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a b s t r a c t

The flame is very hard to keep steadily symmetrical for a wide flammability limit under some extreme
combustion conditions (such as large heat loss and fuel of low caloric value). Recently, we manufacture a
mesoscale combustor with a plate flame holder and preheating channels, which could take the advan-
tage of the flow recirculation and heat recirculation effects. The experimental results show that this
special configuration performs excellent in flame-anchoring, and the flame can remain steadily sym-
metrical at very low equivalence ratio in the normal environment. In order to provide theoretical basis to
optimize this combustor, the three-dimensional numerical simulation is used to study the thermal
performances of solid walls on unburned fuel mixture quantitatively. The results indicate that the
combustor wall does not always have preheating effects on the unburned mixture. Some walls or some
parts of walls have the negative effect of heat loss. Furthermore, some interesting boundary shapes of the
preheating areas or heat loss areas are found. It is deduced that the thermal performances of combustor
walls mainly depend on the side with higher temperature. In addition, the preheating area decreases
with an increasing flame height, so a lower flame height is probably beneficial for preheating.

© 2018 Published by Elsevier Ltd.
1. Introduction

Under some extreme combustion conditions, such as large heat
loss due to a big surface-area-to-volume ratio or heat-transfer co-
efficient, the short residence time of gaseous mixture and the fuel
mixture of low concentration/caloric-value, the flames in the
combustors easily lose stability. As a result, various unstable flame
behaviors appear [1,2], such as the flame with repetitive extinction
and ignition [3e5], asymmetric and oscillating flames [6,7] and the
spinning flame [8,9]. These unstable flame propagation modes are
bad for the safety and efficient operation of combustors which
serve as the heat resource for the mesoscale thermophotovoltaic or
power systems.

In order to solve the issues above, many methods have been
employed to improve the flame stabilization. For instance, some
researchers used the burned exhaust gas of high temperature to
preheat the incoming unburned mixture via some special struc-
tures and solid material, which can not only improve the inlet
temperature of fuel mixture but also decrease the heat-loss rate.
Coal Combustion, Huazhong
ad, Wuhan 430074, China.
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These combustors with special structures include the “Swiss-roll”
burner [10e12], a low-heat-loss combustor with porous media wall
[13], the combustor inserted by porous media [14,15] and so on.
Their results indicated that the flammability limits could be
significantly extended via these heat management ways. In addi-
tion, Veeraragavan [16,17] pointed out that the wall made of a
special material (orthotropic thermal conductivity material) could
create “hot pockets” in the wall which could stabilize the flame
propagation in a parallel plate burner.

However, the flame could not be effectively anchored in com-
bustors above, which led to the relatively narrow flame blow-off
limits. Therefore, some researchers adopted the flow recirculation
effect to solve this shortcoming. For instance, many structures had
eminent performances in anchoring flame based on the flow
recirculation effect, such as bluff body [18,19], wall cavity [20] and
backward facing step [21e26]. The results showed that these
structures which generated flow recirculation could significantly
extend the flame blow-off limits, but the flammable range of fuel
mixture in these combustors is small. Therefore, it is expected that
the flame stabilization including both the flammability limit and
blow-off limit can be both improved if the heat recirculation and
flow recirculation are efficiently combined. Actually, some re-
searchers recently developed some combustors with special
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Fig. 1. Schematic diagram of the experimental system.

Fig. 2. Cross-section schematic of the mesoscale combustor with a plate flame holder
and preheating channels.
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structures mentioned above to improve the flame stabilization. For
example, Yadav et al. [27] and Fan et al. [28]manufactured the three
stepmicro-combustor with a heating cup and the mesoscale Swiss-
roll combustor with a bluff body, respectively. Their results showed
that this strategy could not only effectively anchor the flame but
also remarkably extend the flammability limits.

