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Flame pattern formations of premixed DME–air mixture in a heated radial channel with a gap distance of
2.5 mm were experimentally investigated. The DME–air mixture was introduced into the radial channel
through a delivery tube which connected with the center of the top disk. With an image-intensified high-
speed video camera, rich flame pattern formations were identified in this configuration. Regime diagram
of all these flame patterns was drawn based on the experimental findings in the equivalence ratio range
of 0.6–2.0 and inlet velocity range of 1.0–5.0 m/s. Compared with our previous study on premixed
methane–air flames, there are several distinct characteristics for the present study. First, Pelton-wheel-
like rotary flames and traveling flames with kink-like structures were observed for the first time. Second,
in most cases, flames can be stabilized near the inlet port of the channel, exhibiting a conical or cup-like
shape, while the conventional circular flame was only observed under limited conditions. Thirdly, an
oscillating flame phenomenon occurred under certain conditions. During the oscillation process, a target
appearance was seen at some instance. These pattern formation characteristics are considered to be asso-
ciated with the low-temperature oxidation of DME.

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Power generation by burning hydrocarbons to drive various
kinds of Micro-Electro-Mechanical-Systems (MEMS) has received
great interest in the past decade. This is mainly due to the much
higher energy densities of hydrocarbon fuels as compared with
those of the conventional electrochemical batteries [1,2]. However,
as the dimension of combustion chamber is reduced, surface area-
to-volume ratio increases remarkably which leads to large heat
losses [3,4] and radical quenching [4] by the solid walls. Therefore,
to sustain a stable flame under reduced scales, thermal manage-
ment, for instance, heat recirculation, is a frequently adopted strat-
egy for designing miniaturized combustors. The ‘‘Swiss Roll”
combustor, which was first developed by Lloyd and Weinberg
[5], is a typical heat-recirculating-type burner in which fresh mix-
ture is preheated by the hot burned gas through the solid walls. Re-
cently, such structures have been implemented to extend
flammability limits of micro- and meso-scale combustors [6–8].
However, flame is usually not observable because of the in-trans-
parent wall of practical combustors. Thus, in the fundamental
ion Institute. Published by Elsevier
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studies of microcombustion, some researchers applied straight or
radial microchannels made of transparent materials in their exper-
iments to facilitate direct observation of the flame [9–20]. The
combustion chamber is optical accessible and thus flame dynamics
can be distinguished in detail. To approximately simulate the heat-
recirculation effect, Maruta et al. [9,10] used an external heat
source to establish a positive wall temperature gradient in the flow
direction before the introduction of the fuel. They systematically
investigated the combustion characteristics of premixed CH4–air
mixtures in U-shaped and straight quartz tube of a 2.0-mm diam-
eter. In addition to stable flame, they also observed flame with
repetitive extinction and ignition (FREI) and pulsating flame with
an image-intensified high-speed video camera. Later, those flame
propagation modes were theoretically interpreted by Minaev
et al. [11]. Similar flame phenomena were also found experimen-
tally or numerically by other researchers [12–15]. In addition, Xu
and Ju [16] and Miesse et al. [17] observed multiple discrete flames
in straight and Y-shaped small channels. More recently, through
1D numerical computation, Minaev et al. [18] revealed that flame
splitting phenomena exist under certain scenarios in heated micro-
channels. This was confirmed by the experiments of Fan et al. [19].

Applying the same method as that of Maruta et al. [9,10], Kumar
et al. [20–22] and Fan et al. [23–25] performed experimental inves-
tigations on flame pattern formations of CH4–air mixtures in a
heated radial microchannel which can be used as a combustion
Inc. All rights reserved.
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Fig. 1. Schematic diagram of the experimental setup.
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chamber in micropower generation devices or systems, such as
disk-type microgas turbines [26]. In addition to conventional sta-
ble circular flame, a variety of non-stationary flame patterns, such
as rotary Pelton-wheel-like flame, spiral-like flame, traveling
flame, and so forth, were observed. Regime diagrams of those flame
patterns in the radial microchannels with different gap distance
were drawn based on systematical experiments, from which it
can be clearly seen that flame pattern is a function of the inlet mix-
ture velocity, the mixture equivalence ratio and the channel gap
distance [23].

