperature gradients (b) OH mole fraction contour at igni-
tion phase for different temperature gradient.
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the high-temperature region at the downstream location and
this FREI cycle repeats again.

3.2 Ignition phenomenon for different wall temperature
gradient

To understand the effect of wall temperature gradient on a FREI
cycle, the ignition pattern of the ame needs to be understood
clearly. The present study has been carried out with wall
temperature gradients varying from 33.33–1 K mm�1. The higher
value of the wall temperature gradient considered in present
work, 33.33 Kmm�1 is close to the values of temperature gradient
employed by Maruta et al.4,19 in their experimental investigations.

Fig. 4 shows the variation of the mixture ignition tempera-
ture with the wall temperature gradient for the range of
conditions investigated in the present work. The ignition
temperatures are observed to be 1300 K, 1255.5 K, 1174.2 K,
1107.2 K and 1020.45 K for 33.33 K mm�1, 10 K mm�1, 5 K
mm�1, 2 K mm�1 and 1 K mm�1 temperature gradients,
respectively. The mixture ignition temperature is observed to
decrease with a decrease in the wall temperature gradient as
shown in Fig. 4. A signicant change in the point of ignition has
also been observed with a reduction in temperature gradient as
discussed later. As the temperature gradient decreases, the
point of ame ignition moves towards a lower temperature
region in order to ignite the fuel/air mixture, and the temper-
ature required for ignition of incoming methane/air mixture is
reduced. It is expected that as the wall temperature gradient is
reduced to zero, the methane/air mixture will ignite at its auto-
ignition temperature of �910 K.

Fig. 5(a) and (b) shows the heat release rate (HRR) and OH
mole fraction contours at the ignition phase for various wall
temperature gradients of 33.33 K mm�1, 10 K mm�1, 5 K mm�1

and 1 Kmm�1 respectively. It can be seen clearly from the gure
that the ignition of the ame occurs at the axis of the channel
and not at the walls. This can be attributed to the boundary
layer effect near the wall. It can be noted from the contours of
HRR and OHmole fraction that the maximum value of HRR and
OH mole fraction is for 33.33 K mm�1. As the wall temperature
gradient decreases from 33.33 K mm�1 to 1 K mm�1, the HRR
Fig. 4 Variation of wall ignition temperature with the decreasing
temperature gradient.

2070 | RSC Adv., 2017, 7, 2066–2073
and OH mass fraction values reduce signicantly. This is
evident from the contours of HRR and OH mass fraction values
shown in Fig. 5(a) and (b). It is also interesting to note that the
thickness of the reaction zone increases signicantly with
a decrease in the wall temperature gradient indicating that
ignition process occurs at a much larger channel width.

3.3 Effect of wall temperature gradient on frequency of FREI
propagation mode

Fig. 6 shows the variation in frequency of a FREI propagation
mode for different wall temperature gradients. The inverse time
period of ignition of a mixture between two cycles is taken to
calculate the frequency of a FREI cycle. The FREI frequency of
the present work matches well with that of experimental data of
Nakamura et al.19 for a wall temperature gradient of 33.33 K
mm�1 as shown in Fig. 6. It is interesting to note from this
gure that the frequency of the propagation of FREI mode
decreases with a decrease in the wall temperature gradient. It
takes longer time for the mixture to ignite as the wall temper-
ature gradient is reduced, thus increasing the time required for
completing a FREI cycle. It can be observed that the frequency
of the FREI cycle reduces from 23 Hz to 1 Hz as wall temperature
gradient is reduced from 33.33 K mm�1 to 1 K mm�1. It is ex-
pected that a further reduction in the wall temperature gradient
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Variation in frequency of a FREI cycle for different wall
temperature gradient.

Fig. 7 Effect of wall temperature gradient on CO mole fraction at the
point of ignition.

Fig. 8 Variation of the location and magnitude of maximum COmole
fraction along the normalized axis for various wall temperature
gradients.
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towards zero would lead to the disappearance of the FREI
phenomena altogether. A similar observation of disappearance
of FREI phenomena has been predicted by Mazurok et al.17 in
their theoretical analysis in the perspective of a thermo-diffusive
model for very low wall temperature gradients. For lower values
of wall temperature gradient, the ame would be sufficiently
stabilized at a particular location, as mixture would continue to
auto-ignite at a particular location as shown in Fig. 4.

3.4 Effect of wall temperature gradient on ignition
phenomenon

The present study focuses more on understanding the effect of
wall temperature gradient on ignition phenomenon. The work
studies the effect of 33.33 K mm�1, 10 K mm�1, 5 K mm�1, 2 K
mm�1 and 1 K mm�1 temperature gradients for a uniform
stoichiometric mixture of methane/air at 0.15 m s�1 inlet
mixture velocity.

Fig. 7 shows the effect of wall temperature gradient on the
mole fraction of CO along the axis of the tube. The variation of
CO mole fraction with wall temperature gradient will help
understand the ignition phenomenon during the FREI
dynamics. It can be seen from Fig. 7 that with a decrease in wall
temperature gradient from 33.33 K mm�1 to 1 K mm�1, there is
a signicant shi in the ame ignition position towards
upstream direction as ignition occurs at a lower temperature
(Fig. 4). Since the corresponding wall temperature at the igni-
tion point of the ame decreased signicantly (Fig. 4) with
a decrease in wall temperature gradient, the ame moves
towards low-temperature region in the upstream direction. The
mixture ignites at a much lower temperature. The CO mole
fraction also increases with a decrease in the wall temperature
gradient. Further, it is interesting to note that for 1 Kmm�1 wall
temperature gradient, the CO concentration increases signi-
cantly as compared to higher wall temperature gradients.