Nevertheless, the mechanisms of the synergistic effect of heat
recirculation and flow recirculation on improving the flame sta-
bility and influencing the flame dynamics are not systematically
studied so far. For this purpose, we developed a micro combustor
with a plate flame holder and preheating channels, which could
jointly utilize the heat recirculation and flow recirculation effects.
The incoming unburned fuel mixture can be well preheated in the
preheating channels, and then the flow recirculation (recirculation
zone and low velocity zone) behind the flame holder can well an-
chor the flame front. In turn, the flame anchored by the flame
holder can better preheat the fresh fuel mixture, which results in a
more obvious thermal expansion effect and then contributes to a
faster flow velocity. As a result, the recirculation zone is enlarged.
These favorable factors can significantly improve the flame stabi-
lization. Our previous two-dimensional numerical results showed
that lean CH4/air premixed flames could be stabilized in the micro
combustor with a plate flame holder and preheating channels
within a large range of inlet velocity and revealed the dynamic
process of flame blow-off in the meanwhile [29,30]. Furthermore,
the preliminary result in Ref. [29] indicated that the flame holder
and combustor wall sometimes have the negative effect of heat loss
on the incoming unburned mixture. The thermal performance can
significantly affect the flame structure and dynamic characteristics
[1,8,16], but the relevant issues are not systematically studied.

Therefore, the present paper quantitatively investigates the
thermal performance of solid wall in the combustor with a plate
flame holder and preheating channels. Understanding the thermal
performance of combustor wall can give hints to optimize the
present combustor. The present work is the first step of our sys-
tematical work which studies the synergistic effect of heat recir-
culation and flow recirculation on flame dynamics. In the future,
the flame topology structure, the flame anchoring and blow-off
mechanisms, the flame behaviors and the transition characteris-
tics of flame behaviors under the above synergistic effect will be
investigated experimentally and numerically in detail. In addition,
the combustion characteristics of different fuels in the present
combustor are also necessary to reveal, which can provide theo-
retical basis to choose the appropriate fuels.

2. Experimental

2.1. Experimental setup and methods

Fig. 1 shows the experimental system in present work. Methane
and air are fully mixed in a mixing tank before entering the
combustor. The equivalence ratio (f) and inlet velocity (Vin) of CH4/
air premixed mixture are controlled by two mass-flow meters. For
the sake of safety, a flash-arrester is installed in the fuel mixture
line. A digital video camera (Canon EOS 6D with the recording
frequency of 25 Hz) is applied to take photographs. The unburned
mixture is ignited by a flame gun at the combustor exit. A tem-
perature measurement system via dynamic transient method
developed by Xu et al. [31,32] is placed at the center of combustor
exit to measure the temperature of the exhaust gas. In addition, the
present work mainly focuses on the laminar flame under lean fuel
because the greatest advantage of the present combustor is to keep
stable flame and achieve high efficient combustion under some
extreme combustion conditions as mentioned above.

The combustor is manufactured by the transparent quartz glass,
which is vertically placed, as shown in Fig. 2. For clarity, the whole
channel of the combustor is divided into two segments by two blue
dashed lines along with the upper wall of the flame holder, i.e., the
preheating channels and the combustion chamber. Additionally,
the solid wall of the combustor is divided into four segments by the
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red dashed lines: the plate flame holder, the integrated exterior
wall of two preheating channels, and two combustion chamber
walls. Thewall thickness (d) is 2.0mm, and the gap andwidth of the
preheating channel are 3.0mm and 40.0mm, respectively. The gap
of the combustion chamber is 16.0mm. Besides, the width, length
and height of the flame holder are 40.0mm, 10.0mm and 23.0mm
(25.0 mm-2.0mm), respectively. Other geometrical dimensions are
shown in Fig. 2.