Recently, to reduce environmental pollutions caused by the
direct combustion of fossil fuels and to solve the diminishing
energy supply, Dimethyl ether (DME), which is considered as a
suitable alternative fuel and can be produced from a variety of
feedstock, has gained much attention because of its unique chem-
ical properties [27]. Extensive studies on DME performance in
Diesel engines have been carried out which demonstrate that
DME is a desirable fuel for Diesel engines, due to its high cetane
number and volatility that result in short ignition delays, low noise
levels and good cold-start characteristics [28]. Meanwhile, DME
can reduce NOx, HC, and CO emissions, and it does not produce
soot [28]. Fischer et al. [29] and Curran et al. [30] developed a de-
tailed kinetic mechanism of DME oxidation including 78 species
and 351 reactions. A reduced model was also developed using
the CSP method [31], which resulted in 39 species and 168 reac-
tions. The reduced chemistry has very good accuracy for lean
flames and has a great advantage in saving computation time. Igni-
tion delay times and OH time-histories in DME oxidation were
measured using a shock tube [32]. Extinction limits and flame
bifurcation of lean premixed DME–air flames were numerically
investigated using the counterflow flame with a reduced chemistry
[33]. It was found that the combined effect of radiation and flow
stretch led to a new flame bifurcation (high stretch weak flame)
and multiple flame regimes. Combustion tests were conducted in
a gas turbine by comparing DME with methane, in terms of com-
bustion instability, NOx and CO emissions, and the outlet temper-
ature of the combustion chamber [34]. The experiments showed
that DME combustion was very clean but hard to control. More-
over, the pressure fluctuation in the combustion chamber caused
by combustion instability of DME, was lower than that occasioned
by burning methane. It was also ascertained that DME combustion
is more likely to flash back than methane combustion [34].

Very recently, ignition and combustion characteristics of a stoi-
chiometric DME–air mixture in a straight micro-tube with a con-
trolled temperature profile were investigated experimentally and
numerically by Oshibe et al. [35]. Multi-stage oxidation in low
temperature condition was found in their study. Due to the similar
wall temperature profile and the unique physiochemical properties
of DME, it is expected that particular and complicated features of
DME combustion might occur in the heated radial microchannel
used in our previous investigations [23–25]. In the present paper,
we report the experimental findings of DME flames over a wide
equivalence ratio range in a heated radial microchannel. As we
have studied the gap distance effect in earlier work [23], and also
because all the new findings of DME–air flame patterns could be
included in the case with a gap distance of 2.5 mm, other results
of different gap distances are not presented in this paper. Special
attentions will be paid to the comparisons between flame patterns
of DME–air mixtures and those of CH4–air mixtures.
Fig. 2. Measured temperature profile of the bottom plate when Vin = 2.0 m/s.
2. Experimental setup and method

The experimental setup used in the present study is identical to
that used in our previous studies [20–25] on premixed CH4–air
combustion, which is schematically shown in Fig. 1. Two circular
quartz plates (£50) were maintained parallel to each other with
a gap distance of 2.5 mm. The bottom plate was heated by a sin-
tered metal burner at a constant heating rate. The top plate was
warmed up by the bottom one via radiation and convective heat
transfer. Before the introduction of fuel gas, a positive temperature
gradient along the radial direction was formed in advance by air-
flow. The typical wall temperature profile of the bottom disk was
carefully measured with a 250-lm K-type thermocouple at an inlet
velocity of 2.0 m/s, as shown in Fig. 2. The head of the thermocou-
ple was bent to keep a good contact with the inner surface of the
bottom plate. The movement step of the thermocouple was
1.0 mm, which was controlled by a transverse micrometer. The
measured temperatures were corrected for heat losses from the
thermocouple bead and the corrected temperatures are accurate
to ±5 K of the actual value. From Fig. 2, it can be seen that the wall
temperature increases with the increase of the radial distance and
the maximal value is about 900 K. Also noted is that the tempera-
ture gradient in the region of small radius is greater than that in
the region of large radius. The mixture delivery tube connected
with the top plate and was designed to maintain the upstream
temperature of the incoming mixture at �300 K. The flow rate of
the supplied fuel–air mixture was monitored through electric mass
flow controllers within an accuracy of ±1%. In order to maintain a
rigorous laminar flow in the delivery tube, the maximum value
of the inlet velocity was set at 5.0 m/s, where the representative
Reynolds number is �1280. Dimethyl ether (DME) gas at atmo-