Therefore, for a very small temperature gradient, the FREI
phenomenon itself may vanish since the ignition temperature
of ame decreases and due to the ame movement towards the
upstream side of the channel. Thus it can be prophesized that
for very small temperature gradient, the ignition may occur only
if the maximum temperature in the domain is higher than the
This journal is © The Royal Society of Chemistry 2017
auto-ignition temperature of fuel/air mixture. Further, the point
of ignition and extinction are expected to coincide with each
other for such a condition.

3.5 Effect of wall temperature gradient on FREI cycle

Fig. 8 shows the variation in the location of maximum CO mole
fraction with respect to normalized distance along the axis. The
distance along the axis is normalized for wall temperature
gradient section with, xn ¼ (x � 0.03)dT/dx. It is interesting to
note that the FREI cycle signicantly decreases with a decrease
in the temperature gradient. The location of the ignition and
extinction points comes closer to each other as temperature
gradient becomes smaller. It is expected that a further reduction
in the wall temperature gradient to values lower than 1 K mm�1

would lead to shrinking of the FREI cycle and complete disap-
pearance of FREI for zero temperature gradient conditions in
the tube walls. This aspects of disappearance of FREI for
smaller temperature gradients is also evident from earlier Fig. 4
and 6. It is also to be noted from Fig. 7 and 8 that that the peak
CO mole fraction increases with a decrease in the wall
temperature gradient.
RSC Adv., 2017, 7, 2066–2073 | 2071
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Fig. 10 Variation of heat loss with wall temperature gradient for one
FREI cycle.
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3.6 Flame bifurcation and wall temperature gradient

Fig. 9 shows the variation of CO mole fraction and ame
temperature along the normalized axial distance for different
instances of ame propagation during a FREI propagationmode
for 1 K mm�1 wall temperature gradient case. It is to be noted
that the mixture initially ignites at t¼ 0 (normalized time period
with respect to FREI cycle time) and then ame moves down-
stream immediately. A ame bifurcation can be observed at t ¼
0.1, showing two distinct peaks in COmole fraction. Followed by
this, the ame propagates upstream and extinguishes at
a particular location and a small peak in CO mole fraction can
be observed. Fig. 9(b) shows the CO mole fraction along the axis
at the point of ame bifurcation. It can be observed that ame
bifurcation occurs when the ame is propagating upstream in
the case of 33.33 K mm�1. However, for 1 K mm�1 case, the
ame bifurcation occurs just aer the ignition. Therefore, there
is a signicant variation in the ame bifurcation characteristics
with a change in wall temperature gradient. The signicant
downstream movement in the ame is clearly shown in Fig. 8.
3.7 Heat loss to the wall

Fig. 10 shows the variation of total heat transfer from the
propagating ame to the solid walls during one of the FREI cycle
Fig. 9 (a) CO mole fraction and temperature along the normalized
axis at various time instances for 1 K mm�1 temperature gradient (b)
CO mole fraction at the flame bifurcation point for various wall
temperature gradients.

2072 | RSC Adv., 2017, 7, 2066–2073
through the channel. The nature of prole is similar to that
observed by Kang et al.29 It is to be noted that as the temperature
gradient reduces, the heat loss to the wall increases signi-
cantly. For 1 K mm�1 case, heat loss is prolonged over a longer
period as the ame propagates upstream from relatively low
wall temperature compared to the case of higher wall temper-
ature gradients of 10 and 33.33 Kmm�1. The increased heat loss
from the propagating ame to the channel walls signicantly
affects the ame dynamics. This results in increased CO mole
fraction and reduced cycle dynamics as shown in Fig. 8 and 9.
This variation in heat loss due to varying wall temperature
gradients results in reduced ame-wall coupling. This reduced
thermal wall coupling perhaps results in the disappearance of
the FREI dynamics for very low wall temperature gradients.
4. Conclusions

This paper presents the detailed numerical investigations on
FREI ame propagation mode for stoichiometric methane/air
mixtures with different wall temperature gradients. The wall
temperature gradients are varied from 33.33 K mm�1 to 1 K
mm�1 in the present computations. Five distinct FREI propa-
gation modes have been observed during its propagation
through the tube. It has been observed that the fuel/air mixture
ignition temperature decreases with a decrease in the wall
temperature gradient. It is expected that the methane/air
mixture would ignite at autoignition temperature if the wall
temperature gradient approaches zero. Further, as the wall
temperature gradient decreases, the point of ignition moves in
an upstream direction towards the low temperature region. It is
to be noted that the ignition of fuel/air mixture occurs at the
axis of the channel and not at the walls. This is due to the
boundary layer phenomenon, which results in ignition at the
axis of the channel. The frequency of FREI ame propagation
mode has been observed to decrease with the wall temperature
gradient. In a similar fashion, the points of ignition and
extinction also observed to narrow down with the temperature
gradient. It is expected for lower temperature gradients, the
This journal is © The Royal Society of Chemistry 2017
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points of ignition and extinction may coincide with each other.
For such conditions of the very low temperature gradient, the
occurrence of FREI may completely disappear.
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