Fig. 3a shows that the combustor is symmetrical with respect to
the horizontal and vertical center parting planes, which also clearly
demonstrates the locations of the front, bottom and side walls.
Considering the finite computational resources and accuracy re-
quirements for numerical simulation, one of the four equal parts of
the combustor is adopted as the computational region as the right-
lower shaded region in Fig. 3b. The two parting planes (blue sur-
faces) in Fig. 3c are set as the symmetry boundaries. It can be seen
from Fig. 2a and c that the side view shows the x-z plane, and the
front view shows the x-y plane.

At the beginning of the experiment, the fresh fuel mixture is
ignited firstly at the exit of combustor for f¼ 0.6 at which the flame
can be stabilized near the flame holder, and then we decrease the
equivalence ratio with a step of 0.025 under a constant inlet ve-
locity until flame blows off. As an example, Vin¼ 1.0m/s is adopted
in this paper (the corresponding Reynolds number based on the
preheating channel gap is 200).
Fig. 4. Side view photographs of stable flame under different equivalence ratios at
Vin¼ 1.0m/s (the end wall of flame holder is marked by the horizontally dashed lines,
the yellow arrow indicates the flow direction of fresh mixture). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
2.2. Experimental results

Fig. 4 presents the side views of stable flame at different
equivalence ratios, which shows that the flame still can remain
symmetrically stable in the combustion chamber under a very
small equivalence ratio (such as f¼ 0.45), which indicates that the
present combustor can remarkably broaden the flammability limit.
In addition, as the decrease in the equivalence ratio, the flame
becomes more and more slender, and the distance between the
right and left flame fronts obviously decreases so that the right and
left flame roots at f¼ 0.45 merge into one “U-shape” flame root,
and the distance between the right and left flame fronts near the
middle position of flame front is narrower than the width of flame
root (see the white arrow in Fig. 4d). When the equivalence ratio
decreases to 0.425 further, the flame pinch-off phenomenon will
occur, and the flame blows off in the end. It should be pointed out
that as the images of stable flames in Fig. 4 were taken from the
side, the horizontally (y-direction) superimposed effect of the
flame front made the flame appear thicker. In a word, the present
special structure can significantly improve the flame stabilization.
Fig. 3. Three-dimension schematic of the mesoscale combus
3. Numerical analysis

3.1. Computation scheme

The thermal conductivity of quartz glass is 2.0W/(m,K) [8]. The
CFD software Fluent 14.0 is applied to solve the momentum, mass,
energy and species conservation equations [33]. The detailed C1
chemistry mechanism including 18 species and 58 elementary re-
actions is adopted to simulate CH4/air premixed combustion [34].
The thermodynamic and transport properties of the gaseous spe-
cies are taken from the CHEMKIN databases [35,36]. As the heat
conduction in the solid walls can significantly affect the flame
tor with a plate flame holder and preheating channels.



Fig. 5. Flame shapes for different equivalence ratios at Vin¼ 1.0m/s from side-view via
experimental measurement and numerical simulation (ED and NR mean the experi-
mental datum and numerical result, respectively).

Fig. 6. Flame height for different equivalence ratios at Vin¼ 1.0m/s via experimental
measurement and numerical simulation.

J. Wan, H. Zhao / Energy 157 (2018) 448e459 451
propagation characteristics [16], the heat fluxes in the solid wall are
taken into computation using the Fourier's law. The inner surfaces
of combustor are assumed to be chemically inert and no-slip. The
CH4/air premixedmixture of 300 Kwith uniform concentration and
velocity distribution is set at the combustor inlet. A Neumann
boundary condition is given for the combustor exit. The heat loss
rate from the combustor outer wall is calculated by q ¼ hsðTW;O �
T∞Þþ εsssðT4W;O � T4

∞Þ, Where Tw,o is the temperature of outer

surface, T∞ is the ambient temperature (300 K), hs is the heat
transfer coefficient of natural convection (5.0Wm�2 K�1) [37], εs is
the surface emissivity (0.92) [38], and ss is the Stephan-Boltzmann
constant (5.67� 10�8Wm�2 K�4).