A. Fan et al. / Combustion and Flame 157 (2010) 1637–1642 1639
spheric pressure was used as fuel. The flame pattern formations
were recorded with an image-intensified high-speed video camera
at a rate of 1000 frames per second with a shutter speed of 1/
1000 s. Captured images were further analyzed using the software
PFV-Ver.2.4.2.0.
Fig. 3. One frame of different flame patterns observed in the radial microchannel:
(a) circular flame at Vin = 3.0 m/s and / = 0.95, (b) single Pelton-wheel-like flame at
Vin = 2.5 m/s and / = 0.75, (c) double Pelton-wheel-like flame at Vin = 3.0 m/s and
/ = 1.85, (d) triple Pelton-wheel-like flame at Vin = 4.0 m/s and / = 1.80, (e) single
Pelton-wheel-like flame with kink-like structures at Vin = 3.0 m/s and / = 1.65, (f)
double Pelton-wheel-like flame with kink-like structures at Vin = 3.5 m/s and
/ = 1.70, (g) traveling flame at Vin = 4.0 m/s and / = 0.65, and (h) traveling flame
with kink-like structures at Vin = 5.0 m/s and / = 0.70, (i) conical flame at
Vin = 1.0 m/s and / = 1.3 (side view), (j) cup-like flame at Vin = 2.0 m/s and / = 1.2
(side view). Here Vin and / are the inlet mixture velocity and equivalence ratio,
respectively. Fig. 3a–h were captured by a high-speed digital video camera, while
Fig. 3i and j were taken by a common digital still camera. Solid and dashed white
lines indicate the position of the top plate and mixture delivery tube, respectively.
Arrows are drawn to indicate the rotating direction of the rotary flame patterns.
3. Flame pattern formations

Experimental observations with the image-intensified high-
speed video camera showed that rich flame pattern formations
(see Figs. 3 and 4) occurred in the heated radial microchannel, in
which the circular flame (Fig. 3a), single, double and triple Pelton-
wheel-like flames (Fig. 3b–d), traveling flames (Fig. 3g), conical
flame (Fig. 3i), cup-like flame (Fig. 3j), and oscillating flame (Fig. 4)
were also observed in our previous studies on premixed CH4/air
flames in the same configuration [20–25]. In addition, single and
double Pelton-like flames and traveling flames with kink-like struc-
tures (Fig. 3e, f and h) were newly found and reported here for the
first time. Regime diagram of those flame patterns is depicted in
Fig. 5, in which experiments were conducted under all the condi-
tions denoted by the nodes. The nodes without symbols mean that
no flame was observed under those conditions. For the convenience
of discussion, inlet mixture velocity in the delivery tube is used as
the horizontal axis instead of the mixture flow rate in Fig. 5.

From an overview of Fig. 5 it is seen that the flammable region
on the rich side is much larger than that on the lean side. Other
researchers also reported that flame speed of DME peaks at an
equivalence ratio of �1.20 [36], which is different from that of
methane (�1.05) [37]. Brief discussions of each flame pattern are
given below.