In addition, grid independency is checked by using three sets of
grid system (Dx¼Dy¼Dz¼ 250 mm, 200 mm and 125 mm). It is
found that the cell size of 250 mm is sufficiently fine to capture the
flame structure (see Fig. S1 in supplementary materials) via
comparing the HCO and CH (two key radicals) distributive profiles
near the flame front. Further refinement on the meshes near the
flame holder is conducted, and a non-uniform grid system with
1,562,592 cells is employed in final computation.

3.2. Model validation

To evaluate the accuracy of the present numerical model, our
previous work compared the lean flammability limits under
different inlet velocities via experiment and simulation, and results
showed that the predicted and measured lean flammability limits
were almost same (see Fig. S2a in supplementary materials). The
maximum relative deviation between them is 5.88% at Vin¼ 1.0m/
s. Moreover, the temperatures of the predicted and measured
exhaust gas at different equivalence ratios and inlet velocities were
compared, and results demonstrated that predicted results agreed
reasonably with experimental data. The maximum relative error is
9.87% at Vin¼ 0.8m/s and f¼ 0.6, while the minimum one is only
3.20% at Vin¼ 0.6m/s and f¼ 0.6 (see Fig. S2b in supplementary
materials). In addition, the flame shapes and geometrical sizes via
experimental measurement and numerical simulation were also
compared, as shown in Figs. 5 and 6. Fig. 5 presents that the shapes
of observed and predicted flame are very similar, and Fig. 6 quan-
titatively indicates that the heights of flame front in experiment
and simulation are almost same. The maximum relative error is
9.65% at f¼ 0.55, while the minimum one is only 0.51% at f¼ 0.50.
The error bar in Fig. 6 is the flame height fluctuation mainly caused
by the environment perturbation (such as the perturbation of heat
loss coefficient). These results confirm the reasonable accuracy of
the numerical model adopted in present work.

3.3. Definition of flame front

The Heat-Release Rate (HRR) is always used to identify the flame
front [39], which is also adopted in present paper. To elucidate this,
we display the net reaction rate contours of methane with overlaid
normalized isoline of 10% maximum HRR, which has been
normalized by their maximum values, at f¼ 0.55 in Fig. 7. It
demonstrates that the high-reaction-rate zone of methane lies in
the scope of normalized isoline of 10% maximum HRR. Similar
structures are also observed in other cases. Therefore, we use the
normalized isoline of 10% maximum HRR to mark the flame front.

3.4. Thermal performance of each solid wall

It is well known that the heat recirculation via solid wall has a
significant effect on combustion characteristics in combustors
[16,17], especially for the combustor with preheating structure.
However, not every wall or a whole wall always has preheating
effect on the unburnedmixture. Maybe somewalls or some parts of
walls act as the negative effect of heat loss for the incoming un-
burned mixture. In order to give guidance to optimize the present
combustor (such as choosing the suitable height of the flame
holder), the following sections will quantitatively discuss the
thermal performances of solid walls.

3.4.1. Temperature distribution characteristics of the combustor
At first, Fig. 8 displays the temperature fields of the combustor

for different x-y sections. Fig. 8d and e indicate that there are two



Fig. 7. Net reaction rate contours of CH4 with overlaid normalized isoline of 10%
maximum HRR (blue dashed line) at y¼ 0.0mm cross-section and f¼ 0.55. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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high-temperature zones in the combustion chamber wall: one is
near the flame front (the upstream one) while another zone is near
the combustor exit (the downstream one). This is mainly because
that the heat transfer coefficient of unburned mixture near the
middle combustion chamber wall (~60mm� x� 90mm) in the
preheating channel is larger due to a faster flow velocity which
results from the thermal expansion effect in a more upstream
preheating channel, and this cooling effect leads to a local lower-
temperature combustion chamber wall. As a result, the burned
mixture temperature in this region (~60mm� x� 90mm) is also
lower. The inner wall of preheating channel wall is heated by the
external surface of combustion chamber wall via the heat radiation,
and its temperature level is significantly lower than that of the
surface at z¼�10mm. Therefore, it can be deduced that the un-
burned mixture in the preheating channel is mainly preheated by
the combustion chamber wall, which will be confirmed in the
following sections.

Moreover, we also present the temperature fields with overlaid
10% maximum HRR isoline for different x-z slices. Fig. 9 shows that
the temperature level is decreasing when approaching the side
wall, and there are also two high temperature zones in the side wall
(see Fig. 9g and h), which are caused by the distribution charac-
teristic of gas temperature in the combustion chamber. More
importantly, Fig. 9 shows that the unburned mixture is not always
preheated by the solid wall. For instance, Fig. 9a presents that the
temperature of unburned mixture in a more downstream pre-
heating channel is higher than that of the solid wall
(~2.0mm� x� 30mm), which means that the solid wall absorbs
heat from the unburned mixture. The following sections will
quantitatively reveal the thermal performance of every solid wall in
detail.

3.4.2. Thermal performance of vertical surface of flame holder
The flame holder can not only generate flow recirculation to

anchor the flame but also affect the flame stability via thermal
performance on unburned mixture. Fig. 10a shows that the wall
temperature of flame holder is higher at a more downstream
location, and it is lower near the side wall (y¼�19mm) due to the
heat loss. Fig. 10b displays the temperature difference very near the
inner wall between the inner wall and gaseous mixture, and the
positive values mean that the unburned mixture is preheated by
the inner wall, while negative values mean the opposite (i.e., the
inner wall absorbs heat from unburnedmixture). It can be seen that
most part of flame holder can preheat the unburnedmixture. Based
on Fig. 10b, we draw the thermal performance of inner wall at
z¼�5mm and 5mm on unburned mixture in Fig. 10c. On the one
hand, Fig. 10c demonstrates that the upper preheating area slightly
decreases when approaching the side wall firstly
(~�15mm�y� 15mm), which consists with the shape of the
vertical wall temperature isoline of plane flame holder near
x¼ 10.0mm (see Fig. 8b). Then, the preheating area increases
sharply very near the side wall (~19mm� y� 20mm and
~-20mm� y��19mm) due to the relative high-temperature side
wall of the combustion chamber. As a result, the boundary between
the upper preheating area and heat loss area presents the “M”

shape. On the other hand, Fig. 10c indicates that the lower pre-
heating area also decreases firstly (~�19mm� y� 19mm) and
then increases very near the side wall (~19mm� y� 20mm and
~-20mm� y��19mm) when approaching the side wall, which
consists with the shape of the temperature isoline of unburned
mixture in the preheating channel at x¼ ~3.0mm (see Fig. 8c). As a
result, the boundary between the lower preheating area and heat
loss area appears the “W” shape. Overall, the unburned mixture
near the flame holder is preheated to a higher level before entering
the combustion chamber (see Fig. 10a).

3.4.3. Thermal performance of inner surface of combustion
chamber wall

Fig. 9 has indicated that the inner surface of combustion
chamber wall is in the two channels (i.e., the preheating channel
and combustion chamber, as shown in Fig. 11a), so the inner walls
at z¼�8mm and 8mm might have three kinds of thermal per-
formance, i.e., absorbing heat from the high-temperature burned
mixture behind the flame front in the combustion chamber, pre-
heating effect on the unburned mixture and absorbing heat from
the unburned mixture in front of the flame front. It can be seen
from Fig. 11a that every temperature profile has two peaks, which
results from the temperature distribution characteristics of burned
mixture in the combustion chamber. The inner wall temperature
reaches the highest value near the flame front at ~ x¼ 50mm, and it
is decreasing sharply along the transverse (y) direction (from
y¼ 0mm to y¼�20mm). The negative temperature difference
between the inner wall and gas mixture in the downstream
chamber behind the flame front (~x> 15mm) indicates that the
walls absorb heat from the high-temperature burned mixture,
while the negative values in the upstream chamber in front of the



Fig. 8. Temperature fields of the combustor for different x-y sections at f¼ 0.55.