From Fig. 5 it can be seen that at an inlet mixture velocity of
1.0 m/s, a conical flame (see Fig. 3i) locating at the inlet port was ob-
served in the equivalence ratio range of 1.05–1.50. Under conditions
which are denoted by the red triangle symbols, the flame exhibits a
cup-like shape stabilizing near the inlet port (see Fig. 3j). This flame
shape is a deformation of the lengthened conical flame due to the
constraint of the narrow gap distance between the two disks. Com-
paring Fig. 5 with the regime diagrams of CH4–air flames of our pre-
vious study [23], it is shown that the conical and cup-like flames of
CH4–air mixtures only occurred under low inlet velocity conditions,
i.e., 1.0 m/s and 1.5 m/s. However, for the case of DME–air mixtures,
the conical and cup-like flames can be stabilized near the inlet port
up to an inlet velocity of 4.0 m/s. In other words, the region occupied
by the conical and cup-like flames of DME–air mixtures is much
wider than that of CH4–air mixtures. Lee et al. reported that flash-
back was more likely to take place for DME than CH4 in a gas turbine
[34]. However, the reasons for their case are considered to be differ-
ent from ours. In their case, the inlet temperature was much higher
and most of the flashbacks were affected by mixing and ignition
characteristics. For example, Chen et al. [38] showed that the igni-
tion delays of DME–air mixtures were much shorter than those of
CH4–air mixtures. In the present work, the higher flame speed of
DME as compared with CH4 was the main cause of the increased
flame stabilization range [36].

Under the conditions represented by the blue circles in Fig. 5,
flame has a circular front. The radial location of the circular flame
depends on both the inlet mixture velocity and the mixture equiv-
alence ratio. The region occupied by the circular flame is relatively
narrow as compared with that by the cup-like and conical flames
which could be considered as a limit of the circular flame.

Near the flammability limits at moderate inlet velocity, one,
two or even three discrete Pelton-wheel-like flames rotating
around the central axis at a frequency of �20–55 Hz appear in
the radial channel. The rotation frequency is a function of the
mixture equivalence ratio and the inlet velocity. The rotating
direction and the number of the Pelton-wheel-like small flames
have random possibilities, which manifest the bifurcation charac-
teristics of flame pattern formations for the near-limit mixtures.
For slightly leaner and richer mixtures than those near the flamma-
bility limits on both the rich and lean sides, the Pelton-wheel-like



Fig. 4. Eight sequential frames of the dynamic process of an oscillating flame at Vin = 3.5 m/s and / = 1.10.

Fig. 5. Flame pattern regime diagram of DME–air mixtures.
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flames exhibit appearances with kink-like structures, as shown in
Fig. 3e and f. The same phenomenon was also observed in the trav-
eling flame (see Fig. 3h). To help examining those new flame pat-
terns in details, we take the single Pelton-wheel-like flame with
kink-like structures as an example and six sequential frames of
its evolution process were presented in Fig. 6. Although the exact
mechanism still remains unclear at the present stage, we consider
it might be associated with the low temperature oxidization of
DME because the wall temperature is relatively low at the location
of the inner part of the flame front. Further discussions about this
will be given in Section 4.

Fig. 4a–h shows the evolution of an oscillating flame. At the first
stage, flame splitting, which was recently reported by Minaev et al.
[18] and Fan et al. [19], occurs at some location (indicated by the
white arrow in Fig. 4a) and subsequently it develops into a flame
kink as seen in Fig. 4b and c. Then, the unburned mixture in close
vicinity to the flame kink is ignited and a circular flame with a
smaller radius forms. This can be clearly seen from Fig. 4d and e
which shows two circular flame fronts coexist at different radial
locations. Alternate layers of fresh reactants and combustion prod-
ucts exist at the interfaces for a very short time. Due to adverse
conditions of high mixture velocity and low residence time, the in-
ner flame front moves outwards. The original flame front at a larger
radius weakens with time due to unavailability of fresh reactants
and finally disappears. The outward movement of inner flame
and simultaneous disappearance of original flame are shown in
Fig. 4e–h. Although the oscillating flame dynamics was also
observed in premixed CH4–air flames [39], it occurred more fre-
quently in the present investigation of DME–air mixtures.