J. Wan, H. Zhao / Energy 157 (2018) 448e459 453



Fig. 9. Temperature contours with overlaid 10% maximum HRR isoline (blue solid lines) for different x-z sections at f¼ 0.55. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Vertical wall temperature profiles of plane flame holder (z¼�5mm and 5mm) and the gas temperature profiles very near the inner wall (z¼�5.2mm and 5.2mm) (a) and
the temperature difference between them (b) for three x-z sections at f¼ 0.55, and the thermal performance distributions of wall on unburned mixture (c).
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Fig. 11. Inner surface (z¼�8mm and 8mm) temperature profiles of combustion chamber wall and the gas temperature profiles very near the inner wall (z¼�7.8mm and 7.8mm)
for three x-z sections at f¼ 0.55 (a) and the thermal performance of inner wall (b).
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flame front (~x< 15mm) indicate that the walls absorb heat from
the incoming unburned mixture. Based on these results, we draw
the thermal performance distributions of inner wall at z¼�8mm
and 8mm in Fig. 11b. Fig. 11b shows that most inner wall are heated
by the high-temperature burned mixture in the combustion
chamber, and the preheating area presents a constricted “waist”
shape (�18mm� y� 18mm). However, the preheating area de-
creases sharply very near the side wall (~18mm�y� 20mm and
~�20mm� y��18mm). As a result, the upper boundary of pre-
heating area presents the “M” shape, and the lower boundary of
preheating area presents the arch shape. These change rules consist
with the temperature distribution characteristic of gaseousmixture
near the combustion chamber wall (see Fig. 8c). Therefore, it is
deduced that the thermal performance distribution characteristic
Fig. 12. External surface (z¼�10mm and 10mm) temperature profiles of combustion cham
10.2mm) for three x-z sections at f¼ 0.55 (a) and the thermal performance distributions o
of inner wall of combustion chamber wall mainly depends on the
temperature distribution characteristic of gaseous mixture near
combustion chamber wall.

3.4.4. Thermal performance of external surface of combustion
chamber wall

Moreover, Fig. 12a shows the external surface temperature
(z¼�10.0mm) of combustion chamber wall, which indicates that
the unburned mixture is mainly preheated in the upstream pre-
heating channel (~45mm� x� 120mm), and its temperature
reaches the highest level near the middle preheating channel
(~x¼ 50mm). It is interesting to find that there are troughs in the
gas temperature profiles in the more upstream channel
(~x¼ 120mm). This is mainly because that the unburned mixture
ber wall and the gas temperature profiles very near the inner wall (z¼�10.2mm and
f wall on unburned mixture (b).



J. Wan, H. Zhao / Energy 157 (2018) 448e459456
in the flow recirculation zone at ~120mm� x� 123mm can be
preheated to a higher temperature due to the longer residence
time. Fig. 12b shows the thermal performance of inner wall at
z¼�10mm, which indicates that the preheating area is slightly
decreasing when approaching the side wall at first, which consists
with the temperature isoline shape of external surface of com-
bustion chamber wall near x¼ 40.0mm (see Fig. 8e). Then, the
preheating area increases sharply very near the side wall
(~19mm� y� 20mm and ~�20mm�y��19mm) owing to the
heat transferred from the side wall of combustion chamber. As a
result, the boundary between the preheating area and heat loss
area appears the “M” shape. This demonstrates that the distribution
characteristic of thermal performance on the incoming unburned
mixture is mainly determined by the external surface of combus-
tion chamber wall.
Fig. 14. Temperature contours with overlaid 10% maximum HRR isoline (blue solid
lines) at y¼ 0.0mm section for different equivalence ratio. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
3.4.5. Thermal performances of inner surface of preheating channel
wall

Besides, the inner surface of preheating channel wall
(z¼�13mm) also has heat effects (preheating effect or heat loss
effect) on unburned mixture although its temperature level is low.
Fig. 13a indicates that the unburned mixture is mainly preheated in
the upstream preheating channel (~50mm� x� 120mm), so the
temperature of the unburned mixture can reach the highest level
near the middle channel (~x¼ 50mm). It should be pointed out
that there are not two peaks of temperature profile in Fig. 13a,
which means that the influence of temperature distribution char-
acteristics (two high temperature zones) of burned mixture near
the combustion chamber wall on the inner wall of preheating
channel wall is relatively small. The mixture temperature in the
downstream channel (~x� 50mm) is decreasing when approach-
ing the side wall, but the gas temperature in the more upstream
channel (~110mm� x� 120mm) near the side wall (y¼�19mm)
is higher caused by the high-temperature side wall of preheating
channel (see Fig. 9g and h). Fig. 13b, which shows the thermal
performance of inner wall at z¼�13mm, indicates that the heat
loss area decreases firstly and then increases sharply very near the
side wall (~15mm� y� 20mm and ~�20mm� y��15mm)
when approaching the side wall, which consists with the shape of
Fig. 13. Inner surface temperature profiles of preheating channel wall (z¼�13mm) and the
at f¼ 0.55 (a) and the thermal performance distributions of wall on unburned mixture (b)
the temperature isoline of unburned mixture at x¼ ~40.0mm in
the preheating channel (see Fig. 8f). As a result, the “W” shape
boundary between the preheating area and heat loss effect area
occurs. Based on these results, we deduce that the thermal per-
formance of the inner surface of preheating channel wall mainly
depends on the distribution characteristic of the unburned mixture
temperature in the preheating channel.

In addition, as the surface areas of the side and bottomwalls are
much smaller than that of the combustion chamber wall and pre-
heating channel wall, it is expected that their heat effects on the
incoming unburned mixture is negligible. Therefore, we just
discuss the thermal performances of the combustion chamber wall
and preheating channel wall on unburned fresh mixture in present
paper.
gas temperature profiles very near the inner wall (z¼�12.8mm) for three x-z sections
.
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3.5. Effect of equivalence ratio

3.5.1. Effect of equivalence ratio on temperature distribution
It can be expected that the height of flame front which is

affected by the equivalence ratio in the combustion chamber can
significantly affect the thermal performance of solid walls. Taking
this into consideration, the effect of equivalence ratio on thermal
performance is studied. Fig. 14 shows the temperature contours
with overlaid 10% maximum HRR isoline for different equivalence
ratio, which indicates that the combustor temperature level is
decreasing and the flame front becomes obviously higher with the
decrease of equivalence ratio. As a result, the temperature distri-
bution is more uniform in the combustion chamber for a smaller
equivalence ratio, as shown in Fig. 15. It displays the gas tempera-
ture profiles at the center axis of combustor for different equiva-
lence ratio, which demonstrates that the maximum of gas
temperature decreases from 1979.4 K at f¼ 0.60e1534.5 K at
f¼ 0.45. These temperature distribution characteristics can
significantly affect the thermal performances of solid walls, as
Fig. 15. Gas temperature profiles at the center axis of combustor (z¼ 0.0mm,
25.0mm� x� 125.0mm) for different equivalence ratio.

Fig. 16. Center temperature profiles of inner wall at z¼�10mm (5.0mm� x� 123.0mm)
5.0mm� z� 8.0mm) (b) at y¼ 0.0 section for different equivalence ratio.
discussed in the following section.