4. Discussions

Looking at the photos of all those flame patterns and their dis-
tribution in the regime diagram, one can imagine that all the non-



Fig. 6. Six sequential frames of the rotating process of the single Pelton-wheel-like
flame with kink-like structures at Vin = 4.0 m/s and / = 1.70.
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stationary flames originate from the circular flame. The change of
the flame shape is due to the local flame blowout. In the present
configuration, a positive temperature gradient and a negative flow
velocity coexist in the radial direction. At the meantime, the mix-
ture flow is a jet into a confined space formed by the channel walls.
Due to the sudden change in flow direction, detachment and reat-
tachment of the mixture flow occur near the wall surfaces at differ-
ent radial locations. In addition, there exist a temperature
difference between the bottom and upper disks (maximal value
�30–50 K), which may probably lead to a buoyancy-induced insta-
bility. Thus, onset of flame instability can have many sources, such
as thermo-diffusive instability, hydrodynamic instability, buoy-
ancy-induced instability, or a coupling of some/all of them. For
example, in our previous paper [25], the Pelton-wheel-like flame
was successfully re-produced using a 2D thermo-diffusive model
without considering momentum transport and temperature gradi-
ent in the vertical direction. However, other rotary flames cannot
be numerically realized using the same model. This shows that
other instabilities might also play important roles in the forma-
tions of other flame patterns. Three dimensional model considering
heat and momentum transports, detailed chemistry, as well as
buoyancy effect might be the best selection in future simulations.

As for the newly observed kink-like structures, although the
mechanisms still remain unclear, it is expected that low-tempera-
ture oxidation may be the most probable reason. It is well known
that DME has rich low temperature chemistry. In the present
investigation, the wall temperature range up to 900 K is the right
window for low temperature combustion of DME. Very recently,
low-temperature oxidations of stoichiometric DME–air mixture
were carefully examined in a microflow-reactor by Oshibe et al.
[35]. They found two- and even three-stage low-temperature oxi-
dations through experiments and 1D numerical simulation with
detailed chemistry. The similarity between their study and the
present work is that controlled wall temperature profiles were
adopted in both cases. Thus, some underlying physics of flame pat-
tern formations should be similar in those two cases. But the situ-
ations are more complicated in the case of the heated radial
microchannel than the counterparts of the straight micro-tube.

Another fact that shows the consistency in flame pattern forma-
tion mechanisms is the flame splitting phenomenon. Minaev et al.
reported that flame splitting phenomenon existed in both the
heated straight micro-tube and radial microchannel through 1D
numerical simulations [18]. Later, Fan et al. confirmed this phe-
nomenon via experiments in the heated micro-tube [19]. As men-
tioned in Section 3 of this paper, the oscillating flame mode was
also originated from local splitting of the circular flame front,
although the dynamic process was more complicated than that
in the straight tube.
5. Concluding remarks

We reported flame pattern formations of DME–air mixtures in a
heated radial microchannel with a gap distance of 2.5 mm. A vari-
ety of flames termed conical flame, cup-like flame, circular flame,
Pelton-wheel-like flame and traveling flame with and without
kink-like structures, and oscillating flame were observed. Regime
diagram of all those flame patterns has been obtained and pre-
sented. Comparing the present work with our previous study of
premixed CH4–air flames, some distinct characteristics of DME
combustion were found in the heated radial microchannel.

(1) Pelton-wheel-like flame and traveling flame with kink-like
structures were observed and reported here for the first
time. These flame structures are considered to be related
with the low-temperature oxidations of DME.

(2) In the flame pattern regime diagram, the flammable region
on the rich side is much larger than that on the lean side.

(3) Flame is prone to be stabilized near the inlet port of the
radial microchannel, exhibiting conical or cup-like shapes,
which demonstrates that premixed DME–air flame is easier
to flash back than the premixed methane–air flame in the
same configuration.

(4) An oscillating flame frequently occurs at relatively high inlet
velocities for mixtures with a moderate equivalence ratio.

To fully reveal the underlying mechanisms of those flame pat-
tern formations, theoretical and numerical investigations are in
progress in our group, although it is a tough and time-consuming
task. New results on this subject will be reported in our future
paper.
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