3.5.2. Effect of equivalence ratio on thermal performance
Here, the external surface of combustion chamber wall

(z¼�10mm and 10mm) serves as an example to discuss the effect
of equivalence ratio on the thermal performance of each walls.
Fig. 16a shows the temperature profiles of the inner surface at
z¼�10mm for different equivalence ratio, which presents two
peaks of temperature profile under a bigger equivalence ratio, but
there is only one peak of temperature profile under a smaller
equivalence ratio (f¼ 0.45). Furthermore, the wall temperature
level is significantly decreasing with the decrease of equivalence
ratio. The average center temperature of inner wall (z¼�10mm) at
f¼ 0.60, f¼ 0.55, f¼ 0.50 and f¼ 0.45 are 802.4 K, 758.9 K,
705.3 K and 613.6 K, respectively. Specially, at f¼ 0.45, the wall
temperature level in the downstream channel
(~5.0mm� x� 80.0mm) is obviously lower than that of other
three equivalence ratios. In addition, the preheating area of inner
wall is decreasing as the decrease of equivalence ratio, as shown in
Fig. 17. It also presents that the surface area of heat loss obviously
increases with a decreasing equivalence ratio, and the boundary
between the preheating effect and heat loss effect areas becomes
more disorder. This negative effect combiningwith the smaller heat
release rate under a lower equivalence ratio leads to a lower gas
temperature at the inlet of combustion chamber, as indicated in
Fig. 16b. The calculated results indicate that the average gas tem-
perature at the inlet of combustion chamber at y¼ 0.0mm section
for f¼ 0.60, f¼ 0.55, f¼ 0.50 and f¼ 0.45 are 698.2 K, 645.6 K,
578.9 K and 498.6 K, respectively.

4. Conclusions

A novel combustor combining the flow recirculation and heat
recirculation effects is developed to further improve the flame
stabilization. The experimental results show that the flame can
remain symmetrically stable at very low equivalence ratio, which
indicates that the present special structure has an excellent per-
formance for anchoring the flame. Then, the thermal performance
of each wall on the unburned mixture is studied. In the preheating
channel at 5mm� z� 8mm, the temperature of the unburned
mixture near the flame holder is higher than that near the
(a) and the gas temperature profiles at the inlet of combustion chamber (x¼ 25.0mm,



Fig. 17. The thermal performances of external surface of combustion chamber wall (z¼�10mm and 10mm) on unburned mixture for different equivalence ratio.
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combustion chamber wall, which indicates the unburned mixture
is mainly preheated by the flame holder here. For the vertical wall
of flame holder, the boundary of upper preheating area presents the
“M” shape. However, the unburned mixture can be further pre-
heated to a higher level in the combustion chamber by the inner
surface of combustion chamber wall. In addition, the downstream
part of combustion chamber wall absorbs heat from the burned
mixture of high temperature. In the preheating channel at
10mm� z� 13mm, the unburned mixture is mainly preheated by
the external surface of combustion chamber wall due to the larger
preheating area and higher wall temperature. The boundary be-
tween the preheating and heat loss areas of external surface of
combustion chamber wall presents the “M” shape, but that of inner
surface of preheating channel wall shows the upside-down pattern
(“W” shape). These results indicate that the thermal performances
of combustor wall on the unburnedmixture are mainly determined
by one side of higher temperature level (gaseous mixture side or
solid wall side).

In addition, the flame height is obviously increasing with the
decrease in the equivalence ratio. As a result, the distance between
the two peaks of wall temperature profiles is shorter for a smaller
equivalence ratio, and there is only one peak at f¼ 0.45. The pre-
heating area decreases with a decreasing equivalence ratio, and the
boundary between the preheating area and heat loss area becomes
more disorder.

In summary, not every wall or the whole wall always has a
preheating effect on the unburned mixture. Maybe some walls or
some parts of walls play the negative effect of heat loss on the
unburned mixture. A lower height of flame front results in a larger
preheating area, which is probably beneficial for preheating the
incoming unburned mixture. For instance, decreasing the width of
flame holder or shortening the height of flame holder to a certain
degree can improve the preheating effect. The present work can
give guidance to optimize the present combustor with the special
structure.
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